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Foreword

Up to now, the ten books published in our series “Springer Briefs in Space Life 
Sciences” all have mainly focused on the effects of altered gravity conditions, espe-
cially microgravity, on living systems—from cells and microorganisms, plants and 
animals up to humans. However, also other environmental conditions are changed 
in space, above all the radiation field.

In fact, solar and galactic cosmic radiation are considered the main health hazard 
for human exploration and colonization of the solar system. Radiation risk is char-
acterized by a high uncertainty and lack of simple countermeasures. Most of the 
uncertainty on space radiation risk is associated with the poor knowledge of biologi-
cal effects of solar and cosmic rays. This creates the need for investigations into 
biological effects of space radiation, in order to allow more accurate risk assess-
ments, which in turn could lead to more accurate planning of countermeasures. 
Moreover, results from numerous radiation measurements indicate that not only the 
radiation levels are increased in space, but also the nature of the radiation field 
changes, especially with regard to the presence of high energy heavy ions.

The different radiation fields exert various negative consequences on humans, 
such as DNA damage, carcinogenesis, central nervous system effects, degeneration 
of tissues, and other health effects. In addition, these risks from radiation exposure 
may be influenced by other spaceflight factors like microgravity and environmental 
contaminants; interaction of radiation and microgravity especially on the cellular 
level has been frequently demonstrated. From this it is clear that a mission—for 
instance—to Mars will not be feasible unless improved shielding or other effective 
(biological) countermeasures have been developed, and it is also obvious that our 
series “Springer Briefs in Space Life Sciences” is not complete without dealing 
with this important topic.

The authors of this book Radiation in Space: Relevance and Risk for Human 
Missions cover all these important aspects: After a general introduction to the topic, 
they describe in detail the physics of radiation in space. This includes the descrip-
tion of the different radiation sources present in low Earth orbit and beyond, meth-
ods and devices to measure the radiation (the so-called dosimetry) as well as 
possibilities to model space radiation on Earth and learn about its effects.
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Chapter 3 deals with the biological aspect of space radiation, i.e., with the effects 
of radiation on the various tissues of organisms up to humans. Acute, chronic, and 
late radiation effects are described, such as those on the central nervous and the 
cardiovascular systems. These aspects are, of course, also of relevance for people on 
Earth, radiation therapy being of high importance for patients with cancer treatment.

The same holds true for Chap. 4, in which the authors describe the risk assess-
ment. It becomes obvious that—in spite of radiation measurements in space having 
been performed for decades—uncertainties still exist leading to discussions on the 
acceptability of risk. The similarity to the treatment of patients is evident.

Consequently, Chap. 5 covers the development of countermeasures. A wide 
range of possibilities is described here, ranging from operational planning, shield-
ing, nutritional and pharmaceutical countermeasures up to crew selection.

Finally, the book closes with asking the question: Are we ready for launch? Do 
we know enough about the risk and about the effectivity of countermeasures? Can 
we take the responsibility to send humans to Mars knowing about the radiation risk? 
The answers to these questions certainly are also dependent on the position of the 
scientists or the reader of this book towards human spaceflight in general and 
towards exploratory missions in detail. However, history shows that mankind has 
always pushed its frontiers and moved forward to new horizons. So, in our mind, the 
question is not, if humans will go to Mars and other distant destinations, but only 
who and when!

Bonn, Germany�   Günter Ruyters
�   Markus BraunMarch 2020

Foreword
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Preface to the Series

The extraordinary conditions in space, especially microgravity, are utilized today 
not only for research in the physical and materials sciences—they especially pro-
vide a unique tool for research in various areas of the life sciences. The major goal 
of this research is to uncover the role of gravity with regard to the origin, evolution, 
and future of life, and to the development and orientation of organisms from single 
cells and protists up to humans. This research only became possible with the advent 
of manned spaceflight some 50 years ago. With the first experiment having been 
conducted onboard Apollo 16, the German Space Life Sciences Program celebrated 
its 40th anniversary in 2012—a fitting occasion for Springer and the DLR (German 
Aerospace Center) to take stock of the space life sciences achievements made so far.

The DLR is the Federal Republic of Germany’s National Aeronautics and Space 
Research Center. Its extensive research and development activities in aeronautics, 
space, energy, transport, and security are integrated into national and international 
cooperative ventures. In addition to its own research, as Germany’s space agency 
the DLR has been charged by the federal government with the task of planning and 
implementing the German space program. Within the current space program, 
approved by the German government in November 2010, the overall goal for the life 
sciences section is to gain scientific knowledge and to reveal new application poten-
tials by means of research under space conditions, especially by utilizing the micro-
gravity environment of the International Space Station (ISS).

With regard to the program’s implementation, the DLR Space Administration 
provides the infrastructure and flight opportunities required, contracts the German 
space industry for the development of innovative research facilities, and provides 
the necessary research funding for the scientific teams at universities and other 
research institutes. While so-called small flight opportunities like the drop tower in 
Bremen, sounding rockets, and parabolic airplane flights are made available within 
the national program, research on the ISS is implemented in the framework of 
Germany’s participation in the ESA Microgravity Program or through bilateral 
cooperations with other space agencies. Free flyers such as BION or FOTON satel-
lites are used in cooperation with Russia. The recently started utilization of Chinese 
spacecrafts like Shenzhou has further expanded Germany’s spectrum of flight 



viii

opportunities, and discussions about future cooperation on the planned Chinese 
Space Station are currently underway.

From the very beginning in the 1970s, Germany has been the driving force for 
human spaceflight as well as for related research in the life and physical sciences in 
Europe. It was Germany that initiated the development of Spacelab as the European 
contribution to the American Space Shuttle System, complemented by setting up a 
sound national program. And today Germany continues to be the major European 
contributor to the ESA programs for the ISS and its scientific utilization.

For our series, we have approached leading scientists first and foremost in 
Germany, but also—since science and research are international and cooperative 
endeavors—in other countries to provide us with their views and their summaries of 
the accomplishments in the various fields of space life sciences research. By pre-
senting the current SpringerBriefs on muscle and bone physiology we start the 
series with an area that is currently attracting much attention—due in no small part 
to health problems such as muscle atrophy and osteoporosis in our modern aging 
society. Overall, it is interesting to note that the psycho-physiological changes that 
astronauts experience during their spaceflights closely resemble those of aging peo-
ple on Earth but progress at a much faster rate. Circulatory and vestibular disorders 
set in immediately, muscles and bones degenerate within weeks or months, and even 
the immune system is impaired. Thus, the aging process as well as certain diseases 
can be studied at an accelerated pace, yielding valuable insights for the benefit of 
people on Earth as well. Luckily for the astronauts: these problems slowly disappear 
after their return to Earth, so that their recovery processes can also be investigated, 
yielding additional valuable information.

Booklets on nutrition and metabolism, on the immune system, on vestibular and 
neuroscience, on the cardiovascular and respiratory system, and on psycho-
physiological human performance will follow. This separation of human physiology 
and space medicine into the various research areas follows a classical division. It 
will certainly become evident, however, that space medicine research pursues a 
highly integrative approach, offering an example that should also be followed in 
terrestrial research. The series will eventually be rounded out by booklets on gravi-
tational and radiation biology.

We are convinced that this series, starting with its first booklet on muscle and 
bone physiology in space, will find interested readers and will contribute to the goal 
of convincing the general public that research in space, especially in the life sci-
ences, has been and will continue to be of concrete benefit to people on Earth.

Preface to the Series
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 DLR Space Administration in Bonn-Oberkassel (DLR)

 

 The International Space Station (ISS); photo taken by an astronaut from the space shuttle Discovery, 
March 7, 2011 (NASA)
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 Extravehicular activity (EVA) of the German ESA astronaut Hans Schlegel working on the 
European Columbus lab of ISS, February 13, 2008 (NASA)

Bonn, Germany�   Günter Ruyters 
�   Markus Braun July 2014

Preface to the Series
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Own research described in this book has been made possible by scientific coopera-
tion and by funding by the German Aerospace Center (DLR) grant FuE-Projekt 
“ISS LIFE” (program RF-FuW, “Teilprogramm 475”; funding of university part-
ners by the DLR Space Agency), by funding of the Helmholtz Association, the 
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Germany), which was funded by the Helmholtz Association (Helmholtz 
Gemeinschaft) during a period of 6 years (grant VH-KO-300) and received addi-
tional funds from the DLR, including the Aerospace Executive Board and the 
Institute of Aerospace Medicine. The accelerator experiments at the “Grand 
Accélérateur National d’Ions Lourds” (GANIL), in Caen, France, and the “GSI 
Helmholtzzentrum für Schwerionenforschung” were supported in part by the 
European Union (EURONS, ENSAR) and by the European Space Agency (ESA) in 
the program “Investigations Into the Biological Effects of Radiation” (IBER), 
respectively. The travel costs to the Heavy Ion Medical Accelerator in Chiba 
(HIMAC), Japan, were supported in part by the International Open Laboratory of 
the National Institute of Radiation Science (NIRS) and National Institutes for 
Quantum and Radiological Science and Technology (QST), Anagawa, Inageku, in 
Chiba, Japan. We thank Isabelle Testard, Amine Cassimi, Hermann Rothard, 
Yannick Saintigny, Florent Durantel, and all the physicists of CIMAP (Caen, 
France) involved in dosimetry and the beam operator team at GANIL for providing 
us valuable advice and many help given during numerous night shifts at the French 
Heavy Ion Accelerator GANIL. Michael Scholz, Chiara La Tessa, Ulrich Weber, 
Insa Schröder, and the beam operators are acknowledged for their valuable help 
during beam times GSI. The authors would like to thank Teruaki Konishi, Satoshi 
Kodaira, and Hisashi Kitamura from NIRS and QST, Anagawa, Inageku, in Chiba, 
Japan, for the support during HIMAC beamtimes. We thank all astronauts and cos-
monauts who provided their support for the performance of experiments on board 
the ISS as well as colleagues from CADMOS, Toulouse, France; DLR-MUSC, 

Acknowledgements



xii

Cologne, and OHB Bremen, Germany as well as all colleagues from the “ESA 
European Space Agency.” Last but not least the authors would like to thank Dr. 
Gerda Horneck and Dr. Günther Reitz, the former heads of the Radiation Biology 
Department at the DLR Institute of Aerospace Medicine, for their scientific advice 
and continuous support of our work.

Acknowledgements



xiii

Contents

	1	�� General Introduction �������������������������������������������������������������������������������       1
References���������������������������������������������������������������������������������������������������       5

	2	�� Radiation in Space: The Physics�������������������������������������������������������������       7
	2.1	��� The Radiation Field���������������������������������������������������������������������������       8

	2.1.1	��� Galactic Cosmic Rays�����������������������������������������������������������       8
	2.1.2	��� Solar Radiation����������������������������������������������������������������������     12
	2.1.3	��� Radiation Belt Particles���������������������������������������������������������     14

	2.2	��� Radiation Dosimetry �������������������������������������������������������������������������     17
	2.2.1	��� Dose Quantities���������������������������������������������������������������������     17
	2.2.2	��� Radiation Detectors and Their Calibration ���������������������������     20
	2.2.3	��� The History of Space Radiation Dosimetry���������������������������     22
	2.2.4	��� Human Phantom Experiments�����������������������������������������������     25

	2.3	��� Exposure Scenarios: Measuring and Modeling  
of Space Radiation�����������������������������������������������������������������������������     27
	2.3.1	��� Low Earth Orbit: The International Space Station�����������������     29
	2.3.2	��� Interplanetary Space��������������������������������������������������������������     32
	2.3.3	��� Moon�������������������������������������������������������������������������������������     34
	2.3.4	��� Mars���������������������������������������������������������������������������������������     35
	2.3.5	��� Solar Particle Events �������������������������������������������������������������     37

References���������������������������������������������������������������������������������������������������     38

	3	�� Radiation in Space: The Biology�������������������������������������������������������������     45
	3.1	��� Introduction���������������������������������������������������������������������������������������     46
	3.2	��� Molecular Mechanisms of Heavy Charged Particles Effects�������������     47

	3.2.1	��� Energy Deposition by Heavy Ions in Biological Matter�������     47
	3.2.2	��� Radiation-Induced (Complex) DNA Damage�����������������������     48
	3.2.3	��� DNA Damage Response �������������������������������������������������������     50
	3.2.4	��� Cell Fates After Radiation Exposure�������������������������������������     56
	3.2.5	��� Non-Targeted Effects�������������������������������������������������������������     59

	3.3	��� Relative Biological Effectiveness �����������������������������������������������������     60
	3.4	��� Acute Radiation Effects���������������������������������������������������������������������     63



xiv

	3.5	��� Chronic and Late Radiation Effects���������������������������������������������������     65
	3.5.1	��� Cancer �����������������������������������������������������������������������������������     65
	3.5.2	��� Degenerative Tissue Effects���������������������������������������������������     66

References���������������������������������������������������������������������������������������������������     72

	4	�� Radiation Risk Assessment����������������������������������������������������������������������     87
	4.1	��� Radiation Exposure���������������������������������������������������������������������������     88
	4.2	��� Disease Risks�������������������������������������������������������������������������������������     88
	4.3	��� Extrapolation Factors�������������������������������������������������������������������������     90
	4.4	��� Risk Uncertainties and Acceptability�������������������������������������������������     90
References���������������������������������������������������������������������������������������������������     92

	5	�� Space Radiation Countermeasures���������������������������������������������������������     95
	5.1	��� Introduction���������������������������������������������������������������������������������������     96
	5.2	��� Operational Planning and Shielding �������������������������������������������������     96
	5.3	��� Prevention and Therapy of the Acute Radiation  

Syndrome (ARS)�������������������������������������������������������������������������������     97
	5.4	��� Nutritional and Pharmaceutical Countermeasures  

for Chronic and Late Radiation Effects���������������������������������������������     98
	5.5	��� Crew Selection and Personalized Prevention�����������������������������������     100
References�������������������������������������������������������������������������������������������������     101

	6	�� Challenges for Exploratory Missions �����������������������������������������������������   105
	6.1	��� Dosimetry and Shielding: Are We Ready for Launch?���������������������   105
	6.2	��� Open Questions in Space Radiation Biology and  

Risk Assessment: Can We Tame the Radiation Risk?�����������������������   106
	6.3	��� Countermeasures: Do We Know Enough?�����������������������������������������   108
	6.4	��� Benefits of Space Radiation Research for  

Terrestrial Applications���������������������������������������������������������������������   108
	6.5	��� Conclusion�����������������������������������������������������������������������������������������   110
References���������������������������������������������������������������������������������������������������   110

Contents



xv

About the Authors

Christine  E.  Hellweg  is Head of the Department of Radiation Biology at the 
Institute of Aerospace Medicine, German Aerospace Center (DLR) in Cologne, 
Germany. Her Department addresses aerospace-related topics concerning the effects 
of radiation on humans and the biosphere, as well as characterizing the unique radi-
ation field in space. She studied Veterinary Medicine at the Freie Universität Berlin, 
where she currently teaches courses on immunology. She has conducted numerous 
biological experiments at heavy ion accelerators, and is a member of the International 
Academy of Astronautics (IAA).

Thomas  Berger  is Head of the Biophysics Working Group, Department of 
Radiation Biology. He studied physics at the Technical University of Vienna (TUW), 
Austria and graduated with a PhD in Radiation Physics. His main research interests 
are in radiation protection, including the development of radiation detectors, and in 
investigating the radiation load received by humans for missions beyond Low Earth 
Orbit (LEO). He is currently the Principal Investigator (PI) for the DOSIS 3D exper-
iment on board the International Space Station (ISS) and the Matroshka AstroRad 
Radiation Experiment (MARE) project, which will accompany NASA’s Orion 
Exploration Mission 1 (EM-1) to the Moon.

Daniel Matthiä  holds a PhD in Physics and is a scientist in the Department of 
Radiation Biology at the Institute of Aerospace Medicine, German Aerospace 
Center. As an expert in the field of cosmic radiation and dosimetry in spaceflight and 
aviation, he has previously developed an engineering model for primary galactic 
cosmic radiation applicable in the field of radiation protection in space and aviation 
(DLR GCR Model) and the PANDOCA model for the assessment of aircrews’ radi-
ation exposure. His main research interest is in the analysis and mitigation of radia-
tion risk from galactic cosmic radiation and solar energetic particles.



xvi

Christa Baumstark-Khan  was head of the Cellular Biodiagnostics group at the 
Institute of Aerospace Medicine, Department of Radiation Biology. She holds a 
professorship (radiobiology) at the Bonn-Rhein-Sieg University of Applied 
Sciences. She has extensive experience in radiation biology, and studied the role of 
gravity in DNA repair processes on the second International Microgravity 
Laboratory (IML-2) mission.

About the Authors



xvii

Abbreviations

AD	 Alzheimer’s Disease
ALFMED	 Apollo Light Flash Moving Emulsion Detector
APC	 Adenomatous Polyposis Coli
ApoE	 Apolipoprotein E
ApoE−/−	 ApoE-Deficient
ARS	 Acute Radiation Syndrome
AT	 Ataxia Telangiectasia
ATM	 Ataxia Telangiectasia Mutated
BEIR	 Biological Effects of Ionizing Radiation
BER	 Base Excision Repair
β	 Particle Velocity relative to the speed of light
BFO	 Blood-Forming Organs
BfS	 “Bundesamt für Strahlenschutz” (Federal Office for 

Radiation Protection)
CDK	 Cyclin-Dependent Kinases
CDKN1A	 Cyclin-Dependent Kinase Inhibitor 1A
CHO	 Chinese Hamster Ovary
CI	 Confidence Interval
CME	 Coronal Mass Ejection
CMO	 Crew Medical Officer
CNS	 Central Nervous System
COX-2	 Cyclooxygenase-2
CPDS	 Charged Particle Detector
CRAND	 Cosmic Ray Albedo Neutron Decay
CtIP	 C-Terminal Binding Protein Interacting Protein
DDR	 DNA Damage Response
DDREF	 Dose and Dose-Rate Reduction Effectiveness Factor
DNA	 Deoxyribonucleic Acid
DNA-PK	 DNA-Dependent Protein Kinase
DNA-PKcs	 DNA-Dependent Protein Kinase, Catalytic Subunit
DSB	 Double-Strand Breaks



xviii

E	 Particle Kinetic Energy Per Nucleon
EM	 Exploration Mission, Now: Artemis
EPIC	 European Prospective Investigation into Cancer and 

Nutrition
ERR	 Excess Relative Risk
ESA	 European Space Agency
ESP	 Energetic Storm Particles
EVA	 Extravehicular Activity
EV-CPDS	 Extravehicular Charged Particle Directional Spectrometer
GADD45α	 Growth Arrest and DNA Damage Inducible Gene 45α
GANIL	 Grand Accélérateur National d’Ions Lourds
GCR	 Galactic Cosmic Radiation or Rays
G-CSF	 Granulocyte Colony-Stimulating Factor
GLE	 Ground Level Enhancement/Event
GOES	 Geostationary Operational Environmental Satellite
GSI	 GSI Helmholtzzentrum für Schwerionenforschung GmbH
Gy	 Gray
Gy-Eq	 Gray-Equivalent
H	 Dose Equivalent
HDL	 High-Density Lipoprotein
HSC	 Hematopoietic Stem Cells
HPRT	 Hypoxanthine Phosphoribosyltransferase
HR	 Homologous Recombination
IBMP	 Institute for Biomedical Problems
ICRP	 International Commission on Radiation Protection
ICRU	 International Commission on Radiological Units and 

Measurements
IL	 Interleukin
IML-2	 International Microgravity Laboratory 2
IRIF	 Ionizing Radiation-Induced Foci
ISS	 International Space Station
ITS	 Interplanetary Transport System
IV-CPDS	 Intravehicular Charged Particle Directional Spectrometer
JAXA	 Japanese Aerospace and Exploration Agency
JSC	 Johnson Space Center
KGF	 Keratinocyte Growth Factor
LAR	 Lifetime Attributable Risk
LD50/30	 Dose That Results in 50% Mortality Within 30 Days
LDL	 Low-Density Lipoprotein
LDLr	 LDL-Receptor
LEO	 Low Earth Orbit
LET, LΔ or L	 Linear Energy Transfer
LNT	 Linear No-Threshold
LOC	 Loss of Crew
LOM	 Loss of Mission

Abbreviations



xix

LSAH 	 Longitudinal Survey of Astronaut Health
mBAND	 multicolor Banding In Situ Hybridization
MeV/n	 Mega Electron Volt Per Nucleon
MORD 	 Medical Operations Requirements Document
MPCV 	 Multi-Purpose Crew Vehicle
MRN	 MRE11-RAD50-NBS1
MSL	 Mars Science Laboratory
mSv	 milliSievert
NAS	 National Academy of Sciences
NASA	 National Aeronautics and Space Administration
NCR	 National Cancer Institute
NCRP	 National Council on Radiation Protection and 

Measurements
NER	 Nucleotide Excision Repair
NF-κB	 Nuclear Factor κB
NGF	 Nerve Growth Factor
NHEJ	 Non-Homologous End-Joining
NK Cells	 Natural Killer Cells
NOAA 	 National Oceanic Atmospheric Administration
NRC	 National Research Council
Nrf2	 Nuclear Erythroid-Derived 2-Related Factor 2
NSAIDs	 Nonsteroidal Anti-Inflammatory Drugs
NSCR Model	 NASA Space Cancer Risk Model
NSRL	 NASA Space Radiation Laboratory
p21Cip1,WAF1	 Protein 21CDK2-interacting protein 1, wild-type p53-activated fragment 1 (Encoding 

Gene: CDKN1A, Cyclin-Dependent Kinase Inhibitor 1A)
PEL	 Permissible Exposure Limits
PSD	 Positron Sensitive Detector
Q(LET)	 Quality Factor
QF	 NASA’s Space Radiation Quality Factor
RAD	 Radiation Assessment Detector
RAM	 Radiation Area Monitor
RBE	 Relative Biological Effectiveness
RC	 Effective Vertical Cut-Off Rigidity
REID	 Risk of Exposure-Induced Death
ROS	 Reactive Oxygen Species
RPA	 Replication Protein A
RRM2B	 Ribonucleotide Reductase p53R2
SAA	 South Atlantic Anomaly
SCF	 Stem Cell Factor
SEC	 Space Environment Center
SEP	 Solar Energetic Particle
SOD	 Superoxide Dismutase
SOBP	 Spread-Out Bragg Peak

Abbreviations



xx

SPE	 Solar Particle Event
SRAG	 Space Radiation Assessment Group
SRHO	 Space Radiation Health Officer
SSA	 Single Strand Annealing
SSB	 Single-Strand Breaks
ssDNA	 Single-Stranded DNA
StrlSchG	 “Strahlenschutzgesetz” (German Radiation Protection Law)
Sv	 Sievert
TBI	 Total Body Irradiation
TCR	 T-Cell Receptor
TEPC	 Tissue Equivalent Proportional Counter
TLD	 Thermoluminescent Detector
TLR5	 Toll-Like Receptor 5
TNF-α	 Tumor Necrosis Factor α
TRL	 Technology Readiness Level
UNSCEAR 	 United Nations Scientific Committee on the Effects of 

Atomic Radiation
US	 United States
V(D)J Recombination	 Genetic Recombination of the Variable (V), Diversity (D) 

and Joining (J) Gene Segments of Immunoglobulin (Ig), 
and T Cell Receptors (TCR) Genes

XRCC4	 X-Ray Repair Complementing Defective Repair in 
Chinese Hamster Cells 4

XPC	 Xeroderma pigmentosum, Complementation Group C
Z	 Atomic Number

Abbreviations



xxi

List of Figures

Fig. 1.1	� Sources of cosmic radiation that contribute to astronauts’  
radiation exposure during space missions. The depiction was  
compiled using the following images: Sun: Coronal Loops  
in an Active Region of the Sun, Feb. 18, 2014, Image Credit:  
NASA/Solar Dynamics Observatory; Earth: Satellite View  
of the Americas on Earth Day, April 23, 2014, Image Credit:  
NASA/NOAA/GOES Project; Moon: A full Moon above  
the South Pacific Ocean, Aug. 13, 2019, iss060e01347,  
Expedition 60, International Space Station (ISS), Image Credit:  
NASA; Mars: Valles Marineris: The Grand Canyon of Mars,  
March 23, 2008, Image Credit: NASA; Galaxy: Spiral Galaxy  
M81, May 2, 2014, Image credit: X-ray: NASA/CXC/SAO;  
Optical: Detlef Hartmann; Infrared: NASA/JPL-Caltech;  
Supernova remnant: Supernova G1.9 + 0.3, March 30, 2016,  
Image credit: NASA/CXC/CfA/S. Chakraborti et al.; Astronaut:  
Astronaut Bruce McCandless Floating Free (STS-41B),  
July 28, 2011, Image Credit: NASA������������������������������������������������������� 2

Fig. 1.2	� Amateur astrophotographer Javier Manteca captured the  
International Space Station (ISS) as it flew in front of the  
Moon on 5 February 2020. ©Javier Manteca / ESA; downloaded  
from https://www.esa.int/ESA_Multimedia/Search?SearchText= 
astronaut&result_type=images ��������������������������������������������������������������� 3

Fig. 1.3	� Radiobiological experiments at heavy ion accelerators.  
Left: 25 cm2 cell culture flasks and slide flasks filled with  
medium on the conveyor belt at GSI Helmholtzzentrum für 
Schwerionenforschung GmbH in Darmstadt, Germany. Right: 
Irradiation of mammalian cells in 12.5 cm2 for determination  
of cell survival and in slide flasks for immunofluorescence  
staining at the Grand Accélérateur National d’ Ions Lourds  



xxii

(GANIL) in Caen, France. In the lower picture, a holder for  
degraders to modulate beam energy was installed in front  
of the beam exit window. © Christine E. Hellweg, DLR������������������������� 5

Fig. 2.1	� Approximate energy ranges and spectra of different components  
of the radiation field in space. (From Wilson 1978) ������������������������������� 9

Fig. 2.2	� Particle fluence rate for GCR with charge number Z = 1 (hydrogen)  
to 26 (iron) during solar maximum and minimum conditions  
in near-Earth interplanetary space and at the orbit of the  
International Space Station (ISS) as predicted by the model  
by Matthiä et al. (2013)������������������������������������������������������������������������� 10

Fig. 2.3	� GCR spectra of protons (H), alpha particles (He),  
and Fe ions for solar minimum and maximum as described  
by two models: Matthiä et al. (2013) and Badhwar-O-Neill 2014 
(NASA 2015)����������������������������������������������������������������������������������������� 11

Fig. 2.4	� Energy spectra of selected large SEP events as described  
by Tylka et al. (2010)����������������������������������������������������������������������������� 13

Fig. 2.5	� Particle fluence rates of electrons and protons in the inner  
and outer radiation belts. (From NASA 1991)��������������������������������������� 15

Fig. 2.6	� Trapped protons (left) and electrons (right) in the radiation  
belts as predicted by the AP8 model in SPENVIS  
(www.spenvis.oma.be) at an altitude of 400 km, the approximate 
altitude of the ISS. The overlays show several passes of an orbit  
of 51.6° inclination ������������������������������������������������������������������������������� 15

Fig. 2.7	� Differential proton (p) and electron (e−) spectra from AP/AE8  
and AP/AE9 models for a 51.6° inclined orbit at an altitude  
of 400 km (bottom) and the corresponding particle ranges  
in aluminum (top) ��������������������������������������������������������������������������������� 16

Fig. 2.8	� Heavy Ion Medical Accelerator (HIMAC) at NIRS, Chiba,  
Japan. (© Bartos Przybyla, DLR) ��������������������������������������������������������� 21

Fig. 2.9	� Ionization rate in the atmosphere measured by V. Hess. (Graph  
drawn based on original data given in Hess 1912) ������������������������������� 22

Fig. 2.10	� Placement of TLD detectors on the pilot for the Mercury  
mission. (Warren and Gill 1964)����������������������������������������������������������� 24

Fig. 2.11	� The MTR-1 outside exposure and the 3D dose distribution  
from the outside exposure. (Data DLR)������������������������������������������������� 27

Fig. 2.12	 Approximate dose rates in different exposure scenarios����������������������� 28
Fig. 2.13	 Effective vertical cut-off rigidity RC at 400 km altitude������������������������� 30
Fig. 2.14	� Absorbed dose rates in silicon (Si) measured during solar  

minimum conditions in 2009 on-board the ISS with the  
DOSTEL instrument in the DOSIS project. (Berger et al. 2017) ��������� 30

Fig. 2.15	� Dose rate measured by the RAD instrument during the transfer  
of MSL from Earth to Mars (data from Zeitlin et al. 2013)������������������� 33

Fig. 2.16	� Dose rates (a) and corresponding quality factor (b) from GCR  
as measured by the RAD instrument and calculated  

List of Figures



xxiii

with different particle transport codes on the surface of  
Mars for the period between 15 Nov 2015 and 15 Jan 2016.  
(From Matthiä et al. 2017)��������������������������������������������������������������������� 36

Fig. 2.17	� Calculated absorbed dose rates and dose equivalent rates  
from GCR on the surface of Mars in a slab of tissue from different  
types of particles (From Matthiä and Berger (2017)) The results  
have been calculated with GEANT4 for the period between  
15 Nov 2015 and 15 Jan 2016.��������������������������������������������������������������� 37

Fig. 3.1	� Radiation exposure of astronauts during space missions  
in LEO and beyond ������������������������������������������������������������������������������� 46

Fig. 3.2	� Targeted effects and downstream cellular responses after  
exposure to ionizing radiation, adapted from Prise (2006)  
and Reitz and Hellweg (2018)��������������������������������������������������������������� 47

Fig. 3.3	� Bragg curves visualizing the linear energy transfer (LET)  
of different heavy ions (Pb—lead, Ni—nickel, Ar—argon,  
Ne—neon, C—carbon) with energies from 19.5 to 83.8  
MeV/n at the entrance point with increasing depth in water  
(Hellweg 2012) ������������������������������������������������������������������������������������� 48

Fig. 3.4	� Induction of DNA damage by ionizing radiation. Direct energy  
deposition in the DNA molecule or indirect damage after  
radiolysis of water molecules to hydroxyl and other radicals  
result in the formation of single-strand breaks (SSB), double- 
strand breaks (DSB), base damages such as oxidized guanine  
(8-oxoguanine), loss of bases with creation of an abasic site  
or DNA–protein crosslinks. DNA and 8-oxoguanine molecule  
were available at Wikimedia Commons (Michael Störk and  
Ed/commons.wikimedia.org/)��������������������������������������������������������������� 49

Fig. 3.5	� Model of the DNA damage response (DDR). Various sensor  
proteins recognize the presence of a lesion in the DNA,  
e.g., a DNA double-strand break (DSB) induced by ionizing  
radiation (yellow arrow). These sensors trigger signaling  
pathways that initiate a wide variety of cellular responses  
(Fig. 3.7) via mediators, transducers, and finally effectors.  
Adapted from Jackson and Bartek (2009) and Wilson (2004)��������������� 51

Fig. 3.6	� DNA double-strand break (DSB) repair pathways: homologous  
recombination (HR), non-homologous end-joining (NHEJ), and 
single-strand annealing (SSA) (adapted from Kass and Jasin 2010). 
NHEJ joins adjacent free DNA ends with no or little homology  
(microhomology), irrespectively of their sequence and must  
therefore be considered to be error-prone. In this pathway,  
DNA ends are protected from end resection by binding to the Ku 
heterodimer. HR is initiated by 5’ to 3’ end resection. Onto the  
formed 3’ single-stranded tail, the RAD51 nucleoprotein filament 
assembles and invades into a homologous DNA duplex (black),  

List of Figures



xxiv

thereby initiating repair synthesis. The newly synthesized strand  
is then displaced and anneals to the other DNA end (not shown)  
thereby completing the HR reaction. When such end resection  
occurs at sequence repeats of the sister chromatid (green lines),  
an alternative pathway, SSA, can take place. In this case, the  
complementary single strands anneal at the repeat. This gives rise  
to a copy number variant. As shown by mutational analysis, factors 
involved in HR and NHEJ likewise “compete” at steps indicated  
by the numbers: (1) loss of the canonical NHEJ factors (Ku, DNA 
ligase IV/XRCC4) leads to increased end resection and hence HR  
and SSA. (2) End resection mutants (e.g., Sae2) demonstrate  
increased NHEJ. (3) Disruption of RAD51 filament formation  
leads DNA ends to be thread into SSA (Kass and Jasin 2010)������������� 52

Fig. 3.7	� Possible cell fates after radiation exposure. The three dots  
indicate the DDR shown in Fig. 3.5������������������������������������������������������� 53

Fig. 4.1	� Risk assessment for space radiation exposure of astronauts  
during space missions in LEO and beyond. The graph is based  
on the NASA Space Cancer Risk (NSCR) model and its evaluation  
by an expert group (National Research Council 2012). According  
to Cucinotta et al. (2013b), “Demographic Specific Solar Minimum 
Safe Days in deep space are defined as the maximum number of  
days with 95% CL to be below the NASA 3% REID limit for  
males and females at different ages at exposure, aE.” Z∗ is the  
effective charge number of the particle and β its speed relative  
to the speed of light������������������������������������������������������������������������������� 91

Fig. 5.1	� Products of the secondary plant metabolism as nutritional  
countermeasure candidates. Kiwi, pomegranate, or other fruits  
and vegetables contain secondary metabolites which might have 
health-beneficial effects. (© Christine E. Hellweg, DLR)��������������������� 99

List of Figures



1© The Author(s), under exclusive licence to Springer Nature Switzerland AG 2020
C. E. Hellweg et al., Radiation in Space: Relevance and Risk for Human 
Missions, SpringerBriefs in Space Life Sciences, 
https://doi.org/10.1007/978-3-030-46744-9_1

Chapter 1
General Introduction

Abstract  Radiation exposure of astronauts during long-term space missions 
exceeds dose limits for terrestrial occupational radiation exposure by far. In the 
atmosphere, exposure to cosmic radiation augments with increasing height, result-
ing in an additional average annual radiation dose to aircrew of 2 mSv in Germany. 
Leaving the atmosphere and entering space, the radiation exposure enhances fur-
ther, by the lack of atmospheric and magnetic shielding and by the additional con-
tribution from particles contained in the radiation belts. The complexity of the space 
radiation field poses a huge challenge for dosimetry and evaluation of its biological 
effects. Traversals of energetic charged particles of cosmic radiation can even be 
perceived as light flashes by astronauts after dark adaptation. Countless heavy ion 
accelerator experiments were and are performed in order to understand the effects 
of heavy ions at molecular, cellular, tissue, and organismal level and to develop 
countermeasures.

Keywords  Cosmic radiation · Geomagnetic field · Astronauts · Radiation 
protection regulation · Light flashes · Heavy ion accelerators · Space 
radiation biology

Traveling through space to new worlds is humankind’s dream and visualized in 
numerous science fiction movies. However, space is not empty as perceived by the 
eye and high energy charged particles originating from the Sun (solar energetic 
particles, SEP) or from outside our solar system (galactic cosmic rays, GCR) rush 
through this vastness, collectively called cosmic radiation (Fig. 1.1). On Earth, the 
geomagnetic field and the atmosphere provide shielding against this natural radia-
tion source. The GCR interact with the atmosphere, resulting in a shower of primary 
and secondary particles with a wide range of energies. This leads to an average 
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contribution to the annual natural radiation exposure on ground of 0.38 milliSievert 
(mSv). The dose rate of cosmic radiation rises with increasing height, resulting in 
higher exposures during a stay on high-altitude mountains or during air travel. At 
high latitudes around the poles, where the magnetic field lines are perpendicular to 
the Earth surface, the intensity of the primary charged particles is greater than at 
lower latitudes. In consequence, aircrew accumulate quite considerable doses of this 
natural radiation (in average 1.96 mSv per year in Germany), with higher exposures 
during high latitude flights compared to flight paths over the equator. In Germany, 
radiation protection for aircrew is regulated by law. Since 2003, the occupational 
radiation exposure of aircrew has to be assessed, which is mostly realized by using 
dose calculation software.

Fig. 1.1  Sources of cosmic radiation that contribute to astronauts’ radiation exposure during 
space missions. The depiction was compiled using the following images: Sun: Coronal Loops in 
an Active Region of the Sun, Feb. 18, 2014, Image Credit: NASA/Solar Dynamics Observatory; 
Earth: Satellite View of the Americas on Earth Day, April 23, 2014, Image Credit: NASA/NOAA/
GOES Project; Moon: A full Moon above the South Pacific Ocean, Aug. 13, 2019, iss060e01347, 
Expedition 60, International Space Station (ISS), Image Credit: NASA; Mars: Valles Marineris: 
The Grand Canyon of Mars, March 23, 2008, Image Credit: NASA; Galaxy: Spiral Galaxy M81, 
May 2, 2014, Image credit: X-ray: NASA/CXC/SAO; Optical: Detlef Hartmann; Infrared: NASA/
JPL-Caltech; Supernova remnant: Supernova G1.9 + 0.3, March 30, 2016, Image credit: NASA/
CXC/CfA/S. Chakraborti et al.; Astronaut: Astronaut Bruce McCandless Floating Free (STS-41B), 
July 28, 2011, Image Credit: NASA
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In low Earth orbit (LEO), at the altitude of the International Space Station (ISS, 
Fig. 1.2), astronauts are exposed to much higher doses of GCR compared to aircrew 
and additionally to a larger fraction of primary particles of GCR including heavy 
nuclei and to the charged particles trapped in the radiation belts (Fig. 1.1).

Interestingly, the occupational radiation exposure of astronauts is regulated by 
law in Germany only since 2017 with the new radiation protection law 
(“Strahlenschutzgesetz,” StrlSchG) (Bundesrepublik Deutschland 2017) which is 
based on the European Union Directive 2013/59/EURATOM (Council of the 
European Union 2014). These regulations follow the recommendations of the 
International Commission for Radiation Protection (ICRP) to include exposures to 
natural radiation sources as part of occupational exposure in case of operation of jet 
aircraft and spaceflight (ICRP 1991, 2007).

The operation of spacecraft in Germany is due for notification in case that astro-
nauts on this spacecraft can be exposed to a cosmic radiation dose of more than 1 
mSv per year (StrlSchG § 52). The “Bundesamt für Strahlenschutz (BfS)” (Federal 
Office for Radiation Protection) is responsible for control of this notification and of 
compliance with the radiation protection rules (StrlSchG § 185). Upon special noti-
fication and justification, the annual occupational exposure limit of 20 mSv (excep-
tionally 50 mSv for a single year) can be exceeded for astronauts of such German 
spacecraft (StrlSchG § 52).

These limits are exceeded by a six-month ISS mission. Nevertheless, radiation 
protection for astronauts has been and is expected to remain a task of the 

Fig. 1.2  Amateur astrophotographer Javier Manteca captured the International Space Station 
(ISS) as it flew in front of the Moon on 5 February 2020. ©Javier Manteca / ESA; downloaded 
from https://www.esa.int/ESA_Multimedia/Search?SearchText=astronaut&result_type=images
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responsible space agencies. This applies certainly for European Space Agency 
(ESA) astronauts as the respective spacecraft are (currently) not operated by a 
German organization.

In terms of risk assessment for radiation protection, cosmic radiation poses a 
huge challenge due to its complexity and the presence of energetic heavy ions. The 
charged particles can ionize atoms and molecules by pushing electrons out of their 
shell. Usually, humans have no senses for ionizing radiation. Space radiation is an 
exception to this rule as some particle traversals through the retina of the eye can be 
perceived as light flashes. It was predicted by Cornelius Tobias in 1952 that cosmic 
radiation can interact with the visual system and induce anomalous light percep-
tions. The Apollo 11 astronaut Edwin E. Aldrin Jr. first reported such light percep-
tions and spontaneous observations were documented for Apollo 11 and 12 missions 
(Akatov et al. 1996). During Apollo 15–17, the appearance of the light flashes in the 
form of stars, streaks, clouds, etc. was noted during observation sessions after dark 
adaptation. In order to correlate the light flashes to charged particle traversals, dedi-
cated detectors were constructed and used during space missions, starting with the 
Apollo Light Flash Moving Emulsion Detector (ALFMED) that was applied during 
Apollo 16 and 17 (Akatov et al. 1996). MIR and ISS astronauts also counted light 
flashes and reported an increase in number during South Atlantic Anomaly (SAA, 
Chap. 2) passage (Narici 2008).

Space radiation dosimetry cannot be achieved with devices designed for radia-
tion qualities on Earth (e.g., X-rays, α-, β-, γ-radiation, neutrons), but requires spe-
cialized dosimeters operating in passive or active ways. Furthermore, while traveling 
through the human body, energy deposition and the radiation quality of the charged 
particles change along the track of the particle (ICRP 2007). Therefore, the depth 
dose distribution in the human body is a major pillar for space radiation risk assess-
ment. The radiation field in space and approaches for dosimetry and depth dose 
determination are discussed in Chap. 2.

Simulation of the whole space radiation field on Earth using heavy ion accelera-
tors is impossible. Parts of the space radiation field (e.g., a combination of protons, 
helium ions, and a heavy ion) can be simulated with high technical effort at high 
energy heavy ion accelerators. Therefore, experiments performed to understand the 
biological effects of energetic charged particles are predominantly performed with 
single ions. Hundreds of researchers contributed to current understanding of radio-
biological effects of space radiation, performing thousands of night shifts at heavy 
ion accelerators with diverse biological systems including bacteria, cell and organ 
cultures, rodents and larger animals, or even self-experiments (Fig. 1.3). Chapter 3 
can give only a glimpse of past and present space radiobiology with a focus on 
molecular mechanisms, relative biological effectiveness of space-relevant radiation 
qualities and effects at the organismal level.

Determination of exposure during space missions and quantification of disease 
risks are the prerequisites for radiation risk assessment which is described in Chap. 
4. A Mars mission would exceed the acceptable risk level, therefore, countermea-
sures have to be developed and tested in order to keep the risk for astronauts’ health 
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in an acceptable range. The current status of countermeasure research is summa-
rized in Chap. 5.

The health risks provoked by space radiation exposure remain an unsolved ques-
tion for long-term human space exploration missions. Approaches to answer the 
open question are described in Chap. 6.
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Chapter 2
Radiation in Space: The Physics

Abstract  The radiation field in space is highly variable in time and space. Different 
sources contribute to the total exposure. In interplanetary space, the field is domi-
nated by the omni-present galactic cosmic radiation (GCR) and sporadic solar par-
ticle events (SPE) can contribute. On the International Space Station (ISS) in low 
Earth orbit (LEO), on the other hand, the contribution of SPE can be neglected and 
GCR are modulated along the station’s trajectory due to the shielding effect of the 
geomagnetic field against charged particles. On planetary surfaces, for instance, on 
Mars, albedo particles from underground and secondary particles from interactions 
with the atmosphere, if present, are added to the radiation field. Secondary particles, 
especially neutrons, can contribute significantly to the exposure. In all cases, the 
field can be further modified by the potential shielding environment and the result-
ing particle fluxes lead to the exposure of humans under the given conditions. The 
exposure is calculated as the energy deposition in tissue weighted with correspond-
ing quality factors or relative biological effectiveness and organ weighting factors. 
In most cases, if measured, the dose rate is determined from the energy deposition 
in silicon detectors and corresponding corrections have to be applied to estimate the 
dose in tissue. Additionally, self-shielding of the body has to be taken into account 
if organ doses are determined.

Keywords  Galactic cosmic rays (GCR) · Solar particle events (SPE) · Van Allen 
Belts · Absorbed dose · Dose equivalent · Effective dose equivalent · 
Anthropomorphic phantoms · Passive detectors · Active detectors · Radiation 
exposure
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2.1  �The Radiation Field

Every human being is permanently exposed to natural radiation. For the majority of 
humankind, the largest part of this radiation stems from naturally occurring ambient 
radioactive nuclei in the soil or their decay products. The contribution of cosmic 
radiation to the total natural exposure is approximately 15% on average (UNSCEAR 
(2000) gives an average value for the yearly effective dose from cosmic radiation of 
380 μSv and a total of 2.4 mSv). The actual value depends among others on the 
altitude, the local soil composition, and diet.

Under certain conditions, however, the contributions of radiation which origi-
nates not from Earth but from space increases and may become the only relevant 
factor. The sources of this radiation are threefold: atomic nuclei that are accelerated 
to extremely high energies at extra-heliospheric sources in the galaxy, the galactic 
cosmic radiation (GCR), protons and electrons that are accelerated in solar flares or 
coronal mass ejections close to the visible solar surface or in interplanetary space, 
the solar energetic particles (SEP); and protons and electrons temporarily trapped in 
the magnetic field of Earth in the radiation belts. The nature of this radiation differs 
from radiation sources found on Earth in energy and composition. Heavy ions in the 
GCR have a high biological effectiveness, and they reach energies at which it is 
impossible to shield against them under the current technical constraints in human 
spaceflight. The interaction of the primary radiation with shielding material creates 
a complex field of secondary radiation containing an increasingly large fraction of 
neutrons. Energies of particles from the radiation sources encountered in space usu-
ally have much greater energies than typical terrestrial sources. Alpha particles 
(fully ionized He nuclei) originating from radioactive decay, for instance, have 
kinetic energies on the order of MeV, the energies of those from GCR exceed tens 
and even hundreds of GeV which allows them to penetrate shielding that is orders 
of magnitude thicker compared to what is needed to shield alpha particles from 
radioactive decay.

Figure 2.1 gives an overview over the energy regimes of different sources of 
radiation in space. Sources that are potentially relevant for the exposure to ionizing 
radiation are trapped protons and electrons (during extravehicular activities) in low 
Earth orbit (LEO), protons of solar origin, and galactic cosmic radiation.

2.1.1  �Galactic Cosmic Rays

Galactic cosmic rays (or synonymously used: galactic cosmic radiation (GCR)) 
consist of highly energetic particle radiation that enters the heliosphere from inter-
stellar space and originates at galactic sources like supernova remnants (Blasi 2013). 
The intensity of GCR in the interstellar space is considered to be effectively con-
stant over time and outside the heliosphere, the intensity of GCR is described by the 
local interstellar spectra. On their way to a given location in the heliosphere, the 
shape of the GCR spectra changes through the interaction of the charged particles 
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with the magnetic field in the interplanetary medium. The strength of this effect 
depends primarily on the particle’s energy and charge and on the activity of the Sun 
and the related solar wind velocity and is accordingly strongest during periods of 
strong solar activity (solar maximum) and weakest during low solar activity (solar 
minimum). This leads to a GCR intensity that is anti-correlated with solar activity 
showing intensity maxima at times of low solar activity and vice versa.

For the radiation exposure in space, only the hadronic part of the GCR is rele-
vant. The intensity of electrons and positrons in the GCR is on the order of 1–2% 
(Boezio et al. 1999, 2000), and the dose is even lower as the dose per fluence is, 
depending on the particle energy, significantly lower than for protons and heavier 
ions. The hadronic part consists mainly of protons (≈87%), alpha particles (≈12%), 
and to a lesser extent of heavier ions (Simpson 1983). Even though the abundance 
of heavier ions is low, their contribution to the exposure is significant and accurate 
consideration in measurements and models is crucial. Model predicted GCR abun-
dances in near-Earth interplanetary space and averaged over the ISS orbit are illus-
trated in Fig. 2.2.

The relevant energy range for the exposure from GCR depends on the specific 
shielding environment but typically ranges from approximately 100  MeV/n to 
100 GeV/n (Mrigakshi et al. 2013a).

For heavily shielded environments including additional magnetic shielding ener-
gies up to 1 TeV/n can become relevant. This is the case, for instance, for low lati-
tude flights in aviation.

In the energy spectrum above a few ten GeV up to 1 TeV, the GCR energy spectra 
follows a power law with a spectral index of approximately −2.7 (Blasi 2013) but a 
more detailed consideration shows that the index is neither constant for different 

Fig. 2.1  Approximate energy ranges and spectra of different components of the radiation field in 
space. (From Wilson 1978)
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energies nor identical for all GCR particles (Adriani et al. 2011; Aguilar et al. 2015a, 
b), for instance, showing a hardening of the proton spectrum above 200  GeV 
(Aguilar et al. 2015b). At even higher energies above the so-called knee at around 
3∙106 GeV, the energy spectrum becomes steeper. At energies below a few ten GeV, 
the spectrum gradually bends over showing a maximum at around 500 MeV/n. This 
region is strongly affected by the solar modulation and varies in intensity during the 
solar cycle. Figure 2.3 illustrates the GCR spectra of hydrogen (proton), helium 
(alpha), and iron nuclei as described by the models of Matthiä et  al. (2013) and 
Badhwar-O-Neill 2014 (NASA 2015) for solar minimum and maximum conditions 
during the years 2010 and 1991, respectively. Data for the Badhwar-O’Neill model 
have been taken from NASA’s OLTARIS tool (oltaris.nasa.gov). The variation in 
the GCR flux at 100 MeV/n is about one order of magnitude and decreasing with 
increasing energy. Particles with energies above a few tens of GeV/n are almost 
unaffected by solar modulation. The total fluence rate integrated over energies 
between 10 MeV/n and 200 GeV/n of nuclei from H (Z = 1) and Fe (Z = 26) for solar 
minimum and maximum and for interplanetary space and ISS orbit is given in 
Fig. 2.3. It shows that hydrogen nuclei are more affected by solar modulation than 
heavier nuclei and that the variation in the ISS orbit is much weaker than in inter-
planetary space. The latter is a consequence of the magnetic shielding in the ISS 
orbit deflecting a significant part of the lower energetic primary particles which are 
most affected by the solar modulation. The total fluence in the average ISS orbit is 

Fig. 2.2  Particle fluence rate for GCR with charge number Z = 1 (hydrogen) to 26 (iron) during 
solar maximum and minimum conditions in near-Earth interplanetary space and at the orbit of the 
International Space Station (ISS) as predicted by the model by Matthiä et al. (2013)
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reduced by about one order of magnitude compared to interplanetary space which is 
a combined result of the magnetic shielding and the shielding provided by the Earth.

The variation in the GCR intensity over the solar cycle translates to changes in 
the radiation exposure in space, the magnitude of which depend on the shielding 
situation and the dose quantity. Mrigakshi et al. (2013b) have estimated that in a 
lightly shielded environment the variation between the most extreme GCR mini-
mum and maximum in the past decades was expected to be about a factor of 3 for 
interplanetary space and about a factor of 2 for an average ISS orbit. NASA (1999) 
gave similar values for an unshielded interplanetary environment and predicted 
decreasing amplitude for increasing mass shielding. The mass shielding in inter-
planetary space has a similar effect as the magnetic shielding in a low inclination 
LEO: it reduces the relative contribution of lower energetic primary GCR which are 
the cause for the solar modulation-driven variation in the dose rates. It is evident 
that the estimation of the exposure from GCR depends on the accuracy of the under-
lying GCR model. Mrigakshi et  al. (2013a) and Slaba and Blattnig (2014) have 
investigated the effect of applying different primary GCR models in the prediction 
of the radiation exposure. The results showed that differences in the predicted dose 
rates using different models for the primary GCR can easily exceed 50% if the GCR 
model is not sufficiently benchmarked.

Fig. 2.3  GCR spectra of protons (H), alpha particles (He), and Fe ions for solar minimum and 
maximum as described by two models: Matthiä et  al. (2013) and Badhwar-O-Neill 2014 
(NASA 2015)
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2.1.2  �Solar Radiation

While the Sun produces electromagnetic radiation over a wide range of wavelengths 
permanently, the production of solar energetic particles (SEPs) is limited to spo-
radic events which can last between hours and days. The origins of the energetic 
particles are active regions on or close to the visible surface of the Sun, solar flares, 
or coronal mass ejections (CMEs) close to the Sun or in interplanetary space. During 
these events, charged particles, mostly electrons and protons and a minor fraction of 
heavier ions, are accelerated to relativistic energies. Impulsive events in which par-
ticles are accelerated in magnetic reconnection events in the solar flare last several 
hours and are of minor relevance for radiation exposure due to their shorter duration 
and lower fluence compared to gradual events in which the particles are accelerated 
in the shock accompanying the CME. These events are longer lasting and typically 
contain a larger fraction of highly energetic protons (Reames 2013; Desai and 
Giacalone 2016). For radiation exposure purposes typically, only protons are con-
sidered and other particles are neglected. The characteristics of SEP events as they 
are observed at Earth vary significantly from event to event and depend on a number 
of factors such as the magnetic connection of the observer to the shock front, the 
CME speed and the conditions of the ambient interplanetary medium. Larger par-
ticle fluence typically correlates with faster CMEs speeds and events which are 
observed on the western hemisphere of the Sun. The time profile of the particle flux 
during an event depends on the energy that is considered and how the observer is 
connected to the source of the energetic particles (Reames 1999; Cane and Lario 
2006). The rise time between the onset of the event and the peak of the particle flux 
can be between minutes and days and also the durations of events vary. For rela-
tively low energies up to tens of MeV, the maximum may be reached only when the 
shock driven by the CME passes the observer. These are called energetic storm 
particles (ESP).

The energy spectrum of the SEPs reaches from the keV region up to several hun-
dred MeV. Protons during the most intense of these events can even reach kinetic 
energies of several GeV and if the particle fluence is great enough, the increased 
intensity of cosmic radiation can also be recorded on ground by neutron monitor 
stations (Simpson 2000). These events are then called ground level events or 
enhancements (GLE). In recent decades, GLEs have occurred on average approxi-
mately once a year with an increased frequency of occurrence during periods of 
high solar activity. Between 2010 and 2020, however, only two such events have 
been recorded, on 17 May 2012 and 10 September 2017 which is a consequence of 
the modest solar activity in the current solar cycle. Solar particle events with lower 
intensity and particle energy are more frequent and Gopalswamy et al. (2015) list 37 
large SEP events between Aug 2010 and Nov 2014 which is still a low number 
compared to previous solar cycles. The energy spectrum of the protons can be 
described by a single or double power law in energy or rigidity. The slope of the 
spectrum is of great importance for the impact of the event on radiation exposure. 
Soft spectra with a large fraction of lower energetic particles are more easily 
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shielded by mass or by a magnetic field and the radiation exposure in the human 
body is expected to be less homogeneous than in case of a hard event which contains 
a relatively larger fraction of highly energetic particles.

Figure 2.4 illustrates the event integrated differential fluence spectra derived 
from Tylka et al. (2010) who described the integral proton spectrum by a double 
power law in rigidity with an exponential turnover (Band et al. 1993). The sum of 
the October 1989 events was recommended to NASA by Townsend et al. (2018) to 
be used as standard in designing storm shelters against solar particle events space 
habitats.

The October 1989 event had a comparatively hard spectrum meaning that it con-
tained a large fraction of highly energetic protons with energies above a few hun-
dred MeV.  These particles can penetrate moderate or even heavy shielding (the 
range of 200 MeV protons in Al is approximately 120 mm and of 1 GeV protons 
approximately 1.5  m) and contribute to the exposure directly but with reduced 
intensity. Townsend et al. (2018) estimated that organ dose rate for the combined 
Oct 1989 event would exceed the exposure limit of 250 milliGray-Equivalent (mGy-
Eq, see 2.2.1) for shielding below approximately 10 g/cm2 Al (≈4 cm). Softer events 
may have greater fluence at lower energies which could lead to higher doses for 
lightly shielded conditions, for instance, during an EVA. The total dose that is to be 
expected is always a combination of the particle spectra, the temporal profile, and 
the exposure time under the specific shielding conditions. For instance, the dose 
from a soft event could be greater for a lightly shielded environment than the dose 
from a hard event if the fluence at low energies is higher. For the identical events 

Fig. 2.4  Energy spectra of selected large SEP events as described by Tylka et al. (2010)
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encountered at heavier shielded locations, on the other hand, the situation may be 
inverted and the greater number of highly energetic particles in the spectrum of the 
hard event may lead to the higher doses. The total dose to which an astronaut would 
be exposed to during an event is a complex combination of the event characteristics, 
for instance, onset to peak rise time, spectral hardness, and total duration, and the 
specific exposure conditions like shielding environment and duration of stay at dif-
ferent locations. During large events with a short rise time and a sharply peaked 
maximum, for instance, it is more important for the astronaut to reach a better 
shielded location (a radiation shelter) quickly than for an event which may have a 
similar total fluence but a longer rise time with a less sharply peaked maximum.

General statements on the impact of SEP events on the dose are therefore hard to 
make but most numerical estimates of the expected dose rates agree that for inter-
planetary space a mass shielding equivalent to approximately 10–20 g/cm2 is suffi-
cient to reduce the exposure below current thresholds (Townsend et al. 2018). For 
other exposure scenarios, like LEO, Moon, or Mars surface, the required mass is 
reduced due to the additional shielding provided by the magnetosphere, the atmo-
sphere, and the planet.

As the occurrence frequency of SEP events varies over the solar cycle and also 
from cycle to cycle, probabilistic models can be used to estimate the risk for astro-
nauts to be exposed to an event of a specific magnitude for a certain mission sce-
nario depending on the size of the event, the length of the mission, and the launch 
date relative to the solar cycle, e.g., Xapsos et al. (2000), Kim et al. (2009), Jiggens 
et al. (2018).

2.1.3  �Radiation Belt Particles

The term radiation belt refers to regions surrounding Earth, or more generally any 
planet with a global magnetic field, and containing highly energetic charged parti-
cles, mainly protons and electrons. These energetic particles are temporarily trapped 
in the magnetosphere in toroidal structures that stretch, in case of Earth, from a few 
hundreds of kilometers above ground out to several ten thousands of kilometers. 
The radiation belts are dynamical structures which are affected by space weather, 
for instance, by the solar wind pressure, heliospheric magnetic field, and GCR 
intensity (Baker et al. 2018). Typically, Earth is surrounded by two radiation belts, 
an inner and an outer belt (Fig. 2.5). The inner belt contains mostly protons with 
energies up to several GeV and a small fraction of electrons. The dominant source 
of high energy protons in the inner radiation belt is the cosmic ray albedo neutron 
decay (CRAND) process (Jentsch 1981) but other sources can contribute.

Depending on altitude and inclination, objects in an Earth orbit may cross the 
radiation belts several times per day and may be exposed to varying intensities of 
radiation belt particles with a wide range of energies. Of special interest for human 
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spaceflight is an area above the south-eastern part of South America and the South 
Atlantic, the so-called South Atlantic Anomaly (SAA). In this area, the inner radia-
tion belt approaches the surface of Earth down to a few hundreds of kilometers 
above ground, due to the tilt and shift of the axis of the dipole-like magnetic field of 
Earth with respect to its axis of rotation. As a consequence, objects in a LEO, in 
particular the ISS, cross the SAA several times per day and are exposed to the sig-
nificantly increased particle flux within this region (Fig. 2.6).

Figure 2.7 shows a ten-day average during solar minimum of the differential 
energy spectra in an ISS like 51.6° inclined orbit at an altitude of 400 km derived 
from AP8/AE8 (Vette 1991) and AP9/AE9 (Ginet et al. 2013) models in SPENVIS 

Fig. 2.5  Particle fluence rates of electrons and protons in the inner and outer radiation belts. (From 
NASA 1991)

Fig. 2.6  Trapped protons (left) and electrons (right) in the radiation belts as predicted by the AP8 
model in SPENVIS (www.spenvis.oma.be) at an altitude of 400 km, the approximate altitude of 
the ISS. The overlays show several passes of an orbit of 51.6° inclination

2.1  The Radiation Field
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(www.spenvis.oma.be). The respective range of protons and electrons in aluminum 
is illustrated in the top panel. The trapped particle environment encountered in this 
orbit, according to the models, contains protons with energies up to several hundred 
MeV from the inner radiation belt in the SAA (cf. Fig. 2.6) and electrons with ener-
gies up to almost 10 MeV mostly from the outer radiation belt.

Electrons below a few MeV are stopped by a few millimeters of aluminum 
while radiation belt protons at their highest energies can penetrate several centime-
ters of shielding. In combination with the fact that the electron intensity drops 
extremely fast by several orders of magnitude between 1 and 10 MeV means that 
an increase in dose from electrons is not observable at the ISS orbit inside the sta-
tion while the contribution of the trapped protons to the absorbed dose can reach 
50% and more.

Fig. 2.7  Differential proton (p) and electron (e−) spectra from AP/AE8 and AP/AE9 models for a 
51.6° inclined orbit at an altitude of 400 km (bottom) and the corresponding particle ranges in 
aluminum (top)
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2.2  �Radiation Dosimetry

2.2.1  �Dose Quantities

A framework of dosimetric quantities, definitions, and recommendations concern-
ing radiation protection has been established and continuously developed by the 
International Commission on Radiological Units and Measurements (ICRU) and 
the International Commission on Radiological Protection (ICRP). This chapter 
summarizes the most important quantities relevant for space exploration: relevant 
reports are: “The 2007 Recommendations of the International Commission on 
Radiological Protection” (ICRP  2007), “Assessment of Radiation Exposure of 
Astronauts in Space” (ICRP 2013), “Adult Reference Computational Phantoms” 
(ICRP 2009), and “Fundamental Quantities and Units for Ionizing Radiation 
(Revised)” (ICRU 2011). Here, only the most relevant quantities are introduced and 
the interested reader is referred to the ICRU and ICRP reports for further detail.

On Earth, radiation protection is based on effective dose and ambient dose equiv-
alent, for instance, for the exposure to cosmic radiation in aviation (ICRP 2016). In 
space, however, effective dose is not applicable due to the use of a single radiation 
weighting factor wr = 20 for heavy ions which is not generally a valid choice for 
highly energetic nuclei from GCR (ICRP 2013). Instead, the use of effective dose 
equivalent is recommended which is based on the quality factor Q rather than radia-
tion weighting factors. No operational dose quantity has been found to be applicable 
to the exposure to cosmic radiation in space by the ICRP.

The basic quantity in dosimetry on which many of the derived quantities in radia-
tion protection are based on, is the absorbed dose D which is defined through ε, the 
energy imparted in a volume of mass m. Absorbed dose is defined as:

	
D

d
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�
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(2.1)

The unit of the absorbed dose is J/kg ≡ Gy (gray).
The absorbed dose in macroscopic volumes can be derived by integrating over 

the volume of interest. If the target volume is a certain type of tissue or organ T in 
the human body, the absorbed dose in this volume is denoted DT.

To consider the biological relevance of different types of radiation, the quality 
factor Q is introduced and the dose equivalent H is defined as:

	 H Q D= • 	 (2.2)

The unit of the absorbed dose is J/kg ≡ Sv (sievert).
Equivalently, if the absorbed dose in a tissue T is considered, the corresponding 

dose equivalent is calculated as H QDT T= , where Q  is the mean quality factor in 
the tissue. The quality factor as defined by (ICRU 1986; ICRP 1991) is a dimension-
less factor, solely depending on the linear energy transfer of the particle depositing 
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the energy. The linear energy transfer LΔ or equivalently, the restricted linear elec-
tronic stopping power, is defined in ICRU (2011) as “the quotient of dEΔ by dl, 
where dEΔ is the mean energy lost by the charged particles due to electronic interac-
tions in traversing a distance dl, minus the mean sum of the kinetic energies in 
excess of D of all the electrons released by the charged particles”:
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The unrestricted linear energy transfer L∞ ≡ L is identical to the electronic stop-
ping power. Based on this definition, the quality factor Q has been defined as a 
continuous function of L (or LET) in water in ICRP 1991:
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The quality factor is unity for all low L particles, such as electrons and positrons, 
mostly one for muons, pions, and can become larger for protons and heavier nuclei. 
The maximum quality factor of 30 is reached at 100 keV/μm.

The quality factor at a point in tissue is defined in ICRP (2013) as
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where D is the absorbed dose in tissue and DL = dD/dL is the distribution of D in L 
(for charged particles in water) at the point of interest.

Based on the dose equivalent, the ICRP defines the whole body quantity effective 
dose equivalent HE which is a weighted sum over the organ dose equivalents using 
the tissue weighting factors wT (Eq. 2.7). Other than in terrestrial radiation protec-
tion for which the use of the effective dose is recommended, ICRP (2013) recom-
mends to use the effective dose equivalent in the cosmic radiation field in space.

The most recent tissue weighting factors (Table 2.1) introduced in ICRP (2007) 
are age and sex averaged; the weighting factors are based on experimental data 
covering stochastic effects (radiation-induced cancer and heritable diseases).

The effective dose equivalent is defined as:
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(2.6)

where the sum is over all tissues T listed in Table 2.1 and QT and DT are the organ 
averaged quality factor and the absorbed dose in the respective tissue.

For a known radiation field, ICRP (2013) provides fluence-to-dose conversion 
coefficients for relevant particles, organs, and the total effective dose equivalent for 
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a reference anthropomorphic phantom (ICRP 2009) which can be folded with the 
particle fluence spectra to calculate the dose in the field.

The NASA effective dose as defined in NASA (2013) is not to be confused with 
the effective dose defined by the ICRP. It is formally identical, however, with the 
effective dose equivalent concerning the use of quality and tissue weighting factors 
but with differing numerical values. As stated above, in the ICRP effective dose, the 
absorbed dose is weighted with radiation weighting factors. NASA applies a risk 
model that separates the risk of fatal solid cancer and leukemia and the applied qual-
ity factors not only depend on the linear energy transfer L but also on the parameter 
Z∗2/β2 with Z∗ and β being the effective charge number and the particle velocity 
relative to the speed of light, respectively (Chap. 4). Additionally, the ICRP includes 
the risk of non-lethal cancer into its gender and age averaged tissue weighting factor 
while NASAs Q is based on cancer mortality risk.

For the non-stochastic (deterministic) radiation risk, both NCRP (2000) and 
(ICRP 2013) recommend using the absorbed dose in an organ (DT) weighted with 
the relative biological effectiveness (RBE, Sect. 3.3), the gray-equivalent (Gy-Eq). 
Values for the RBE recommended by ICRP and NCRP to be used in the context of 
exposure to cosmic radiation are between 1 and 6.

Based on the above introduced quantities, space agencies develop their radiation 
protection framework and dose limits. For stochastic radiation effects, the Russian, 
European, and Canadian Space Agencies use the ICRP recommended career limit 
of 1 Sv. JAXA and NASA, on the other hand, use limits on the Risk of Exposure-
Induced Death (REID) which lead to age- and gender-specific limits in the dose. In 
addition to limits related to stochastic effects, the agencies also introduce dose lim-
its on different organs to consider non-cancer effects; for NASA astronauts, for 
instance, dose limits for 30  days, one year and the whole career for non-cancer 
effects are in place (NASA 2014). ESA defines annual limits and for 30 day periods 
for blood-forming organs, eye and skin (Straube et al. 2010). Current dose limits are 
summarized in McKenna-Lawlor et al. (2014).

Table 2.1  Tissue weighting factors wT recommended by the ICRP

Tissue wT ΣwT

Bone marrow (red), colon, lung, stomach, breast, 
remainder tissuesa

0.12 0.72

Gonads 0.08 0.08
Bladder, esophagus, liver, thyroid 0.04 0.16
Bone surface, brain, salivary glands, skin 0.01 0.04

Total 1.00

From ICRP (2009)
aRemainder tissues: Adrenals, Extrathoracic (ET) region, Gall bladder, Heart, Kidneys, Lymphatic 
nodes, Muscle, Oral mucosa, Pancreas, Prostate (♂), Small intestine, Spleen, Thymus, Uterus/
cervix (♀)
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2.2.2  �Radiation Detectors and Their Calibration

Dosimetry requires a dedicated radiation detector able to determine the relevant 
quantities of the radiation field under study. For applications in space radiation 
dosimetry, the detector system has to be able to measure the relevant radiation pro-
tection quantities as defined in the previous chapter, except for the effective dose 
equivalent which can only be calculated. This implies, that one has to apply detector 
system being able to measure in what way ever the absorbed dose, the linear energy 
transfer (LET) spectra and thereby the quality factor of the radiation field as well as 
the dose equivalent. The effective dose equivalent, on the other hand, would further 
on be a quantity which can only be measured in space by applying relevant anthro-
pomorphic phantoms.

For the measurement of the space radiation field, one can distinguish between 
two detector principles. The first detector principle is represented by passive radia-
tion detectors, being able to store the relevant energy deposition from ionizing radi-
ation in their detection material. Examples of passive radiation detectors are 
thermoluminescence (TL) or optical stimulated luminescence (OSL) detectors as 
well as Nuclear Track Etch Detectors (CR-39). The second type of instruments are 
active (in some way powered) instruments which are, for example, based on silicon 
detectors or on the principle of tissue equivalent proportional counters. Both sys-
tems applied have their advantages and disadvantages. While the passive systems 
have low mass and small dimensions, do not need any external power and data 
interface and can easily be placed at various positions inside a spacecraft, they do 
not offer time-resolved data, and they usually have to be returned to the laboratory 
for evaluation. At the end, they will provide one data value integrated over their 
respective exposure time.

In contrast to this, the active detector systems enable the investigators to have 
time-resolved data thereby also having the possibility to resolve the changes of the 
radiation environment on short time scales—as for example during an SPE. It has to 
be nevertheless taken into account that the active systems need to be provided with 
a power and data interface, which can be a demanding task for certain applications. 
For decades, both of these detector principles have been applied on various space 
missions and now especially in the frame of the upcoming planned exploration mis-
sions to the Moon and in the future to Mars the active detectors will become the 
main instruments to be applied offering real-time data capabilities as well as possi-
ble alarm capabilities for extreme radiation events, as for example an SPE. A rele-
vant summary of instruments applied on-board the ISS as well as for mission to the 
Moon and Mars is provided in (Berger 2008; Caffrey and Hamby 2011; Narici 
et al. 2015).

All instruments have in common that they need to be calibrated to the relevant 
components of the space radiation field. This can be and is accomplished at various 
facilities around the world offering reference radiation fields for the respective par-
ticle species. As for example monoenergetic neutrons are provided at PTB, 
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Braunschweig, Germany, while the CERF neutron reference field at CERN, 
Switzerland, provides a neutron spectrum similar to high altitudes.

Of special importance for space are calibrations at facilities offering heavy ions 
to simulate the GCR environment encountered in space. One of these facilities is the 
Heavy Ion Medical Accelerator (HIMAC) at the National Institute of Radiological 
Sciences in Chiba, Japan (Fig. 2.8). Applying the HIMAC facility the space radia-
tion community started in the early 2000 the ICCHIBAN project, aiming for a com-
parison of the properties of passive and active radiation detectors, thereby also 
enabling to build up a database of relevant instrument properties (Uchihori et al. 
2002; Yasuda et al. 2006). In the last 20 years, a lot of effort has been put in the cali-
bration and comparison of various passive (e.g., Berger and Hajek 2008) and active 
(Berger et al. 2019) radiations detector systems applied in space and almost all of the 

Fig. 2.8  Heavy Ion Medical Accelerator (HIMAC) at NIRS, Chiba, Japan. (© Bartos 
Przybyla, DLR)
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active instruments currently applied for radiation measurements on-board the ISS, 
the Moon or Mars have been calibrated at the HIMAC facility (Benton et al. 2019).

2.2.3  �The History of Space Radiation Dosimetry

In 1912, Victor Franz Hess (1912) started his famous balloon flight, which led to the 
discovery of the galactic cosmic radiation, and resulting in bestowal of the Nobel 
Prize to V. Hess in 1936. Though at the time of discovery Hess called the radiation, 
he discovered “Höhenstrahlung” stating (in the original German written manu-
script): “…Die Ergebnisse der vorliegenden Beobachtungen scheinen am ehesten 
durch die Annahme erklärt werden zu können, daß eine Strahlung von sehr hoher 
Durchdringungskraft von oben her in unsere Atmosphäre eindringt…” (“… The 
results of the present observation seem to be most readily explained by assuming 
that radiation of very high penetrating power enters the atmosphere from above, 
and can still produce a part of the ionization observed in closed vessels at the lower 
altitudes”). Figure 2.9 provides the results of his flights showing the ionization rate 
in dependence on the altitude above sea level.

Fig. 2.9  Ionization rate in the atmosphere measured by V. Hess. (Graph drawn based on original 
data given in Hess 1912)
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Further investigations in the coming decades lead to the discovery that these 
particles are charged ions and that they originate from outside our solar system, 
which lead in the end to the name cosmic radiation, and to a further Nobel Prize for 
Cecil Powell in 1950 (Powell 1950). A further historical overview of these endeav-
ors is provided in Carlson (2012). The late 1950s with the International Geophysical 
Year (IGY) in 1957–1958 led to the discovery of the Earth’s radiation belts 
(Ludwig 1962).

These were discovered by placing various radiation detectors as for example on 
the US Explorer satellites, which at the end led to the naming of the radiation belts 
after the main US scientist James Van Allen (Van Allen and Frank 1959; Van Allen 
et al. 1959a, b). One shall not forget that also Sergei Vernon (Vernov and Chudakov 
1960) from the Moscow State University placed a Geiger-Müller counter on the 
Sputnik 2 mission and also came to the same conclusion as James Van Allen (Baker 
and Panasyuk 2017). So at the beginning of the human space age in the early 1960s, 
it was clear that Earth was surrounded by radiation belts and also that cosmic radia-
tion impinges on the Earth atmosphere.

Nevertheless, the reason for starting radiation measurements for human space 
missions in the USA was a different one. The amount of nuclear explosions in the 
atmosphere (Hess 1964) and the subsequent creation of artificial radiation belts 
especially after the “Starfish Prime” nuclear explosion in 1962 shortly before the 
Mercury mission led to the statement “…the creation of an artificially trapped elec-
tron belt by a high-altitude nuclear explosion on July 9, 1962, made it necessary to 
place radiation dosimeters aboard the spacecraft used in the eight Mercury-Atlas 
mission (MA-8)…” (Warren and Gill 1964). This was the starting point of the radia-
tion measurements for human spaceflight. Figure 2.10 shows how the astronauts on 
the Mercury mission were equipped with passive thermoluminescence detectors on 
various parts of the body.

From the NASA Mercury mission onwards (Warren and Gill 1964) followed by 
the Gemini missions (Richmond 1972), all astronauts were equipped with personal 
passive radiation detectors and additional instruments as nuclear emulsion and ion-
ization chambers were applied within the spacecraft. During the Apollo missions, 
various experiments were carried out to determine the radiation loads as given in 
English et al. (1973), Schaefer et al. (1972), and Schaefer and Sullivan (1976).

An overview table of the radiation doses received during the Apollo lunar land-
ing missions is given in Table  2.2, based on the compendium of space-related 
dosimetry data provided by Benton (1984).

Noteworthy at this point is also that the first German experiment, the Biostack 
experiment (Buecker et al. 1973) was already flown as part of the Apollo 16 and 17 
missions with its aim to correlate the radiation environment outside LEO and its 
effect on biological samples. The total mission dose measured with this experiment 
by thermoluminescence detectors was between 5.0 and 6.2  mGy, which is very 
close to the data provided by the NASA detectors (as given in Table 2.2 for the 
Apollo 16 mission).
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One should not forget when thinking about the space race to the Moon that also 
the scientists in Russia were working on radiation detectors and radiation dosimetry 
for the Russian spacecraft. An overview of data measured during the Vostok, 
Voshkod (1961 to 1965), and the Soyuz-3 to −9 missions in the years 1968 to 1970 
is provided in Benton and Henke (1983). With the start of the NASA Space Shuttle 
missions, a new spacecraft was available for science, but also as a vehicle for space 
dosimetry-relevant first data from the STS-1 to the STS-41 missions are 

Fig. 2.10  Placement of TLD detectors on the pilot for the Mercury mission. (Warren and 
Gill 1964)
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summarized in Benton (1984). The following MIR space station already had radia-
tion instrument (as for example the famous R-16 ionization chamber) installed 
inside to provide baseline data and possible alarm capabilities for the crew. With the 
increased cooperation in space, seen for example by the visits of the Space Shuttle 
to MIR (so-called Shuttle-MIR missions), the amount of groups providing detectors 
and comparing their results increased. Badhwar et al. (2002) provide a good com-
pendium of all instruments applied within the MIR space station, their properties 
and provide also an overview and comparison of measured and calculated radiation 
values for various locations inside the MIR space station. A full comparison of all 
measurements performed on-board MIR by various institutions is given in the spe-
cial issue “Radiation on the MIR Space Station” (Radiat Meas. 35, 5, 2002).

With the launch of the ISS at the end of the 1990s radiation detectors were an 
integrated part of the station in the USA and the Russian segment and were and still 
are applied as operational detectors together with additional instruments aiming for 
various scientific radiation research as given in Berger (2008) and Narici et al. (2015).

2.2.4  �Human Phantom Experiments

One of the foremost objectives of space radiation dosimetry is to serve as a solid 
basis for risk assessment for cosmic ray-induced late effects such as cancer, even if 
the radiobiology associated with these unique radiation fields to a considerable 
amount is still unknown. The use of dedicated phantoms, simulating a space trav-
eler’s body, provides a detailed mapping of dose distribution that is essential for 
evaluating the doses absorbed in different organs and tissues. Dose measurements 
are obtained by using a generally large amount of miniature dosimeters, such as 
thermoluminescence (TL) phosphors, arranged in a regular grid within the manne-
quin. Due to the considerable mass of such phantom bodies, the number of associ-
ated experiments that have actually been conducted in LEO is small. Table 2.3 lists 
the phantom experiments performed during various space missions.

The experiments started with the first anthropomorphic phantom head on-board 
a Space Shuttle in the years 1989–1990 (Konradi et  al. 1992), followed by the 

Table 2.2  Overview of Apollo missions

Apollo mission Duration (hours) Lunar surface duration Average radiation dose [mGy]

11 194.0 21 hrs, 38 mins 1.8
12 244.5 31 hrs, 31 mins 5.8
14 216.0 33 hrs, 31 mins 11.4
15 295.0 66 hrs, 54 mins 3.0
16 265.8 71 hrs, 2 mins 5.1
17 301.8 74 hrs, 59 mins 5.5

Data from Benton (1984)
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spherical phantom on-board a space station (MIR) in the years 1997–1999 (Berger 
et al. 2004) and the first exposure of a whole anthropomorphic upper torso in space 
(Space Shuttle 1998). This space shuttle flight was the first flight, where the effec-
tive dose equivalent for a human was determined based on data from radiation 
detectors placed inside a phantom (Yasuda 2009). This torso (so-called FRED) was 
also applied for the first torso measurements inside the ISS during Increment 2 in 
the year 2001. A second—higher developed—spherical phantom (MATROSHKA-R) 
started its measurement phase inside the ISS in the year 2004 (Kireeva et al. 2007), 
together with the ESA MATROSHKA (MTR) experiment (outside the ISS in the 
MTR-I phase) (Reitz et al. 2009). The MATROSHKA experiment was further on 
also performed inside the Russian part of the ISS in the frame of the MTR-2A and 
-2B phases and also in the Japanese part of the ISS in the frame of the MTR-2 KIBO 
experiment. This was the first long-term exposure of a phantom at one hand outside 
the ISS and on the other hand for three long missions inside the ISS.

As stated before, the ESA MATROSHKA facility and the respective 
MATROSHKA experiments were the biggest endeavors for the determination of the 
effective dose equivalent ever accomplished on-board the ISS.

Within the MTR facility thousands of passive thermoluminescence detectors 
were applied to determine as close as possible the relevant organ doses inside the 
phantom. In addition, detectors were placed on the surface of the phantom to deter-
mine the skin dose (Berger et al. 2013) and the dose equivalent on the surface to 
have a comparison with the finally determined effective dose equivalent (Puchalska 
et al. 2014). For more information about the MATROSHKA experiment—see also 
https://www.fp7-hamlet.eu. Figure 2.11 provides on the left a picture of the MTR 
facility mounted outside the Russian part of the station in the frame of the MTR-1 
experiment and on the right the results for the three-dimensional dose distributions 
measured during this exposure. These results are the baseline for the calculation of 
the organ doses and for the further determination of the effective dose equivalent.

In summary it was evaluated that the effective dose equivalent (as given in 
Table 2.4) for an outside exposure (MTR-1) is a factor of two to three lower than the 
measured dose on the surface of the body (skin dose) due to the self-shielding of the 
body for the lower energetic electrons and protons encountered outside the ISS. For 
an inside exposure, a personal dosimeter would still conservatively overestimate the 
effective dose equivalent to approximately 20%.

Table 2.3  Phantom experiments in Space

Experiment Date Location

Phantom Head 1989–1990 STS-28 / STS-36 / STS-31
Spherical Phantom 1997–1999 MIR
Anthropomorphic Phantom FRED 1998 STS
Anthropomorphic Phantom FRED 2001 ISS
Spherical Phantom MATROSHKA-R 2004– ISS
Anthropomorphic Phantom 
MATROSHKA

2004–2012 ISS

2  Radiation in Space: The Physics
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2.3  �Exposure Scenarios: Measuring and Modeling 
of Space Radiation

If the radiation exposure in different space scenarios is considered for instance by 
comparing different measurements or model calculations, it is of paramount impor-
tance to keep in mind that the environment is extremely variable in time and space 
but also strongly depends on the specifics of the dose measurement or calculation. 
The introduction of a small detector into a radiation field may lead to negligible 
changes in the field in most cases but the human body, may it be in simulations by 
means of numerical phantoms, in measurements by means of an anthropomorphic 
or water phantom or in personal dosimetry, will affect the radiation field and, as a 
consequence, the dose rates. This effect will be most pronounced in fields which are 

Fig. 2.11  The MTR-1 outside exposure and the 3D dose distribution from the outside exposure. 
(Data DLR)

Table 2.4  Effective dose 
equivalent (E) for two MTR 
experiments

Experiment E (μSv/d) Skin dose (μSv/d)

MTR-1 (outside ISS) 722 ± 35 3025 ± 453
MTR-2A (inside ISS) 552 ± 26 641 ± 96

From Puchalska et al. (2014)
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dominated by low energy particles, such as most SEP events and outer radiation belt 
electrons, but is also present for the highly penetrating field of GCR. In an extreme 
case a small detector may measure extremely high dose values from relatively low 
energetic particles which would, in case of human exposure, be completely absorbed 
in the skin and the dose to the more sensitive inner organs may be zero. Additionally, 
the variation of the radiation field with shielding is not necessarily linear and deriv-
ing organ dose values using their average shielding is not always a valid approach.

Many detectors that are applied in dose rate measurements use silicon chips as 
sensitive volume. The energy deposition of neutrons in silicon, however, is very low 
compared to water or tissue, the relevant materials for radiation protection. In a situ-
ation in which a relevant secondary neutron field exists, the additional contribution 
from neutrons to the dose in tissue has to be evaluated by other means.

It follows that extreme caution has to be taken if results that have been obtained 
in one scenario are translated to a different one, for instance, if measurements from 
a sub-millimeter silicon detector are used to derive organ doses to humans. 
Additional information about the radiation field, for instance, through model calcu-
lations or other types of detectors, is absolutely necessary in such a case.

The following chapter describes different scenarios that are of importance to cur-
rent human spaceflight or will become important in the near future. In all of these 
scenarios, astronauts are constantly exposed to GCR and potentially to SEP and, in 
case of LEO, to charged particles in the radiation belt. Figure 2.12 gives a rough 
overview over approximate dose rates from GCR that are encountered in different 
exposure scenarios. It is important to note, however, that in each of these situations, 
the dose rate can vary significantly, depending for instance on altitude, location, 
mass shielding, or solar activity.

While there is comprehensive experimental data from the ISS which were 
recorded under human spaceflight conditions, no such data exist for interplanetary 

Fig. 2.12  Approximate dose rates in different exposure scenarios
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space and the lunar and Martian surface. Available information for these scenarios 
is restricted to measurements on robotic missions and model estimates.

2.3.1  �Low Earth Orbit: The International Space Station

The International Space Station (ISS) is in a LEO at an altitude between approxi-
mately 300 km and 400 km and with an inclination of 51.6° which means that it 
reaches maximum geographic latitudes of 51.6°N and 51.6°S, respectively. Its 
orbiting period is approximately 90–93 minutes which corresponds to 15.5 to 16 
orbits per day. As a consequence, the longitude of the ascending node of the ISS 
shifts west by approximately 23° for each pass.

The radiation environment to which the ISS and the astronauts are exposed to 
varies significantly within one orbit but also during one day, when the longitude of 
the ascending node changes. The underlying mechanism of these variations is the 
magnetic field of Earth and its effect on charged particles arriving at Earth from 
interplanetary space and the fact that charged particle populations are trapped within 
this field. The total exposure of astronauts on the ISS is typically about 200–300 
μGy/d and 500–700 μSv/d (Berger et al. 2017); the exact value depends on the local 
shielding, the point in the solar cycle, the altitude of the station, and other factors.

Astronauts on-board the ISS are protected from GCR and SEPs by two natural 
mechanisms: The obstruction of the sky by the solid Earth and the shielding pro-
vided by the Earth’s magnetosphere.

The former can be estimated as follows: If Earth or any other celestial body is 
approximated by a sphere with radius R, the fraction f of the obstructed sky for an 
object in an orbit around the body can be expressed as a function of the altitude h of 
the object above the surface:
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For a low Earth orbit at h = 400 km above ground and a radius between 6357 km 
and 6378  km (https://nssdc.gsfc.nasa.gov/planetary/factsheet/earthfact.html) this 
results in f = 0.331 (33%) of sky which is blocked, which means that for zero mag-
netic shielding at high latitudes, the dose rate is expected to be one third lower than 
in interplanetary space for an identical shielding, if albedo particles from the atmo-
sphere are neglected.

While the magnetic shielding has a negligible effect at high latitudes, it has a 
significant influence on the radiation field encountered on-board the ISS if the whole 
orbit is considered. Figure 2.13 shows the effective vertical cut-off rigidity RC which 
is a measure of the magnetic shielding effect against charged particles from inter-
planetary space. The cut-off rigidity can be used as a lower threshold for the rigidity 
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of particles to be able to penetrate the magnetosphere to the given location. The 
rigidity is defined as the momentum of a particle divided by its charge R = p/q.

Additionally, the maximum values at the highest latitudes change during the 
course of the day and reach their peak values (~15 μGy/h in Si in Columbus during 
solar minimum) at longitudes around 100°W on the southern hemisphere and 
around −80°E on the northern hemisphere. As geomagnetic shielding at these posi-
tions is negligible for GCR, these values can give an estimate for the dose rates 
which can be expected in interplanetary space if the geometrical shielding of Earth 
is considered.

Figure 2.14 (Berger et al. 2017) illustrates the measured dose rates in silicon in 
the COLUMBUS module of ISS in 2009. The GCR flux in the year 2009 reached an 
intensity maximum unprecedented in the space age, and it can be considered as a 

Fig. 2.13  Effective vertical cut-off rigidity RC at 400 km altitude

Fig. 2.14  Absorbed dose rates in silicon (Si) measured during solar minimum conditions in 2009 
on-board the ISS with the DOSTEL instrument in the DOSIS project. (Berger et al. 2017)
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worst case scenario to our current knowledge. The measured dose rate presented in 
Fig. 2.14 and its variation, with the exception of the South Atlantic region, are domi-
nated by the GCR and their variation due to the magnetospheric shielding. The 
shielding at high south-eastern and high north-western latitudes is negligible (cf. 
Fig. 2.13) and the dose rates from GCR reach their peak values of more than 10 
μGy/h which corresponds to about 70% of the value in interplanetary space (due to 
the obstruction by solid Earth at an altitude of 400 km). At low latitudes along the 
geomagnetic equator, the magnetic shielding is maximum and the dose rates 
decrease to below 2 μGy/h. The averaged dose rate from GCR in silicon in 2009 
within the COLUMBUS module measured by Berger et al. (2017) was ~160 μGy/d 
(520 μSv/d, Q ≈ 3.3). Lishnevskii et al. (2012) determined the dose rate from GCR 
at different locations in the Russian service module to be between 100 μGy/d and 
110 μGy/d in 2009. These values were reached during the solar activity minimum 
which corresponds to the GCR intensity maximum. During solar maximum, dose 
rates are significantly lower.

Peak dose rates in the SAA can reach values of several hundred μGy/h but the 
exact values depend on the trajectory of the station, especially its altitude, the local 
mass shielding and the solar activity, and they can change during geomagnetic dis-
turbances caused by complex interactions of the interplanetary medium with the 
magnetosphere. In the relatively heavily shielded environment inside the station, the 
averaged dose rate from SAA particles in COLUMBUS amounts to approximately 
70–100 μGy/d (100–200 μSv/d).

Inside the ISS, the astronauts are effectively shielded from the electrons in the 
radiation belts which reach maximum energies of a few MeV.

Although measurable in rare events, their contribution to the total dose is negli-
gible. Outside the station, for instance during extra vehicular activities, this changes 
fundamentally. Dachev (2018) have measured outside the ISS between October 
2014 and January 2015 an average dose rate in silicon from outer radiation belt 
electrons of 278 μGy/d and a maximum value of almost 3 mGy/d. As the electrons 
have relatively low energies, the dose rate to humans cannot directly be derived 
from the dose in a thin detector due to the self-shielding of the body.

Sato et al. (2011), however, have estimated by numerical means the contribution 
of trapped electrons to the dose to astronauts as 0.737  mSv/d for the skin and 
0.0232 mSv/d for the effective dose equivalent (note: as the quality factor of elec-
trons is unity, these numbers are identical for the absorbed dose in tissue in mGy/d). 
Inside the station, the estimates by Sato et al. (2011) are <1 μSv/d for both the effec-
tive dose equivalent and the skin dose.

The GCR contributions to the organ doses on-board the ISS during solar mini-
mum for a spherical Al shielding of 20 g/cm2 have been estimated by Matthiä et al. 
(2013) to be ~90 μGy/d and 220–260 μSv/d, where the lower values are for the inner 
organs which benefit more from the self-shielding of the body and for which the 
quality factor is lower.

Astronauts on-board the ISS are most of the time effectively protected from 
SEPs by the Earth’s magnetic field. Only few events accelerate protons to kinetic 
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energies above 1  GeV and even those can reach the ISS only at very limited 
regions at high latitudes at eastern longitudes in the south and at western longi-
tudes in the north. A kinetic energy of 1 GeV corresponds to magnetic rigidity of 
approximately 1.7 GV for protons which limits the regions accessible to these 
particles to the purple areas in Fig. 2.13. As a consequence, the effects of SPEs are 
measurable on the ISS only during short time intervals during an orbit, if at all. 
Additionally, the onset of an event as measured on-board the ISS can be delayed 
significantly with respect to the arrival of the energetic particles at Earth due to 
the fact that it can take hours for the ISS to reach the areas of minimum magnetic 
shielding. For the most recent ground level enhancement in 2017, the delay 
between the beginning of the event as measured by satellites in geostationary orbit 
(GOES) and on the ISS was approximately 12  h (Berger et  al. 2018; Matthiä 
et al. 2018).

Lifting space stations to higher altitudes, for instance, to reduce the atmospheric 
drag, results in a significantly higher radiation exposure of the astronauts as the area 
of and the intensity of the particle flux in the crossings of the radiation belt increases. 
Berger et al. (2017) have measured an increase of the absorbed dose in the SAA in 
the COLUMBUS module of ISS of almost 100% when the station was lifted to 
more than 400 km altitude from its earlier 350 km between 2011 and 2013.

Organ doses to astronauts on-board the ISS have been determined experimen-
tally in the MATROSHKA project (Reitz et al. 2009). In the MATROSHKA project, 
an anthropomorphic phantom equipped with passive and active radiation detectors 
was exposed outside and at several locations inside the ISS between 2004 and 2011 
and measured dose rates between ~0.17 mGy/d and 0.25 mGy/d.

2.3.2  �Interplanetary Space

Any spacecraft leaving the Earth’s magnetosphere is continuously exposed to the 
full intensity of GCR and sporadically to SEPs. While astronauts on-board the ISS 
or any other spacecraft in LEO are effectively protected by Earth itself and its mag-
netosphere, the only protective mechanism in interplanetary space is the mass 
shielding provided by the spacecraft itself.

The Radiation Assessment Detector (RAD) (Hassler et  al. 2012) of the Mars 
Science Laboratory (MSL) (Grotzinger et al. 2012) was the first instrument to mea-
sure dose rates on a trajectory to Mars between December 2011 and July 2012 dur-
ing a period of moderate solar modulation. The average dose rate from GCR 
measured on MSL’s cruise was 0.481 ± 0.080 mGy/d in H2O (0.332 ± 0.023 mGy/d 
in Si) and 1.84  ±  0.33  mSv/d, corresponding to a quality factor of 3.82  ±  0.25 
(Zeitlin et  al. 2013). Figure 2.15 illustrates the dose rate in silicon measured by 
RAD on its interplanetary trajectory to Mars with the underlying relatively constant 
rates of the GCR and five occurrences of SEP events which manifest in spikes in the 
dose rate with peak values of up to a few thousand μGy/d.
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Semkova et al. (2018) have measured between April and September 2016 at a 
comparable GCR intensity during the EXO-Mars transit to Mars. The measured 
GCR dose rates in Si for two different detector configurations were 372 ± 37 μGy/d 
and 390 ± 39 μGy/d. Other instruments have measured the radiation in lunar transit 
(Dachev et al. 2011).

These values are approximately factors of 3 to 3.5 greater than what is measured 
in the COLUMBUS module of ISS during GCR intensity maximum (see Sect. 2.3.1).

These factors contain the influence of the solar modulation, the lack of geomag-
netic shielding and shielding by the planet, and differences in the mass shielding 
provided by the spacecraft and the space station. The most relevant factors are the 
absence of geomagnetic shielding and the shielding by the planet.

Mass shielding provided by the spacecraft is less effective against GCR and has 
a major influence mostly on the dose equivalent. The fragmentation of the primary 
heavy ions leads to a rapidly decreasing quality factor resulting in a drop in dose 
equivalent for only moderately changing absorbed doses.

A large effort has been undertaken by numerous authors to estimate the radiation 
exposure from GCR in interplanetary space and the impact and effectiveness of vari-
ous types of materials (Townsend et al. 1989, 1991; Kim et al. 2010; Mrigakshi et al. 
2013b; Slaba et al. 2017; Norbury et al. 2019). Results vary significantly from author 
to author but are also developing over time. Apart from the shielding geometry and the 
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Fig. 2.15  Dose rate measured by the RAD instrument during the transfer of MSL from Earth to 
Mars (data from Zeitlin et al. 2013)
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GCR boundary condition, the geometry for which the dose was calculated matters. 
Recently published values by Norbury et al. (2019) for solar minimum under unshielded 
conditions are 2.5 mSv/d for the dose equivalent in a slab and 1.2 mSv/d for the effec-
tive dose equivalent which impressively shows the effect of the self-shielding of the 
body reducing the exposure by about a factor of two. These results are compatible with 
results by Kim et al. (2010) and Mrigakshi et al. (2013b). The calculated quality fac-
tors are approximately 3 but reducing significantly with increasing shielding.

2.3.3  �Moon

Moon lacks both major mechanisms that protect life on Earth from cosmic radia-
tion: an atmosphere and a magnetic field. Astronauts in lunar orbit or on the lunar 
surface are, except for the shielding provided by any natural or man-made shelter, 
exposed to the full intensity of GCR and SEPs. In their report on Life Science stud-
ies performed during the Apollo missions (NASA 1973), NASA derived average 
dose values for the different missions between 0.16 rad (1.6 mGy, Apollo 7) and 
1.14 rad (11.4 mGy, Apollo 14) and concluded that “radiation was not an opera-
tional problem during the Apollo Program.” These values include contributions 
from radiation belt crossings and transfer to a lunar orbit. Most of the dose, how-
ever, is contributed by GCR in the lunar orbit or on the surface of the Moon. The 
report, however, also stated that “it is possible that flares, with the accompanying 
energetic nuclear particles, might hinder future flights beyond the magnetosphere of 
the Earth.” The lack of an atmosphere means that astronauts which are outside of 
any habitat, shelter, or vehicle are exposed to the full spectrum of energetic particles 
and only protected by their space suit.

Due to the absence of atmospheric and magnetic shielding, the exposure to cos-
mic radiation on the lunar surface is expected to be approximately 50% of the expo-
sure in interplanetary space under comparable shielding conditions if albedo 
radiation produced in the regolith is neglected. At a given point on the surface, the 
exposure could be further reduced by nearby rocks, cliffs, crater rims, or other geo-
logical formations that reduce the solid angle of open sky. Current measurements 
are limited to lunar orbit or mission integrated doses from the Apollo missions 
which also include the transit to the Moon. The first dose rate measurements will be 
published soon by the Lunar Neutron and Dosimetry (LND) experiment on China’s 
Chang’E 4 lander which started measuring on the lunar surface in January 2019.

Close to the GCR intensity maximum in 2009, the CRaTER instrument on the 
Lunar Reconnaissance Orbiter Schwadron et al. (2012) measured a dose rate in sili-
con of 16.5 cGy/year (452 μGy/d) at 10000 km away from the Moon which would 
result in approximately 8.5 cGy/year (226 μGy/d) on the surface. About one year 
earlier, the RADOM instrument on Chandrayaan-1 (Dachev et al. 2011) had mea-
sured 12.76 μGy/h (306 μGy/d) in silicon (Si) during lunar transfer and 9.46 μGy/h 
(227 μGy/d) in a 100 km orbit in early 2009. About 34% of the sky are blocked by 
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the Moon at that altitude which results in an approximate dose rate of 171 μGy/d on 
the surface. These values are projections of measurements in orbit using simple geo-
metrical considerations. The potential contributions of albedo particles are not con-
sidered. Numerical simulations of the albedo radiation estimate a 10% to 25% 
contribution to the dose or effective dose equivalent (Slaba et al. 2011; Reitz et al. 
2012; Spence et al. 2013).

Based on the GCR intensity maximum in late 2009 Reitz et al. (2012) also esti-
mated the organ absorbed dose rates (dose equivalent rates) for an astronaut in a 
space suit on the lunar surface to reach values between 0.16 mGy (0.44 mSv/d) and 
0.22  mGy/d (0.82  mSv/d); the corresponding mean quality factors are between 
Q ≈ 2.4 and Q ≈ 4.3. The corresponding effective dose equivalent was estimated to 
be 0.6 mSv/d.

2.3.4  �Mars

The radiation field at the Martian surface is of great interest as Mars is a potential 
destination for human missions in the near future, as well. In addition to the transit 
times in interplanetary space, scenarios for a human mission to Mars typically 
include a stay on the surface of several months. During this time, the astronauts will 
be continuously exposed to GCR and its secondary radiation field produced in inter-
actions with the Martian atmosphere and regolith and sporadic SEPs. The atmo-
sphere of Mars consists mostly of CO2, with some contribution of nitrogen (N), 
argon (Ar) and trace gases and provides shielding against cosmic radiation corre-
sponding to an areal density of 18–23 g/cm2, depending on altitude, season, and 
time of day. This shielding is a mass equivalent of approximately 20 cm of water 
and significantly lower than the protection that Earth’s atmosphere provides, which 
is about a factor of 50 greater at sea level and still a factor of 10 or more greater at 
commercial flight altitudes. Nevertheless, the atmospheric shielding on Mars is suf-
ficient to alter the primary GCR field drastically. A large fraction of the heavy ions 
of the GCR suffers fragmentation before it reaches the surface which leads to a 
significant decrease in the contribution of heavy ions to the dose and the intensity of 
high-LET particles and a simultaneous drop in the quality factor. On the other hand, 
a secondary radiation field develops which contains a substantial amount of second-
ary neutrons with a high quality factor.

The Radiation Assessment Detector (RAD) on the Mars Science Laboratory mis-
sion measured a decrease in the quality factor from Q = 3.82 ± 0.30 in cruise to 
3.05 ± 0.26 on the surface. The corresponding measured absorbed dose and dose 
equivalent rates on the Martian surface were 0.21  ±  0.04  mGy/d and 
0.64 ± 0.12 mSv/d.

Recently, there has been a substantial effort to compare and improve numerical 
models for the prediction of the radiation field and exposure on the Martian surface 
using RAD data (Matthiä et al. 2016; de Wet and Townsend 2017; Flores-McLaughlin 
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2017; Matthiä and Berger 2017; Ratliff et  al. 2017; Slaba and Stoffle 2017). 
Figure 2.16 summarizes the absorbed dose and dose equivalent rates and the corre-
sponding quality factor of several models in comparison to the RAD measurements. 
Contributions of different particle types to the absorbed dose and dose equivalent as 
predicted by GEANT4 model calculations are illustrated in Fig. 2.17. The impor-
tance, especiallEq. 2.7y for the dose equivalent, of neutrons produced in the atmo-
sphere and the Martian regolith is evident.

The dose rates in Fig. 2.16 are calculated for a slab of tissue and the values for 
dose rates in human organs in the identical radiation field are expected to be lower 
due to the self-shielding effect of the body.

Simonsen et  al. (1990) estimated a skin dose equivalent of approximately 
0.31  mSv/d to 0.36  mSv/d on the Martian surface. Applying fluence to dose 

Fig. 2.16  Dose rates (a) and corresponding quality factor (b) from GCR as measured by the RAD 
instrument and calculated with different particle transport codes on the surface of Mars for the 
period between 15 Nov 2015 and 15 Jan 2016. (From Matthiä et al. 2017)
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equivalent conversion factors (ICRP 2013) to the results by Matthiä and Berger 
(2017) gives values of 0.43 mSv/d for the skin and 0.37 mSv/d for the sex-averaged 
effective dose equivalent.

2.3.5  �Solar Particle Events

Solar particle events (SPEs) are highly variable in intensity, energy range, and dura-
tion and they are unpredictable. The exposure from each individual event is again 
strongly dependent on a number of factors, e.g., location of the spacecraft, mass 
shielding by spacecraft, atmosphere or habitat, magnetic shielding in a planetary 
magnetosphere, etc. Under such conditions, it is obvious that general conclusions 
are difficult to draw. Possible ways to address the issue is using a probabilistic 
approach or defined reference events. Townsend et al. (2018) proposed such a refer-
ence event as design basis for missions beyond LEO based on the sum of the October 
1989 events. The authors estimated the dose for such an event under unshielded 
conditions to reach more than one Gy-Eq for both male and female blood-forming 
organs (BFO, Sect. 3.4) which is a factor of four above the current NASA limit for 
short-term exposure. They estimated that aluminum shielding of 12 g/cm2 (for a 
male) or 15 g/cm2 (for a female) or polyethylene shielding of 8 g/cm2 (for a male) 

Fig. 2.17  Calculated absorbed dose rates and dose equivalent rates from GCR on the surface of 
Mars in a slab of tissue from different types of particles (From Matthiä and Berger (2017)) The 
results have been calculated with GEANT4 for the period between 15 Nov 2015 and 15 Jan 2016
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or 10 g/cm2 (for a female) were necessary to reduce the exposure to not exceed the 
limit. Kim et al. (2017) concluded in their investigation that 5 g/cm2 shielding is 
sufficient to keep the BFO dose below the limit for most events but also, that for rare 
events a shielding above 15 g/cm2 is necessary. For EVA conditions, they estimated 
a total event BFO dose of more than 800 mGy-Eq.

During the recent GLE in Sep 2017, Schwadron et al. (2018) estimated a dose of 
0.8–0.9  Gy on the lunar surface, while the same event resulted in a dose of 
0.418 mGy in silicon measured by RAD on Mars (Zeitlin et al. 2018). An analysis 
of the event shows that this significantly lower dose measured on the Martian sur-
face is mostly due to the atmospheric shielding but also caused by different event 
characteristics, i.e., later onset and different spectral shape (Matthiä et al. 2018). 
Measurements on the ISS showed even lower values caused by a combined mass 
and magnetospheric shielding effect (68 μGy and 146 μGy for two differently 
shielded positions, c.f. (Berger et al. 2018). The event is an excellent example show-
ing how the same event can lead to a wide range of different doses, depending on 
the local shielding environment but also on the location of the observer relative to 
the source of the energetic particles.

Generally, in LEO and under atmospheric shielding, even such light shielding as 
provided by the Martian atmosphere, SPEs are of little relevance for human expo-
sure. Only very few strong events have been observed on MIR and ISS in LEO 
(Berger et  al. 2018). Even the exceptionally strong events in September/October 
1989 resulted in a combined measured dose of approximately 35 mGy only. This 
value is expected to decrease significantly for deeper lying organs; it follows that 
the BFO dose for the event was at least a factor 10 lower than the short-term expo-
sure limit.
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Chapter 3
Radiation in Space: The Biology

Abstract  The galactic cosmic radiation (GCR) results constant exposure of  
astronauts to charged particles of various energies at a low-dose rate. A traversal of 
a charged particle through a cell nucleus can result in (complex) DNA damage 
which initiates the DNA damage response (DDR). During this response, the cell 
might arrest in the cell cycle in order to gain time for DNA repair. Depending on 
damage severity, cell type, and other factors, different outcomes such as cell death, 
premature differentiation, senescence, or chromosomal aberrations are possible. In 
addition to effects on the main target molecule, the DNA, non-targeted effects 
contribute to overall outcome for a GCR exposed organism. Compared to X- or 
γ-rays, heavy charged particles can have a high relative biological effectiveness 
(RBE) for inducing different biological outcomes, including cancer-relevant 
outcomes and cancer in rodents. Primarily, late tissue sequels like genetic alterations, 
cancer and non-cancer effects, i.e., cataracts and degenerative diseases, e.g., of the 
central nervous system, are potential risks for space travelers. Cataracts were 
observed to occur with earlier onset and more frequently in astronauts exposed to 
even low doses of GCR. In addition, the continuously existing risk of acute exposure 
to high proton fluxes during a solar particle events (SPE) implies to threaten 
immediate survival of the astronauts in case of insufficient shielding by eliciting the 
acute radiation syndrome (ARS).

Keywords  DNA damage · DNA repair · Cell death · Cell cycle · Senescence · 
Chromosomal aberrations · Relative biological effectiveness · Acute radiation 
syndrome · Cancer · Cataract · CNS effects
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3.1  �Introduction

During space missions, astronauts experience a chronic whole body exposure with 
in average low dose of  single energetic particles (electrons, protons, α-particles, 
heavy ions, and neutrons) at low dose rate. This chronic exposure results locally and 
temporally in an inhomogeneous dose distribution in the body tissues. While some 
cells hit by an energetic heavy ion contribute with a high dose to the total perceiced 
dose, not-hit cells hardly receive any dose at all (Reitz and Hellweg 2018).

Additionally to this chronic exposure from galactic cosmic radiation (GCR), an 
acute whole body exposure can occur as a consequence of Solar Particle Events 
(SPE) delivering high radiation doses at a high dose rate during a relatively short 
time period (Reitz and Hellweg 2018). For interplanetary missions, this imposes a 
risk for mission success and astronaut health, while in low Earth orbit (LEO), where 
the ISS is operating, this exposure is low to moderate (Sect. 2.3 in Chap. 2), because 
the geomagentic shielding is fairly efficient. An overview of space radiation expo-
sure is given in Fig. 3.1.

The limited knowledge of the biological effects from exposure to heavy charged 
particles is an ongoing concern in human spaceflight (Cucinotta and Chappell 
2011). The exposure level during human missions in LEO and beyond LEO in the 
interplanetary space and to other planets is different in total dose and radiation qual-
ity (Sect. 2.3 in Chap. 2). The extent, type, and onset of radiation effects observed 
in mammals depend on the dose, the dose rate, the radiation quality, and the indi-
vidual sensitivity of the exposed human or animal.

Acute radiation effects in humans or other mammals appear quite soon after 
exposure to a high dose in a short period of time (minutes to a few days). Late 
effects, such as cancer, can occur after years or decades in survivors of radiation 
exposure and a threshold dose is not known. Late effects have an occurrence prob-
ability proportional to the level of exposure (Reitz and Hellweg 2018).

Fig. 3.1  Radiation exposure of astronauts during space missions in LEO and beyond
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The basic molecular mechanisms how radiation-induced damage and cellular 
stress impacts cell fate decisions which might pave the way for carcinogenesis 
(Sridharan et al. 2016) and other health effects are described in the next subchapter.

3.2  �Molecular Mechanisms of Heavy Charged 
Particles Effects

The molecular events start with the deposition of the radiation energy in the cell. 
The distribution pattern of this energy deposition is concentrated in a track. 
Molecules in the track such as deoxyribonucleic acid (DNA) are damaged. The cell 
reacts actively by initiating a DNA damage response resulting in DNA repair, altera-
tions in gene expression, changes in cell cycle progression, or even cell death 
(Fig. 3.2). Cellular changes resulting from damage to the main target of radiation, 
DNA, in a directly hit cell are called “targeted effects.”

3.2.1  �Energy Deposition by Heavy Ions in Biological Matter

When traveling through matter, heavy ions continuously deposit energy. This results 
in ionizations along the track of the particle. The track consists of a core with a high 
density of ionizations and penumbra with a lower ionization density. This 

Fig. 3.2  Targeted effects and downstream cellular responses after exposure to ionizing radiation, 
adapted from Prise (2006) and Reitz and Hellweg (2018)
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micrometer broad lateral extension of the track is due to low-linear energy transfer 
(LET) energetic electrons (δ-rays) (Krämer and Kraft 1994, Cucinotta et al. 2000, 
Durante and Cucinotta 2008).

Depending on the initial energy of the particle, the energy deposition remains 
constant for a specific traveling distance (“plateau”) and increases sharply before all 
residual energy is deposited (“Bragg peak”) (Fig. 3.3). This energy deposition pat-
tern is specific for charged particle radiation and responsible for local concentration 
of damages and a distinct spatial pattern of DNA lesions (Brenner and Ward 1992, 
Rydberg 1996, Ponomarev and Cucinotta 2006).

3.2.2  �Radiation-Induced (Complex) DNA Damage

Ionizing radiation reacts with cellular macromolecules  either by direct (direct  
ionizations of biomolecules) or  by indirect  action via radiolysis  (ionization of  
cellular water  molecules leading to modifications of biomolecules by radiolysis 
products (Fig. 3.4). An important role is attributed to oxygen radicals attacking the 
DNA molecule and inducing base damage, loss of bases, or DNA–DNA and DNA–
protein crosslinks. Disruption of the DNA ribose-phosphate  backbone leads to 

Fig. 3.3  Bragg curves visualizing the linear energy transfer (LET) of different heavy ions (Pb—
lead, Ni—nickel, Ar—argon, Ne—neon, C—carbon) with energies from 19.5 to 83.8 MeV/n at the 
entrance point with increasing depth in water (Hellweg 2012)
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single- and double-strand breaks (SSB, DSB), dependent on the proximity  of 
induced  ionizations (Reitz and Hellweg 2018).  Indirect action via water-derived 
radicals (reactive oxygen species, ROS) plays an important role in the induction of 
biological effects by low-LET radiation, including X- and γ-rays. These ROS are 
very short-lived and have a small diffusion range. Direct action makes a larger con-
tribution to the biological effectiveness of high-LET radiation than indirect action 
does (Hirayama et al. 2009).

Low- and high-LET radiation induces a different spatial distribution of direct 
DNA damage (Sridharan et al. 2016) and of ROS (Goodhead 1988), resulting in 

Fig. 3.4  Induction of DNA damage by ionizing radiation. Direct energy deposition in the DNA 
molecule or indirect damage after radiolysis of water molecules to hydroxyl and other radicals 
result in the formation of single-strand breaks (SSB), double-strand breaks (DSB), base damages 
such as oxidized guanine (8-oxoguanine), loss of bases with creation of an abasic site or DNA–
protein crosslinks. DNA and 8-oxoguanine molecule were available at Wikimedia Commons 
(Michael Störk and Ed/commons.wikimedia.org/)

3.2  Molecular Mechanisms of Heavy Charged Particles Effects
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clusters of different damage (SSB, DSB, base lesions, abasic sites, etc.) called com-
plex DNA damage (formerly: multiply damaged sites) (Eccles et  al. 2010, 
Asaithamby and Chen 2011). Complex damage is uncommon for endogenous ROS 
or low-LET radiation (Durante and Cucinotta 2008). Complex DNA damage is 
challenging for the DNA repair machinery, as short fragments can arise and multi-
ple repair pathways have to be coordinated (Cucinotta and Durante 2006, Sridharan 
et al. 2016). The delay in repair of such complex DNA damage may result in persist-
ing damage until DNA replication. The fidelity of complex lesion repair is expected 
to be lower compared to simple lesions (Ward 1994, Stenerlow et  al. 2000, 
Schöllnberger et al. 2004).

Any DNA damage can change the information in the affected DNA molecule, 
with different consequences. DNA damage can lead to mutations and cell transfor-
mations. Especially DSB are considered as the central element in cell inactivation 
(killing) by ionizing radiation (Jackson and Bartek 2009) (Reitz and Hellweg 2018) 
and as key precursors of most early and late radiation effects (Durante and Cucinotta 
2008). Unrepaired complex DNA damage can target cells for growth arrest, cell 
death, or cellular senescence (Sridharan et al. 2016).

Misrejoining of DNA ends from radiation-induced DSBs can result in 
chromosomal aberrations such as deletions or translocations (Cucinotta and Durante 
2006, Sridharan et  al. 2016). Mutations can initiate the multistep carcinogenic  
process (Cucinotta and Durante 2006, Durante and Cucinotta 2008).

3.2.3  �DNA Damage Response

Radiation effects on the organismal level are based on cellular reactions. The cellular 
response to radiation is predominantly a DNA Damage Response (DDR) that detects 
lesions, signals their presence, and promotes their repair (Jackson and Bartek 2009). 
This signal transduction pathway involves multiple sensors for different types of 
DNA lesions, transducer molecules, and a variety of effector molecules and enzymes 
for repair (Fig. 3.5). The DDR results in potentially cell-protective (cell cycle arrest, 
DNA repair, survival), cell-altering (senescence, mutations), or even cell-destructive 
responses (different types of cell death) (Fig. 3.7) (Khanna et al. 2001). Signal trans-
duction leads to the activation of multiple pathways and various transcription factors 
(transducers), resulting in the expression of certain genes whose protein products 
(effectors) are involved in these responses (Hellweg et al. 2016).

A central role in coordinating the radiation response plays the phosphatidyl-
inositol kinase-related protein ATM, product of the ATM gene that is mutated in 
patients with Ataxia telangiectasia (AT). Fibroblasts from AT patients were 3–4 
fold more sensitive to ionizing radiation than those from normal donors (Higurashi 
and Conen 1973). The serine/threonine kinase ATM is considered as DNA damage 
sensor that binds directly or with the help of other proteins to damaged DNA or to 
replication protein A (RPA)-coated single-stranded DNA (Khanna et  al. 2001, 
Jackson and Bartek 2009).

3  Radiation in Space: The Biology
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3.2.3.1  �Repair of Radiation-Induced DNA Damage

To safeguard their function as information carriers, damaged DNA molecules have 
to be repaired while all other macromolecules in the cell can be replaced if they are 
damaged. In dividing cells, repair has to be completed before damages are fixed as 
mutations during DNA replication and cell division. DNA damage that is not 
repaired with high fidelity can lead to mutations and chromosomal aberrations or to 
mitotic cell death. Therefore, cells need to slow down or stop progression through 
the cell cycle after DNA damage occurred. In mammalian cells, the activation of 
DNA repair and arrests in different phases of the cell cycle are immediate responses 
to DNA damage (Wang and Cho 2004), and these responses are designed to protect 
a damaged cell from damage fixation and to promote its recovery.

Within several minutes after damage induction, a multitude of DNA repair pro-
teins is recruited to the damaged site and forms the so-called Ionizing Radiation-
Induced Foci (IRIF) (Bekker-Jensen and Mailand 2010). In response to DNA DSB 
formation, the MRN (MRE11-RAD50-NBS1) complex recruits the DNA damage 
sensor ATM. ATM is activated by autophosphorylation at Serine 1981 (Shiloh 2003) 
and phosphorylates then many other proteins directly or indirectly. Substrates for 
ATM are p53, MDM2, BRCA1, and Rad51 that are involved in homologous recom-
bination (HR), the transcriptional repressor C-terminal binding protein interacting 
protein (CtIP), NBS1, RAD9, and the serine/threonine protein kinase CHK2 that 
are involved in cell cycle checkpoint execution (Pawlik and Keyomarsi 2004). 

Fig. 3.5  Model of the DNA damage response (DDR). Various sensor proteins recognize the pres-
ence of a lesion in the DNA, e.g., a DNA double-strand break (DSB) induced by ionizing radiation 
(yellow arrow). These sensors trigger signaling pathways that initiate a wide variety of cellular 
responses (Fig. 3.7) via mediators, transducers, and finally effectors. Adapted from Jackson and 
Bartek (2009) and Wilson (2004)
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Activated ATM rapidly phosphorylates the histone variant H2AX on serine 139 to 
generate γ-H2AX (Rogakou et al. 1998, 1999). γ-H2AX can be detected as micro-
scopically visible foci with high sensitivity by immunofluorescence and therefore 
represents a useful marker for the cellular response to DNA DSB (Banath and Olive 
2003, Rothkamm and Löbrich 2003). After their assembly, the IRIF initiate repair at 
the damaged site.

Non-homologous end-joining (NHEJ) and homologous recombination (HR) are 
the major pathways for the repair of DSBs (Fig. 3.6) (O’Driscoll and Jeggo 2006, 

Fig. 3.6  DNA double-strand break (DSB) repair pathways: homologous recombination (HR), 
non-homologous end-joining (NHEJ), and single-strand annealing (SSA) (adapted from Kass and 
Jasin 2010). NHEJ joins adjacent free DNA ends with no or little homology (microhomology), 
irrespectively of their sequence and must therefore be considered to be error-prone. In this path-
way, DNA ends are protected from end resection by binding to the Ku heterodimer. HR is initiated 
by 5’ to 3’ end resection. Onto the formed 3’ single-stranded tail, the RAD51 nucleoprotein fila-
ment assembles and invades into a homologous DNA duplex (black), thereby initiating repair 
synthesis. The newly synthesized strand is then displaced and anneals to the other DNA end (not 
shown) thereby completing the HR reaction. When such end resection occurs at sequence repeats 
of the sister chromatid (green lines), an alternative pathway, SSA, can take place. In this case, the 
complementary single strands anneal at the repeat. This gives rise to a copy number variant. As 
shown by mutational analysis, factors involved in HR and NHEJ likewise “compete” at steps indi-
cated by the numbers: (1) loss of the canonical NHEJ factors (Ku, DNA ligase IV/XRCC4) leads 
to increased end resection and hence HR and SSA. (2) End resection mutants (e.g., Sae2) demon-
strate increased NHEJ. (3) Disruption of RAD51 filament formation leads DNA ends to be thread 
into SSA (Kass and Jasin 2010)
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Wyman and Kanaar 2006, Löbrich and Jeggo 2007, Phillips and McKinnon 2007). 
Compared to X-rays, the repair foci induced by heavy ions are larger and more 
dynamic in the first 2 h after irradiation, and they persist longer (Costes et al. 2006, 
Asaithamby et al. 2008). With near horizontal orientation of the cells towards the 
heavy ion beam, streaks of foci indicate the path of a particle through the cell 
nucleus (Desai et  al. 2005). The slower DNA repair kinetics and the incomplete 
repair of DNA DSB induced by high-LET radiation (Baumstark-Khan et al. 2003, 
Asaithamby et al. 2008) are generally explained by the higher complexity of the 
DNA lesions (Goodhead et al. 1993).

NHEJ is the predominant DSB repair pathway in mammalian cells and “glues” 
free DNA ends together. As it is independent from template information, it is error-
prone and chromosomal translocations, deletions, or insertions can arise. When key 
proteins of this pathway, such as Ku, DNA-PKcs, XRCC4, or ligase IV are mutated, 
mammalian cells become exceptionally sensitive to ionizing radiation and defective 
in V(D)J recombination1 of the immunoglobulin and the T-cell receptor (TCR) 
genes (DeFazio et al. 2002, van der Burg et al. 2009).

In mammalian cells, HR depends on the presence of an intact sister chromatid as 
template, and therefore DSB repair occurs only when duplicated chromatin is pres-
ent in the S- and G2 phase of the cell cycle. It retrieves the information from the 
undamaged sister chromatid and can therefore be error-free. HR is initiated by 
resection of DNA ends at the DSB sites. The accrued long stretches of single-
stranded DNA (ssDNA) invade duplex DNA with a homologous sequence and 
repair synthesis starts (Mimitou and Symington 2009).

1 V(D)J recombination of the immunoglobulin and T-cell receptor (TCR) genes is the prerequisite 
for differentiation of mature B- and T-lymphocytes from their lymphoid precursors. During V(D)J 
recombination, gene segments encoding Variable (V), Diversity (D) and Joining (J) segments of 
immunoglobulin (VDJ), and TCR (VJ) genes are rearranged to close adjacency for transcription 
and translation.

Fig. 3.7  Possible cell fates after radiation exposure. The three dots indicate the DDR shown in 
Fig. 3.5
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This newly synthesized strand dissociates from the invaded DNA and anneals to 
the other DNA end. If sequence homology exists on both sides of the DNA DSB, 
single strand annealing (SSA) of the complementary single strands can occur, with 
removal of the resulting flaps by the flap endonuclease (Rad10/ERCC1 and Rad1) 
and therefore, loss of genetic information will be the result (Kass and Jasin 2010).

Numerous factors such as temporary availability of repair factors, the cell’s posi-
tion in the mitotic cell cycle, and the extent of DNA end resection affect the cell’s 
decision to repair a DSB via these pathways.

The repair of complex DNA damage might require the involvement of other 
repair pathways such as base excision repair (BER) and nucleotide excision repair 
(NER) (Shikazono and O’Neill 2009). BER can repair base damage such as 
8-oxoguanine. In BER, a DNA glycosylase recognizes a damaged base and removes 
it before nuclease, polymerase, and ligase proteins finalize the repair (Jackson and 
Bartek 2009). Larger helix-distorting lesions are repaired by the NER pathway with 
faster kinetics for the transcribed strand of active genes (transcription-coupled 
repair) than for inactive genome regions (global genome repair) (Tornaletti 2009).

Several space experiments were performed addressing the question of a possible 
effect of microgravity on DNA repair processes. In the stick insect Carausius moro-
sus, a synergistic effect of cosmic radiation and microgravity was observed (Bücker 
et al. 1986a, b). The eggs in different developmental stages were exposed to space-
flight conditions (including microgravity), and controls were kept on a 1 × g centri-
fuge. The cosmic radiation hits in eggs were detected by particle track detector foils 
that were placed between the egg layers (Biostack). After hatching, more abnor-
malities occurred after heavy ion hits to the eggs under microgravity conditions than 
under 1 × g centrifugal force (Bücker et al. 1986a).

In order to determine whether such microgravity effects are also relevant in 
human cells, the space experiment KINETICS was performed during the SpaceLab 
Mission International Microgravity Laboratory 2 (IML-2) in the Biorack of 
ESA. Human fibroblasts were irradiated on ground, kept in a non-metabolic state, 
and incubated in orbit at 37 °C to initiate repair processes. No significant differences 
in the DNA DSB repair kinetics on ground and in orbit were observed. However, it 
is not clear, whether all repair processes were inhibited in the non-metabolic state or 
whether some of the DNA DSB were repaired under normal gravity conditions 
before transfer of irradiated cells to orbit (Horneck et al. 1996, 1997). Since then, a 
few more space experiments and several ground-based experiments addressed the 
microgravity and DNA repair question (Manti 2006, Lu et al. 2017) and the results 
remain conflicting. A growth-stimulating effect of microgravity and changes in 
gene expression might be a strong contributor to microgravity effects on the DDR 
(Moreno-Villanueva et al. 2017). Further space experiments using an ionizing radia-
tion source on the ISS will help to solve this question. The use of an inflight centri-
fuge to achieve 1 × g will allow to segregate microgravity effects from the effects of 
other ISS environmental factors, such as the elevated carbon dioxide levels (Law 
et al. 2014) which can be associated with oxidative DNA damage (Lu et al. 2007).

3  Radiation in Space: The Biology
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3.2.3.2  �Reactive Oxygen Species (ROS)

The ROS produced directly by ionizing radiation disappear quickly, but in the fol-
lowing, ROS can be released from the mitochondria of irradiated cells (Leach et al. 
2001). They act as signaling intermediaries, and this signaling information is  
integrated with the nuclear signals converging, e.g., in activation of Nuclear Factor 
κB (NF-κB) (Wu and Miyamoto 2007, Ghosh and Hayden 2008, Deorukhkar and 
Krishnan 2010, Sylvester et al. 2018). ROS may remain elevated for days and weeks 
up to years (Durante and Cucinotta 2008), e.g., in immortalized human bronchial 
epithelial cells exposed to iron ions (Werner et al. 2014), human neural stem cells 
exposed to protons and iron ions (Tseng et al. 2013, 2014, Baulch et al. 2015), in 
iron ion irradiated hippocampal precursor cells (Limoli et  al. 2007), in the bone 
marrow of proton-irradiated mice (Chang et al. 2015), and in intestinal epithelial 
cells of whole body iron ion irradiated mice (Datta et al. 2012). Persisting DNA 
damage and damaged mitochondria are suggested to drive the secondary ROS gen-
eration after the initial insult (Kawamura et al. 2018, Murray et al. 2018).

3.2.3.3  �Activation of Transcription Factors and Gene Expression

The activation of several signal transduction pathways by ionizing radiation results 
in altered expression of series of target genes. The promoters or enhancers of these 
genes may contain binding sites for one or more transcription factors, and a specific 
transcription factor can influence the transcription of multiple genes.

A central element of the mammalian radiation response is activation of the  
transcription factor p53 (TP53). p53 has a short half-life and is stabilized in response 
to a variety of cellular stresses including ionizing radiation after phosphorylation by 
ATM (Fei and El-Deiry 2003). The target genes include CDKN1A which protein 
product p21 provokes a cell cycle arrest and ribonucleotide reductase RRM2B 
(p53R2) that increases cellular levels of deoxyribonucleotides for efficient DNA 
repair (Karagiannis and El-Osta 2004). p53 can also induce apoptosis via Bax and 
related proapoptotic proteins (Karagiannis and El-Osta 2004). According to Gudkov 
and Komarova (2010a, b), the response initiated by p53 is tissue-specific, producing 
severe damage in tissues prone to p53-dependent apoptosis, such as the hematopoi-
etic system (thereby contributing to the acute radiation syndrome, Sect. 3.4 in Chap. 
3), hair follicles, and oligodendroblasts in the spinal cord after whole body irradia-
tion of mice. Cell cycle arrest and activation of DNA repair occur in the vascular 
endothelial cells of the small intestine, while connective tissues and epithelial cells 
react with a growth arrest to whole body irradiation.

The transcription factor NF-κB is strongly activated by heavy ions (Hellweg 
et al. 2011) and upregulates the expression of several cyto- and chemokines (Chishti 
et al. 2018). It can therefore induce intercellular communication and inflammatory 
responses (Hellweg 2015), which might favor tumor promotion and progression 
(Habelhah 2010). Antiapoptotic genes also belong to the target gene spectrum of 
NF-κB, but currently, there are no indications that these genes are upregulated after 
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heavy ion exposure and NF-κB did not confer a survival advantage for heavy ion 
irradiated cells (Chishti et al. 2018, Hellweg et al. 2018).

The increase of ROS after radiation exposure could elicit an antioxidant response 
via the nuclear erythroid-derived 2-related factor 2 (Nrf2) pathway (McDonald 
et al. 2010), and an endoplasmic response to stress (UPR response) may comple-
ment the complex cellular response (Gueguen et al. 2019). The involvement tran-
scription factors in the cellular response to heavy ions was recently reviewed 
(Hellweg et al. 2016).

The changes in gene expression induced by ionizing radiation via the above-
mentioned transcription factors depend on dose, dose rate, time after irradiation, 
radiation quality, cell type, cell cycle phase, and possibly on other factors. CDKN1A, 
GADD45α, and NER pathway genes (XPC) were consistently upregulated by ion-
izing radiation as an immediate response, setting the course for cell cycle arrest and 
repair, normal function, senescence, or apoptosis (Snyder and Morgan 2004).

3.2.4  �Cell Fates After Radiation Exposure

Integration of nuclear, cytoplasmic and membrane signals, and the outcome of the 
repair process lead to different potential cell fates, including growth arrest, loss of 
stemness and premature differentiation, cell death via different mechanisms, senes-
cence, mutations, and/or transformation (Fig. 3.7).

3.2.4.1  �Radiation-Induced Cell Cycle Arrests

Cell cycle checkpoints are important surveillance systems to maintain genomic 
integrity. The term checkpoint was coined to describe a mechanism that monitors 
the order of events in the cell cycle to ensure that a cell cycle event occurs only after 
a prior event has been completed properly (Hartwell and Weinert 1989). Checkpoints 
delay the cell cycle if the DNA is damaged to avoid replication and segregation of 
damaged DNA. Cells initiate DNA damage checkpoints after genotoxic stress expo-
sure to procure time for repair in dividing cells (Pawlik and Keyomarsi 2004, 
Krempler et al. 2007). Effectors of the cell cycle checkpoints downstream of ATM 
are cyclin-dependent kinases (CDK) complexed with a regulatory Cyclin (Iliakis 
et al. 2003). The G1/S checkpoint prevents replication of damaged DNA. Ionizing 
radiation can initiate an arrest at this checkpoint only in cells with wild-type p53 
function (Hwang and Muschel 1998). In response to DNA damage during the 
S-phase of the cell cycle, replicative DNA synthesis can be stopped or slowed down 
(S phase arrest) (Khanna et al. 2001). The G2/M checkpoint blocks the entry into 
mitosis if cells incur damage in G2 or earlier phases of the cell cycle (Pawlik and 
Keyomarsi 2004). It thereby prevents the segregation of damaged chromosomes 
during mitosis. The release from G2/M checkpoint following exposure to ionizing 
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radiation depends upon the level of residual DSB—a permanent arrest in G2 is only 
sustained when the damage level remains above a certain threshold of 10–20 DSB 
(Di Leonardo et al. 1994, Krempler et al. 2007). The longer persistence of DNA 
damage after high-LET radiation exposure might explain the observed prolonged 
cell cycle arrests induced by high-LET (Fournier and Taucher-Scholz 2004) in com-
parison to low-LET irradiation. The arrest in the G1 phase of the cell cycle (Scholz 
et al. 1994) and the G2 arrest depend on LET (Blakely et al. 1989).

3.2.4.2  �Radiation-Induced Cell Death and Death Bypass Mechanisms

In case of complete and error-free repair of radiation-inflicted DNA damage, sur-
vival of the cell is expected. If the attempts of the cell to repair or bypass the 
radiation-induced DNA damage fail, cell death can be a consequence. Misrepair of 
the DNA damage can result in mutations, chromosomal aberrations, and delayed 
cell death. Exposure of human cells to ionizing radiation can provoke different 
types of cell death (e.g., apoptosis, necrosis, autophagy, or mitotic catastrophe). 
Low- and high-LET radiation show different potencies in induction of cell death.

Apoptotic cell death has been shown to be a central factor in radiation-induced 
death of cells from radiosensitive tissues, such as cells of the myeloid and lymphoid 
lineage, acinar cells from the parotid gland, thymocytes, and spermatogonia 
(Radford et al. 1994, Hendry et al. 1995). Fibroblasts are more prone to terminal 
differentiation after radiation exposure (Rodemann et  al. 1991), and radiation-
induced apoptosis occurs only in small percentage of cells (<10%), with higher 
rates for high- compared to low-LET radiation (Aoki et al. 2000).

High doses (20 Gy) of ionizing radiation are required to induce classical necrosis 
with cell swelling, dilatation of organelles, random DNA degradation, and leakage 
through the damaged membrane in mammalian cells (Cornelissen et  al. 2002, 
Pawlik and Keyomarsi 2004).

Mitotic catastrophe is assumed to be the major cell death pathway in solid tumors 
following radiotherapy and is accompanied by hyperamplification of the centrioles 
in the centrosome or microtubule organizing center, which are responsible for spin-
dle formation (Eriksson and Stigbrand 2010). This results in multipolar mitosis fol-
lowed by the formation of micronuclei containing mis-segregated chromosomes 
(Muller et al. 1996) or of multiple nuclei contained in a giant cell (Eriksson and 
Stigbrand 2010).

Autophagy is a cellular catabolic process that involves sequestration of cyto-
plasmic portions into vesicles (autophagosomes) that then fuse with lysosomes to 
allow degradation of their contents for the purpose of recycling cellular compo-
nents to sustain metabolism during nutrient deprivation and to prevent accumula-
tion of damaged proteins and organelles (Gudkov and Komarova 2010a, b). 
Relatively high doses (6–30 Gy) are necessary to initiate detectable autophagy 
(Hellweg 2012).
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3.2.4.3  �Radiation-Induced Senescence

Ionizing radiation can trigger cellular senescence (Qin et al. 2018). Senescent cells 
are functionally impaired and no longer able to divide but remain metabolically 
active for long periods of time (Nakanishi et  al. 2009). Cellular senescence is 
regarded as anti-cancer mechanism, and evidence for its involvement in aging and 
age-related diseases is accumulating (Rodier and Campisi 2011). It is also consid-
ered as important contributor to radiotherapy-induced tumor regression (Eriksson 
and Stigbrand 2010). Senescent cells express senescence-associated β-galactosidase, 
precursor protein of Alzheimer’s β-amyloid peptide, degradative enzymes, cyto-
kines (e.g., IL-6 and IL-8), and growth factors which might be tumor-promoting (Li 
et al. 2018). This excretion profile was called senescence-associated secretory phe-
notype (Coppe et al. 2010) and is caused at least partly by increased NF-κB activity 
(Freund et al. 2011).

3.2.4.4  �Mutations and Chromosomal Aberrations

The induction of mutations by radiation of different LET was examined in several 
mammalian cell systems, especially at the hypoxanthine phosphoribosyltransferase 
(HPRT) locus of Chinese Hamster Ovary (CHO) cells. Mutations are late endpoints 
of DNA damage and are only detectable in the survivors of the irradiation. 
Chromosomal aberrations are microscopically visible DNA alterations arising from 
the repair of DSBs (Obe et al. 2002). Following ionizing radiation exposure, un- or 
misrepaired DSBs, and chromosome mis-seggregation can cause aberrations in 
chromosome structure and number (Cornforth 2006, Durante and Cucinotta 2008, 
Sridharan et al. 2016), such as the formation of dicentrics (chromosomes with two 
centromeres) and acentric fragments that are usually observed as micronuclei. 
Heavy ions are extremely effective in eliciting chromosomal exchanges, up 30 times 
more effective compared to low-LET radiation during interphase (George et  al. 
2003, Durante and Cucinotta 2008). Complex aberrations lead to cell death (Durante 
and Cucinotta 2008).

The chromosomal aberration test allows analysis of the aberrations in human 
peripheral lymphocytes that are collected by venipuncture. A significant increase of 
chromosomal aberrations was observed in the lymphocytes of eight astronauts who 
participated in long-duration NASA/Mir missions (Letaw et al. 1989, George et al. 
2001). The half-life of translocations in blood lymphocytes of different astronauts 
displayed a high inter-individual variability (George et al. 2005). In a study involv-
ing MIR and ISS astronauts, the effects in ISS crews were small and no significant 
effects were observed in visiting astronauts (Obe et al. 1997). For a Mars mission, 
an increase of dicentrics frequencies in peripheral lymphocytes of 10–40 times 
above background level was predicted (Obe et al. 1999).

As densely ionizing radiation qualities such as heavy ions are thought to produce 
a large fraction of (complex) chromosome interchanges (Johannes et  al. 2004, 
Horstmann et al. 2005a, b), such lesions might be observed in blood lymphocytes of 
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astronauts after space missions. Using high-resolution multicolor banding in situ 
hybridization (mBAND) of chromosome 5 to assess the frequency of intrachromo-
somal exchanges, no inversions were detected in blood lymphocytes of 11 astro-
nauts after short- or long-term stays in LEO (MIR and ISS missions) (Horstmann 
et al. 2005a, b). Analysis via multicolor fluorescence in situ hybridization (mFISH) 
revealed also no complex type exchanges (Horstmann et al. 2005a, b).

3.2.5  �Non-Targeted Effects

The responses of cells to radiation in the absence of direct DNA damage are desig-
nated as non-targeted effects (Prise et al. 2006). They usually follow a nonlinear 
dose–effect relationship and include bystander effects in which charged particle hit 
cells transmit signals to surrounding cells by direct contact (via gap junctions) or by 
secreting factors (Marin et al. 2015). Resulting changes the tissue microenviron-
ment encompass oxidative damage (Mothersill and Seymour 2004, Rola et al. 2005, 
Sokolov et al. 2007), persistent inflammation (Kusunoki and Hayashi 2008), and 
extracellular matrix remodeling (Park et  al. 2003, Durante and Cucinotta 2008). 
When irradiation of one tissue or organ affects responses in another unirradiated 
tissue or organ, these are called abscopal effects (Cucinotta et al. 2019).

Genomic instability is characterized by an increased rate of acquisition of altera-
tions in the mammalian genome (chromosomal aberrations, aneuploidy, delayed 
lethal mutations, gene amplifications, micronuclei) in the progeny of irradiated cells 
(Hamada et al. 2008, Marin et al. 2015, Tang and Loke 2015). This phenomenon 
was observed, e.g., after high-LET α-particle exposure (Kadhim et al. 1992, Sabatier 
et al. 1992) and was explained by centrosome deregulation (Maxwell et al. 2008). 
While its role in radiation carcinogenesis was under debate (Huang et  al. 2003, 
Sieber et al. 2003, Kadhim et al. 2006), recent results show the involvement of non-
targeted effects in heavy ion-induced mammary carcinogenesis (Barcellos-Hoff and 
Mao 2016).

Adaptive responses represent another type of non-targeted effects. They were 
observed in various model systems after fractionated radiation exposure: a low 
priming dose (0.01–0.5 Gy) protects from effects of a subsequent higher dose 
(called challenging dose) which is explained by activation of protective pathways 
(Joiner et al. 2001, Schöllnberger et al. 2004, Tapio and Jacob 2007). A radiation-
induced adaptive response can be maintained for a few hours to several months, as 
indicated by a reduction of cell death, chromosomal aberrations, mutations, and 
radiosensitivity or induction of DNA repair (Tapio and Jacob 2007). Low priming 
doses might result in one track per cell nucleus in average, meaning that part of the 
cells were untargeted (Tapio and Jacob 2007).

Another effect can occur after low-dose exposure: low-dose hypersensitivity 
which means that cells die extensively from exposure to a single low dose (<0.1 Gy) 
which cannot be extrapolated from the survival at higher doses (Tapio and Jacob 
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2007). It was explained as increased radiation sensitivity when DNA repair is not 
fully functional (Tapio and Jacob 2007).

The role of non-targeted effects in the in vivo radiation response, in the patho-
genesis of radiation-induced diseases, in inter-individual radiation sensitivity and in 
radiation risk is difficult to assess (Morgan 2003, Prise et  al. 2006, Kadhim 
et al. 2013).

3.3  �Relative Biological Effectiveness

The biological effects of high-LET radiation show quantitative and in some aspects 
qualitative differences compared to the low-LET radiation response. Comparison of 
the biological effects of different radiation qualities is usually being performed in 
terms of relative biological effectiveness (RBE). The RBE of the radiation quality in 
question (test radiation) is defined as the ratio of a dose Dx of the reference radiation 
(for example, X-rays) and a dose Dt of a test radiation (for example, heavy ions) that 
elicit the same biological effect (Durante and Cucinotta 2008). The RBE depends on 
many parameters, including LET, particle velocity and charge, radiation dose, dose 
rate and dose fractionation, biological endpoint, type of the irradiated cells or tis-
sues, and oxygen concentration. The RBE is a central parameter for space radiation 
risk assessment. The RBE was determined for various biological endpoints in dif-
ferent biological systems, usually for single ion species (examples are shown in 
Table 3.1). The different particle species and energies are usually summarized based 
on their LET, or based on their charge and speed. The maximal RBE was reached 
with an LET from 90 to 200 keV/μm for many endpoints (Thacker et  al. 1979, 
Ainsworth et al. 1983, Kraft et al. 1989, Yatagai 2004). In rodent experiments, heavy 
ions had a higher carcinogenic effectiveness than low-LET radiation (Fry and Storer 
1987, Alpen et  al. 1993, Dicello et  al. 2004, Ando et  al. 2005, Durante and 
Cucinotta 2008).

For the same LET, ions of higher Z will have a higher velocity and, therefore, 
wider tracks (NCRP 2006). Above 100 keV/μm, the track structure results in indi-
vidual dependencies of RBE and LET for different ions (Kraft et  al. 1989, Stoll 
et al. 1995, 1996).

RBE values for late effects were the basis to estimate the quality factor Q(LET). 
At low LET (<10 keV/μm), Q equals 1. Around 100 keV/μm LET, Q reaches 30 and 
decreases at very high-LET values (overkill effect) (Durante and Cucinotta 2008). 
The dose equivalent (H) is the product of the energy dose and Q and its unit is 
Sievert (Sv): H = Q×D (Sect. 2.2 in Chap. 2).

For assigning Q, the radiation protection committees International Commission 
on Radiation Protection (ICRP) and National Council on Radiation Protection and 
Measurements (NCRP) identify the most relevant biological endpoints, collect the 
RBE at low doses (RBEmax) for these endpoints, and calculate an average RBE 
(Cucinotta et al. 2005). The RBE reviews are published in ICRP Report 40 (ICRP 
1984), NCRP Report 104 (NCRP 1990), and ICRP Report 92 (ICRP 2003). The 

3  Radiation in Space: The Biology



61

Table 3.1  Relative biological effectiveness of charged particles

Biological 
Endpoint Model System

Radiation Quality 
(LET) RBE References

Survival Human kidney T1 
cells

α-particles (25–200 
keV/μm)

1.5–7.0 Barendsen et al. 
(1960, 1963)

Survival (D0) Human skin 
fibroblasts

α-particles (100 keV/
μm)

5.2 Chen et al. 
(1984)

Apoptosis Human neuronal 
progenitor cell line 
(Ntera2)

1 GeV/n iron ion (150 
keV/μm)

3.4 Guida et al. 
(2005)

DNA DSB 
induction

V79 cells Protons (11–31 keV/
μm)

~1 Belli et al. 
(1996)

DNA DSB 
induction

CHO-K1 cells Carbon ions (17–400 
keV/μm)

~1 Heilmann et al. 
(1995)

DNA DSB 
induction

V79 cells Protons (31 keV/μm)
Helium ions (131 
keV/μm)

1.9
1.2

Belli et al. 
(2001)

γ-H2AX foci 
induction

82-6 hTERT 
immortalized 
fibroblast cells

Iron ions (150 keV/
μm)

1.8 Whalen et al. 
(2008)

NF-κB activation HEK/293 cells Argon ions (~270 
keV/μm)

~9 Hellweg et al. 
(2011)

Mutation 
induction

V79-753B cells, 
HGPRT locus

Protons (11–24 keV/
μm)

5.0–7.7 Belli et al. 
(1991)

Human embryonic 
fibroblast-like cells 
(HE20 cells), HPRT 
locus

Carbon ions (20–310 
keV/μm)

2.2–7.5 Suzuki et al. 
(2003), Yatagai 
(2004)

Intrachromosome 
exchanges

Human lymphocytes Protons (0.4 keV/μm)
α-particles (121 keV/
μm)
Iron ions (140 keV/
μm)

0.8–1.3
1.9–8.1
1.9–8.9

Wu et al. (1997)

Chromosomal 
aberrations

Rat bone marrow cells Iron ions (~150 keV/
μm)

~3.2 Brooks et al. 
(2001)

Chromosomal 
aberrations 
(premature 
chromosome 
condensation)

Human lymphocytes 1H-, 3He-, 12C-, 40Ar-, 
28Si-, 56Fe-, 197Au ions 
(0.4–1393 keV/μm)

Up to 
~35

George et al. 
(2003)

Cataracts Mice Argon, neon, and 
carbon ions (<100 
keV/μm)

3–5 Jose and 
Ainsworth 
(1983), Yang and 
Ainsworth 
(1987)

Rats Iron ions (190 keV/
μm) and argon ions 
(88 keV/μm)

50–200 
(at 0.01 
Gy)

Brenner et al. 
(1993)

Rats Argon ions (88 keV/
μm)

Up 
to 40

Merriam Jr. et al. 
(1984)

(continued)
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Table 3.1  (continued)

Biological 
Endpoint Model System

Radiation Quality 
(LET) RBE References

Transformation 
per surviving cell

HeLa × human skin 
fibroblast cell line 
CGL-1

Carbon ions (26 and 
153 keV/μm)

2.5 
and 12

Bettega et al. 
(2009)

C3H10T1/2 cells α-particles (~100 
keV/μm)

~20 Miller et al. 
(1995)

Syrian hamster 
embryo cells

Carbon and silicon 
ions (13–400 keV/
μm)

2–7 Han et al. (1998)

Golden hamster 
embryo cells

Neon ions (530 keV/
μm)
Helium ions (36 keV/
μm)
Helium ions (77 keV/
μm)

3.3
2.4
3.3

Suzuki et al. 
(1989)

Tumor induction Harderian gland 
tumors in mice (with 
pituitary isografts)

Iron ions (190 keV/
μm)
Carbon ions (~40–90 
keV/μm)

27
12

Fry et al. (1985)

Helium ions (1.6 
keV/μm)
Iron ions (193 keV/
μm)
Iron ions (253 keV/
μm)

2.3
39.6
20.3

Alpen et al. 
(1993, 1994)

Mice, legs locally 
irradiated

Carbon ions (4–300 
keV/μm)

2.2 Ando et al. 
(2005)

Rats, mammary 
carcinoma

Carbon ions (40–90 
keV/μm), high doses 
and low doses

2 & ~10 Imaoka et al. 
(2007)

Mice, legs locally 
irradiated

Carbon ions (15, 45, 
or 75 keV/μm)—high 
doses

0.87, 
1.29, or 
2.06

Ando et al. 
(2014)

APC1638N/+ a male and 
female mice, intestinal 
tumors

Carbon ions (13 keV/
μm)
Silicon ions (70 keV/
μm)
Iron ions (150 keV/
μm)

1.6 and 
1.4
6.4 and 
3.7
3.7 and 
3.5

Cucinotta et al. 
(2017)

APC1638N/+ male mice, 
colorectal tumors

Carbon ions (13 keV/
μm)
Silicon ions (70 keV/
μm)
Iron ions (150 keV/
μm)

5.8
15.0
11.9

aAPC1638N/+ mice are a mouse model of colorectal cancer. The Adenomatous polyposis coli (APC) 
gene is mutated in Familial Adenomatous Polyposis. Truncation of the APC gene at codon 1638 
results in the formation of a few polyps and later adenomas and adenocarcinomas in the small 
intestine (Smits et al. 1997)
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experiments on the induction of tumors of the Harderian gland by heavy ions (LET 
> 100 keV/μm) are decisive for Q, they revealed a very high RBE (Table 3.1) (Fry 
et al. 1983, Alpen et al. 1994). The data for protons and heavy ions for tumor-relevant 
endpoints are very scarce, and the experimental conditions are very variable (refer-
ence radiation, doses, dose rates, LET). This results in large uncertainties for RBE 
of space-relevant radiation qualities (Cucinotta et al. 2005). The RBE of GCR com-
ponents and SPE protons for induction of acute and late radiation effects has to be 
known for quantitative risk estimation for astronauts and space travelers (Chap. 4).

3.4  �Acute Radiation Effects

Exposure to an acute single dose can elicit the acute radiation syndrome (ARS), also 
termed radiation sickness.  Symptoms depend on different key issues, such as 
the total absorbed radiation dose, the type and quality of radiation, the dose distribu-
tion in body  tissues and organs and the individual radiation sensitivity (Cronkite 
1964, Donnelly et  al. 2010, Drouet and Herodin 2010, Dorr and Meineke 2011)
(Reitz and Hellweg 2018) .

The prodromal stage of the ARS is hallmarked by a rapid onset of nausea, vomit-
ing, and malaise (dose >0.5 Gy for sparsely ionizing radiation) followed by a nearly 
symptom-free dose-dependent latent phase of weeks to days (Reitz and Hellweg, 
2018). Stimulation of IL-1β in the caudal medulla by the Nervus vagus is consid-
ered as the major route for induction of vomiting after acute radiation exposure 
(Makale and King 1993). The electrical activity and neurochemical metabolism of 
the central nervous system is disturbed already at doses of 1–2 Gy (Tofilon and Fike 
2000). These effects may be involved in the development of prodromal symptoms 
already at lower doses (Marquette et  al. 2003). The prodromal stage can be life 
threatening, if vomiting occurs while the astronaut performs an extravehicular activ-
ity in a space suit.

The tissue with rapid turnover is affect in the first place. For the individuum, the 
effects result from depletion of  the already differentiated compartiments by cell-
death inducing mechanisms such as apoptosis (Purgason et al. 2018), and from absent 
or failing replacement of depleted tissues or organs as a consequence from blocking 
the mitotic cell cycle and cell death  occuring in the stem cell compartment. 
Only such cells which vanquish the cell cycle block and resume proliferation are 
able to substitute radiation-damaged tissue to preserve its normal function (Reitz 
and Hellweg 2018).

One of the most radiosensitive organs in the body is the bone marrow harboring 
hematopoietic stem cells. Its functional depression (bone marrow or hematopoietic 
syndrome) occurs in humans after exposure to doses of 0.7–4 Gy. Another radiation 
sensitive tissue is the intestine, especially the cells in the gut’s crypts, responsible 
for cellular renewal of short lived functional villi cells. Their inactivation (gastroin-
testinal tract syndrome) occurs after radiation exposure to 5–12 Gy. With higher 
doses (> 20 Gy) death of cells from the differentiated cell compartiment lead to 
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manifestation of the central nervous system syndrome. The dose that leads to death 
for 50% of the exposed humans within 30 days was estimated to amount to 3–4 Gy 
(lethal dose: LD50/30). Several studies propose an exacerbated response of the innate 
immune system  to play an important role in pathogenesis  of all three ARS sub-
syndromes (Van der Meeren et  al. 2005, Drouet and Herodin 2010, Jacob et  al. 
2010). Epithelial and endothelial cells are supposed to produce pro-inflammatory 
cytokines in the course of ARS (Van der Meeren et al. 2005). The predominant fea-
ture of the bone marrow syndrome is immune suppression (Reitz and Hellweg 2018).

In the bone marrow syndrome, progressive lymphopenia develops during the 
first days after radiation exposure. Exposure to ~2 Gy results in a maximal depres-
sion of the lymphocytes in the blood (Cronkite 1964). The lymphocyte deprivation 
decreases the resistance to infections. An immunosuppression is expected after 
exposure to an absorbed dose of 0.5 Gy (Dainiak et al. 2003). Damage to the mega-
karyoblasts in the bone marrow causes thrombocytopenia with the result of increased 
bleeding tendency. A possible early granulocytosis is followed by a progressive 
granulocytopenia (Chao 2007). The longer life span of erythrocytes causes a later 
develpment of anemia (within 2–6 weeks) than lymphopenia.  Within days after 
accidental sublethal whole body γ-radiation, a reduced mitotic index and cytologi-
cal abnormalities (such as mitotic bridges, multipolar mitosis, binucleated cells, 
micronuclei) were observed in human bone marrow cells (e.g., erythroblasts), which 
have the potential to persist at a lower frequency for years after the accident (Fliedner 
et  al. 1964).  If the patient cannot overcome the critical period of the possibly 
reversible aplastic state of the bone marrow, death occurs from sepsis usually at 
30-60 days post-exposure (Cronkite 1964).

The gastrointestinal tract syndrome arises after only a short latent period for 
whole body irradiation with doses of 5–12 Gy. It is caused by loss of the intestinal 
epithelium from massive cell destruction and lack of successful mitotic activity in 
the intestinal epithelium crypts as well as injury to the fine submucosal vascula-
ture. This allows bacteria to invade and to produce local and systemic inflammation 
and blood poisoning (sepsis) with the consequence of multiple organ failure (Drouet 
and Herodin 2010). Death occurs between 3 and 10 days after exposure (Reitz and 
Hellweg 2018). In this complex chain of events, endothelial cells and parenchymal 
cells are damaged (Gaugler et al. 2005), endothelial cells and leukocytes are acti-
vated, pro-inflammatory cytokines such as interleukin-8 (IL-8), IL-6, IL-12 and 
IL-18, and ROS are produced (Singer et al. 2004, Jacob et al. 2010), and neuropep-
tides are released (Gourmelon et al. 2005). Activation of the innate immune system 
was suggested to be involved in target organ damage and adverse metabolic and 
hemodynamic responses (Jacob et al. 2010). A recent experiment exposing mice to 
whole body proton irradiation (250 MeV) revealed that the number of apoptotic 
cells in small intestine crypts increased and the number of surviving crypts decreased 
already after a dose of 0.1 Gy (Purgason et al. 2018). As a consequence of gene 
expression changes, a low-grade inflammation of the small intestine at this low dose 
is expected (Purgason et al. 2018).

The onset of the central nervous system syndrome occurs several hours to days 
after exposure to very high acute  radiation doses  (Reitz and Hellweg 2018). 
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Symptoms include loss of coordination, confusion, convulsions, eventually coma, 
and signs of the bone marrow and gastrointestinal syndromes. As the prognosis is 
fatal, survival is impossible. Above 10–12 Gy, 100% lethality has to be expected. In 
the brain, overexpression of cytokines such as tumor necrosis factor α (TNF-α), 
IL-1α, and IL-1β occurs within several hours after whole body irradiation of mice 
(Jacob et al. 2010).

For space missions, exposure of astronauts to mostly protons from a large SPE 
could lead to trigger ARS. Animal experiments have shown that a simulated SPE 
(2 Gy of protons delivered within 36 h) induce anemia, indicated by a decreased 
number of erythrocytes, and immunosuppression with decrease of lymphocytes, 
monocytes, and granulocytes numbers in blood and of relative spleen mass (Gridley 
et al. 2008). In mice exposed to 3 Gy of protons, a strong immunodepression was 
observed already 12 h after exposure, with the nadir on day 4 (Kajioka et al. 2000). 
The radiosensitivity of the lymphocyte subpopulations decreased in the order 
B-cells > CD8+ cytotoxic or regulatory T-cells > CD4+ T-helper cells > natural killer 
(NK) cells (Kajioka et al. 2000). Possible after effects of the immunosuppression 
are augmented infection susceptibility, induction of cancer by promotion of initiated 
cells, and immune system disorders such as autoimmunity or hypersensivity (Reitz 
and Hellweg 2018).

3.5  �Chronic and Late Radiation Effects

Chronic or delayed effects of radiation exposure include cancer induction and non-
cancer effects. Non-cancer effects include degenerative diseases of the central ner-
vous and the cardiovascular system, the eye lens (cataract), and possibly other organ 
systems.

3.5.1  �Cancer

The induction of cancer is an essential and life-threatening long-term consequence 
for atomic bomb survivors and victims of radiation accidents, exposed to intermedi-
ate and low dose whole body radiation exposure. In radiation therapy, secondary 
tumors are stochastically induced by low radiation doses in the tissues surrounding 
the tumor. For astronauts, the risk of developing cancer as late effect is under discus-
sion. Ionizing radiation can definitively cause initiation of tumors, due to its potency 
to damage DNA and induce mutations in proto-oncogenes or lead to loss of function 
in tumor-suppressor genes. The ionizing radiation's role in tumor promotion and 
progression is less well established (Reitz and Hellweg 2018). The probability of 
tumor induction in the dose range below 1 Sv was derived from the cancer incidence 
(solid tumors, leukemia) in atomic bomb survivors who were exposed at high dose 
rates (Pierce and Preston 2000, Pierce et al. 1996, 2012). With increasing survival 
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times of patients after cancer radiotherapy, there is growing concern for the risk of 
secondary cancer, especially in children who are inherently more radiosensitive 
(Baskar 2010). Breast, thyroid, colon, and lung are described as major sites for 
radiation-induced solid cancers (Preston et al. 2007, Durante and Cucinotta 2008). 
According to the NCRP, the natural cancer incidence differs between males and 
females, and radiation adds cancer risks for the breast and the ovaries and a higher 
risk from for lung cancer in females (NCRP 2000, Cucinotta and Durante 2009). 
This is considered by lower radiation exposure limits for females than for males 
(NCRP 2000).

During a long-term space exploration mission, astronauts accumulate high expo-
sures to GCR. Human cancer risk data for GCR, especially for heavy ions, are not 
available, and radiobiological data are limited (Reitz and Hellweg 2018). Therefore, 
the risk estimates that were derived from terrestrial exposure situations (mostly 
atomic bomb survivors) and projected to the conditions of interplanetary travel are 
afflicted with large uncertainties (Durante and Cucinotta 2008).

Linking the early biological effects of heavy ions to the cancer probability is an 
extremely difficult task. A causal relationship between the occurence of chromo-
somal aberrations in peripheral blood lymphocytes and development of cancer 
allows assessing the cancer risk by suitable analysis of the frequency of aberrations 
(Durante et al. 2001). After long duration space flights a significant increase in chro-
mosomal aberrations was detected in astronauts (George et al. 2001); however, data 
on cancer mortality and incidence in astronauts are limited and due to small group 
size  and low mission doses before the ISS era, they miss statistical confidence 
(Committee on the Longitudinal Study of Astronaut Health 2004).

Using scoring of chromosomal aberrations for risk assessment technique, the 
relative cancer risk  for cosmonauts on long-term missions at the former Russian 
space station Mir was estimated to be ~1.2–1.3 (Durante et al. 2001). For a Mars 
mission reaching the planet's surface and lasting 1000 days with a mission dose of 
1.07 Sv, the uncertainties in cancer risk projections were estimated to be in the order 
of 400–600% (Cucinotta et al. 2001b)(Cucinotta et al. 2015).

3.5.2  �Degenerative Tissue Effects

Degenerative tissue effects could result from the chronic GCR exposure or from 
acute exposure(s) to SPEs. Degenerative effects in the eye (cataract) after heavy ion 
exposure were in the focus of research since the 1980s.

NASA funded many projects on heavy ions effects on the central nervous system 
during the last 20 years. Also cardiovascular pathologies are considered to be of 
main concern in NASA’s Human Research Program Integrated Research Plan 
(Milstead et al. 2019).

Multiple factors, including lifestyle-associated factors (e.g., obesity, alcohol, and 
tobacco) are involved in the pathogenesis of degenerative diseases, making the 
assessment of space radiation-associated risks particularly difficult. Especially in 
the lower dose ranges, population-based risk estimates can be obscured by these 
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factors. Large uncertainties in the low-dose range and a strong healthy worker effect 
in astronauts are expected.

3.5.2.1  �Cataract

After exposure to protracted sparsely ionizing radiation the threshold for cataract 
formation is discussed to be 2 Gy, some investigators even suggest doses as low as 
100–300 mGy, or dismiss any threshold (Worgul et al. 1999). Studies on rabbits 
exposed to neon or argon ions, let Lett et al. (1980) conclude that astronauts possi-
bly experience late radiation effects decades after a long-duration space mission 
beyond LEO. For mice and rats exposed to densely ionizing radiation (energetic 
heavy ions), it was shown that such radiation qualities are especially effective in 
cataract formation (Table  3.1), even at doses below 2  Gy (Worgul et  al. 1989, 
Worgul, Brenner et al. 1993, Hall et al. 2006). ATM heterozygosity is accompanied 
by higher sensitivity to cataractogenesis (Hall et al. 2006, Durante and Cucinotta 
2008). Blakely et al. (2010) published about 100 mGy as lower threshold for cata-
ract induction. Furthermore, contrarily to other radiation effects, lowering the dose 
rate does not reduce the cataract risk (Hamada 2017). In Rhesus monkeys (Macaca 
mulatta), with a median life span ~24 years, formation of cataracts was observed 
after the exposure to protons of different energies (~20 years), and also in rabbits 
after exposure to highly energetic iron ions (Lett et al. 1991, Cox et al. 1992). In 
addition to animal experiments, investigations of patients undergoing radiotherapy 
provide valuable data for the risk assessment of space radiation-induced cataract 
formation or cancer induction in astronauts (Blakely et al. 1994, Lett et al. 1994, Wu 
et al. 1994). So far, the occurence of lens opacities has been the only proven late 
effect of space radiation exposure in astronauts (Cucinotta et al. 2001a, Rastegar 
et al. 2002). Given an overall mission death risk of some percent for human space 
flights and the fact that cataract surgery can restore vision, it is not justified to con-
sider cataractogenesis as a major critical health risk in short- to medium-term 
space flight. For long-term missions that span several years, the expression time for 
cataracts must be taken into account. During such a mission, a cataract can evolve 
before returning to our home planet Earth and thereby it poses a risk for the success 
of the mission (Reitz and Hellweg 2018).

The eye lens is highly radiosensitive as it lacks mechanisms to remove damaged 
cells, and its transparency depends on correct differentiation of lens epithelial cells 
into lens fibers. Abnormal differentiation, slow or incomplete repair of DNA DSBs, 
senescence and crystalline changes appear to be responsible for the high radiosen-
sitivity of the lens (Hamada 2017).

3.5.2.2  �Central Nervous System Effects

Central nervous system (CNS) effects of GCR are currently under intense discussion 
as “space-brain” and include cognitive deficits and neurological damage (Jandial 
et al. 2018) observed after irradiation of mice and rats with heavy ions using various 
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assays (Shukitt-Hale et al. 2003), e.g., Morris water maze (Shukitt-Hale et al. 2000, 
2007, Higuchi et al. 2002, Villasana et al. 2013), the Barnes maze (Britten et al. 
2012, 2016, Wyrobek and Britten 2016), the 8-arm radial maze (Denisova et  al. 
2002), Y-maze (Carr et al. 2018), and contextual fear conditioning tests (Villasana 
et al. 2010, 2013, Cherry et al. 2012, Raber et al. 2013, 2014). Many studies were 
performed with murine models and high-energy 56Fe ions (500 or 1000 MeV/n) 
which are a large contributor to the effective dose accumulated during missions 
(Durante and Cucinotta 2008). Studies combining heavy ions with protons started 
recently (Kiffer et al. 2018). In order to come closer to a chronic exposure scenario 
than with one acute irradiation, fractionated exposures with iron ions were 
performed, revealing that fractionated 56Fe ion exposure was similarly detrimental 
for adult neural stem cells as acute exposure (Rivera et al. 2013). The deficits con-
cern memory, object recognition, learning processes, orientation in space, motor 
function, reaction time, and can also express themselves as depression-like behavior 
and fatigue (Shukitt-Hale et  al. 2000, 2007, Higuchi et  al. 2002, Villasana et  al. 
2010, Britten et al. 2012, 2016, Cherry et al. 2012, Raber et al. 2014, Parihar et al. 
2016, 2018, Wyrobek and Britten 2016). Such deficits occur also during the cogni-
tive decline observed in aged animals. The effects are observed in rodents in the 
dose range relevant to ISS (100–200 mSv) (Cherry et al. 2012, Britten et al. 2014, 
Wyrobek and Britten 2016, Carr et al. 2018, Kiffer et al. 2019) and exploration mis-
sions and persist for 1 year after exposure (Parihar et al. 2018). In rats, social pro-
cessing was affected after as low doses as 10 and 100 mGy of oxygen ions (1000 
MeV/n) (Jones et al. 2019). No effects on locomotor activity of iron ion exposed 
male Sprague-Dawley rats and male and female C57BL/6 mice were observed 3 
months after irradiation at doses of 1–4  Gy (Casadesus et  al. 2004, Villasana 
et al. 2010).

Possible functional and structural changes in the brain after heavy ion exposure 
include oxidative stress, genomic instability, neuroinflammation, degradation of 
neuronal architecture including modulated dendritic spine morphology and density, 
e.g., in the dentate gyrus and cornu Ammon 1 within the hippocampus, suppression 
of hippocampal neurogenesis, and synaptic integrity with altered pre- and postsyn-
aptic gene expression and neurotransmitter release (Machida et al. 2010, DeCarolis 
et al. 2014, Allen et al. 2015, Impey et al. 2016, Raber et al. 2016, Sweet et al. 2016, 
Acharya et al. 2017, Carr et al. 2018, Dickstein et al. 2018). Electrophysiological 
changes in hippocampal slices of proton-irradiated mice were observed at doses of 
1 Gy (Marty et al. 2014). The connection between radiation exposure and oxidative 
stress is discussed since decades (Cucinotta and Durante 2009), and oxidative stress 
is believed to play a role in neurodegenerative disease (Huang et al. 2016, Tenkorang 
et al. 2018), suggesting that ionizing radiation could initiate or promote neurode-
generation via induction of oxidative stress.

Particularly pronounced effects are expected for heavy ions with atomic numbers 
greater than 10 (Z > 10), so NASA has introduced an additional threshold for expo-
sure of the CNS to these ions (Table 3.2) (Williams 2015). The extent to which 
astronauts are at risk for cognitive deficits and for the earlier onset of dementia is 
unclear.
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Furthermore, recent studies revealed sex differences in the neurobehavioral 
changes after heavy ions. In the dose range below 1 Gy, female rodents had less 
severe deficits than males, which was partly ascribed to neuroprotective actions of 
estrogen (Silasi et  al. 2004, Whoolery et  al. 2017, Krukowski et  al. 2018). The 
microglia of female mice appeared to be less aggressive and thereby contributed 
less to the heavy ion-induced brain damage than in male mice (Krukowski et al. 
2018). At doses above 1 Gy γ-rays or 56Fe ions, female mice were more susceptible 
than male mice (Villasana et al. 2006, 2011). This underlines the necessity to per-
form studies using spaceflight relevant (not to high) dose ranges.

Studies on predispositions for radiation-induced cognitive deficits are still in an 
early stage. Not all iron ion (1 GeV/n 56Fe) exposed rats develop cognitive impair-
ments even at higher doses (up to 2 Gy), and a hippocampal proteome analysis 
revealed a specific protein expression profile in susceptible rats which is suggested 
to promote neuronal loss and apoptosis and to change synaptic plasticity and den-
dritic remodeling (Britten et al. 2017, Dutta et al. 2018). Specific alleles of apolipo-
protein E2 (ApoE), resulting in expression of the ApoE4 isoform, represent a major 
genetic risk factor for Alzheimer’s Disease (AD). Radiation exposure reinforced 
genotype-dependent neurobehavioral deficits in transgenic mice expressing 

2 ApoE is present in serum. As recognition site for low-density lipoprotein (LDL) receptors, it is 
involved in transport, deposit, and metabolism of cholesterol within very low-density lipoproteins 
and chylomicrons [Blum, C. B., R. J. Deckelbaum, L. D. Witte, A. R. Tall and J. Cornicelli (1982). 
“Role of apolipoprotein E-containing lipoproteins in abetalipoproteinemia.” J Clin Invest 70(6): 
1157–1169, Blum, C. B. (2016). “Type III Hyperlipoproteinemia: Still Worth Considering?” Prog 
Cardiovasc Dis 59(2): 119–124.]. In humans, the codons for the amino acid positions 112 and 158 
are polymorph (E2 cysteine/cysteine; E3 cysteine/arginine; E4 arginine/arginine), resulting in six 
different genotypes (ε2/ε2, e3/e3, ε4/ε4; ε2/ε3, ε2/ε4, ε3/ε4).

Table 3.2  Limits for short-term effects and non-cancer effects for space missions during the 
whole career, NASA Standard 3001 (Williams 2015)

Organ 30-day limit 1-year limit Career limit

Eye lensa 1000 mGy-Eqd 2000 mGy-Eq 4000 mGy-Eq
Skin 1500 mGy-Eq 3000 mGy-Eq 6000 mGy-Eq
Blood-forming organs 250 mGy-Eq 500 mGy-Eq n/a
Cardiovascular systemb 250 mGy-Eq 500 mGy-Eq 1000 mGy-Eq
Central nervous system (CNS)c 500 mGy 1000 mGy 1500 mGy
CNSc (Z>10) 100 mGy 250 mGy

aThese limits prevent cataract formation within 5 years. Cataracts induced by small GCR doses 
cannot be prevented at present
bAverage limits for myocardium and adjacent arteries
cThese limits were calculated for the hippocampus
dmGy-Eq, milliGray-equivalent—This dose is based on the relative biological effectiveness, RBE 
which is specific for the effect and the radiation quality, and the energy dose. For non-cancer 
effects on eye lens, skin, blood-forming organs and the cardiovascular system, an RBE of 6 for 
neutrons (1–5 MeV) or 3.5 (5–50 MeV), 2.5 for heavy ions, and 1.5 for protons with an energy 
above 2 MeV were recommended. The RBE for CNS effects is largely unknown; therefore, the 
limit is given as energy dose in mGy, with an additional limit for ions with an atomic number >10
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different human ApoE isoforms (Villasana et  al. 2006, 2011, 2016, Haley et  al. 
2012, Yeiser et al. 2013). Chronic low-dose γ-rays exposure (1 or 20 mGy/day) over 
300 days changed the phosphoproteome in the hippocampus of ApoE-/- mice (Kempf 
et al. 2016). Also, mutations in presenilin and amyloid precursors might contribute 
to the development of AD. In murine AD models with these mutations, heavy ion 
exposure can expedite the disease process and behavioral deficits (Vlkolinsky et al. 
2010, Cherry et al. 2012).

3.5.2.3  �Effects on the Cardiovascular System

Evidence for radiation-induced cardiovascular pathologies such as atherosclerosis 
and cerebrovascular disease stems from studies with radiotherapy patients with 
fractionated partial body exposure and atomic bomb survivors who experienced an 
acute whole body exposure.

Radiation-induced cardiovascular diseases including accelerated atherosclerosis, 
myocardial fibrosis, and cardiac conduction and valve abnormalities were observed 
as side effect of cancer radiotherapy, sometimes years or decades after radiation 
exposure (Darby et al. 2005, 2013, McGale et al. 2011). In these cases, some blood 
vessels or even the heart were exposed to high radiation doses, as, due to technical 
limitations, large volumes of non-cancer (normal) tissues surround the tumors were 
irradiated (Boerma 2016). DNA damage, ROS, and chronic inflammation are sug-
gested to contribute to the development of cardiovascular diseases such as athero-
sclerosis following exposure to therapeutic doses of ionization radiation (Sylvester 
et al. 2018).

Evidence for the contribution of ionizing radiation exposure to the development 
of cardiovascular diseases after acute whole body exposure comes from epidemio-
logical studies with the atomic bomb survivors and nuclear workers (Little et al. 
2012). From these studies, a risk for radiation-induced cardiovascular diseases at 
doses above 0.5  Gy of low-LET radiation was derived (Little et  al. 2012, Little 
2016, Sylvester et al. 2018). This dose could be exceeded, e.g., by a total stay on the 
ISS in LEO for ~3–5 years (depending on solar activity) (which has never happened 
up to now) or by a 3-year Mars mission. Therefore, possible degenerative tissue 
effects following exposures to GCR or SPEs expected during long-duration space-
flight cannot be excluded at the current stage of knowledge.

Currently, the cardiovascular disease risk from chronic exposure to GCR is 
derived from data from atomic bomb survivors in Japan (Shimizu et al. 2010) and 
meta-analyzes of occupational or environmental exposures (Little et al. 2012, Little 
2016). The relative risk for all types of cardiovascular disease was estimated to be 
1.10–1.20 at a dose of 1 Sv (Little et al. 2012, Little 2016). A publication on alleg-
edly increased cardiovascular mortality among Apollo astronauts (Delp et al. 2016) 
sparked controversy and was considered untenable due to deficiencies in data col-
lection and analysis (Cucinotta et al. 2016). A cohort-based reanalysis considering 
the different age structure of Apollo and nonlunar astronauts failed to demonstrate 
an excess cardiovascular disease-caused death in lunar astronauts (Reynolds and 
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Day 2017). In the US astronaut population, cardiovascular disease mortality was 
significantly lower than in the US population, as explained by the rigorous astronaut 
selection and healthy lifestyle of the astronauts (Cucinotta et al. 2016). This healthy 
worker effect is confirmed by the recent mortality study by Reynolds and Day 
(2017). Based on a recent study including 310 NASA astronauts and 981 nonastro-
naut NASA employees, a similar risk for cardiovascular disease was found (Ade 
et al. 2017). These results underline the difficulties of epidemiological studies on 
long-term effects of space travel, as the astronaut cohort is small and large con-
founding effects meet quite low doses of radiation that astronauts were exposed to 
(Reynolds and Day 2017, Sylvester et al. 2018). A multi-year Mars mission will 
exceed the 0.5 Gy threshold for radiation-induced cardiovascular disease that was 
derived from studies with radiation-exposed terrestrial cohorts. The current NASA 
limits for the circulatory system are listed in Table 3.2.

The role of radiation quality and dose-rate effects in radiation-induced  
cardiovascular disease is an important prerequisite for extrapolation from Earth-
based epidemiological data to the exposure situation during space missions. 
Therefore, the effects of high-LET radiation on the cardiovascular system are studied. 
These studies can also improve the understanding of mechanisms and pathways 
leading to radiation-induced cardiovascular disease. Ground-based studies with 
animal, mostly rodent, and cell culture models are performed at heavy ion accelerators. 
Many mouse strains are resistant to atherosclerosis3; therefore, as in other 
atherosclerosis studies, mutant mice with defects in the lipid metabolism4 are used to 
study radiation-induced atherosclerosis (Sylvester et  al. 2018). These mice are 
predisposed to develop atherosclerotic lesions and the time until they are observable 
is reduced compared to wild-type mice (Meir and Leitersdorf 2004, Sylvester et al. 
2018), which might be explained by different inflammatory and thrombotic pathway 
activation in wild-type and in ApoE-deficient (ApoE-/-) mice (Hoving et al. 2012). 
After exposure to 56Fe ions (600 MeV/n, 2.6 Gy), vascular reactivity was decreased 
at 4–5 weeks post-irradiation, before atherosclerotic plaques developed (White et al. 
2015), and 2 and 5  Gy 56Fe ions accelerated the development of atherosclerotic 
lesions in exposed arteries in ApoE-/- mice (Yu et al. 2011). Low-dose 56Fe ions (1 
GeV/n, 150 mGy) irradiation modulated several pathways in cardiomyocytes 
including inflammation, immune cell trafficking, DNA damage, and repair and free- 
radical scavenging (Coleman et al. 2015). In wild-type mice, 100 mGy protons (150 
MeV) had no effect on actin, collagen type III and inflammatory cell markers 

3 This resistance is explained by their short life span and high concentration of the protective high-
density lipoprotein (HDL) and a low concentration of low-density lipoprotein (LDL) in plasma.
4 Apolipoprotein E (ApoE)- and LDL-receptor (LDLr)-knockouts, ApoE3 Leiden- and ApoB-100-
mutants acting in a dominant negative fashion [Emini Veseli, B., P. Perrotta, G. R. A. De Meyer, 
L. Roth, C. Van der Donckt, W. Martinet and G. R. Y. De Meyer (2017). “Animal models of ath-
erosclerosis.” Eur J Pharmacol 816: 3–13. & Getz, G. S. and C. A. Reardon (2015). “Use of Mouse 
Models in Atherosclerosis Research.” Methods Mol Biol 1339: 1–16.]. It has to be considered that 
plaque location, form, structure, and stability in these models differs from those in human athero-
sclerosis [Getz, G. S. and C. A. Reardon (2012). “Animal models of atherosclerosis.” Arterioscler 
Thromb Vasc Biol 32(5): 1104–1115.]
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expression in the heart, while 500 mGy 56Fe ions (600 MeV/n) had a strong effect 
and this was prevented by prior proton exposure (Ramadan et al. 2016). In rats, γ-ray, 
proton, and heavy ion exposure reduced the plasma level of total antioxidants in 
Sprague-Dawley rats (Guan et  al. 2004). Whole body exposure to 1  Gy iron ions 
increased aortic stiffness in rats, and ROS production by radiation-induced xanthine 
oxidase activation was suggested as underlying mechanism (Soucy et al. 2011).

NASA identified several gaps in the knowledge on radiation risk for cardiovascular  
disease as long-term health effect for astronauts on exploration missions character-
ize and its mitigation strategy includes biological risk characterization, risk assess-
ment, and medical countermeasures (Patel et al. 2016).
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Chapter 4
Radiation Risk Assessment

Abstract  The assessment of risks associated with space radiation exposure requires 
determination of the expected radiation exposure during the space mission, knowl-
edge of the risks associated with such exposures and of modifying factors which are 
all to be incorporated in a dedicated radiation risk model. To determine the radiation 
exposure, the radiation field and its variation during the solar cycle, its interaction 
with matter and the dose distribution in the human body are considered. Disease 
risks are derived from large epidemiological studies on radiation-exposed popula-
tions, predominantly the Japanese atomic bomb survivors. Extrapolation from high 
dose rate to low-dose rate exposure, from low linear energy transfer (LET) to high-
LET radiation and from the Japanese to other populations requires the use of extrap-
olation factors. Accordingly, predictions of cancer risk and acceptable radiation 
exposure in space are subject to many uncertainties including the relative biological 
effectiveness (RBE) of space radiation (especially heavy ions), dose rate effects and 
possible interaction with microgravity and other spaceflight environmental factors.

Keywords  Galactic cosmic rays (GCR) · Solar particle events (SPE) · Biological 
weighting factors · NASA Space Cancer Risk (NSCR) model · Excess relative risk 
· Dose and dose-rate reduction effectiveness factor (DDREF) · Risk of Exposure-
Induced Death (REID) · Acceptable risk level
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4.1  �Radiation Exposure

For assessment of the risk to develop a disease and even die from this disease after space 
radiation exposure, a complex evaluation of physical, biological, and epidemiological 
data and the development of a model based on various assumptions are necessary.

First of all, the dose that astronauts are exposed to has to be determined. 
Therefore, the composition of the radiation field and its interaction with the space-
craft or habitat hull has to be calculated. Galactic cosmic radiation (GCR) environ-
mental models and “particle transport codes describing the GCR modification by 
atomic and nuclear interactions in spacecraft and tissue shielding” are used for cal-
culation (National Research Council 2012; Cucinotta et al. 2013a).

In low Earth orbit (LEO), e.g., on the International Space Station (ISS), trapped 
protons contribute to the accumulated dose. The variation of the solar activity dur-
ing the approximately 11-year solar cycle has to be considered as it strongly affects 
the GCR flux, with a factor of up to three between solar maximum and solar mini-
mum when solar modulation of GCR is weakest, resulting in a variation of GCR 
organ exposures of about two-fold and thereby a two-fold lower risk at solar maxi-
mum compared to solar minimum (NCRP 2006; Cucinotta et al. 2013a). On the 
other hand, a response to occasional solar particle events (SPE) might be necessary. 
On planetary surfaces, the atmosphere can reduce the dose rates and buildup of 
particles has to be factored in. In the NASA model, the GCR descriptive parameter 
is Z∗2/β2 (describes the density of the ionization of a particle track), where Z∗ is a 
particle’s effective charge number and β its velocity relative to the speed of light.

Concerning the shielding of the spaceship or the habitat, the material composi-
tion, density, and thickness influence how the radiation field is altered and how 
strong the secondary particle buildup is. For GCR, a near balance between the loss 
of energetic particles and the new production of ions through atomic and nuclear 
interaction can be expected for the surface of Mars (Cucinotta et al. 2013a).

Next, the interaction with the human body comes into play. Organ doses or tissue 
average absorbed doses resulting from travel of the space radiation’s particles 
through the body have to be weighted with the corresponding tissue weighting and 
quality factor.

4.2  �Disease Risks

In this step, the disease risks for the expected exposure are calculated. For different 
diseases such as cancer and cardiovascular diseases, disease risks for exposures to 
low-LET radiation were derived from epidemiological data of human exposures 
(atomic bomb explosions in Japan; occupational exposures). To extrapolate the dis-
ease risks from human exposures to low-LET radiation to high-LET radiation, dif-
ferent biological weighting factors are used (see Sect. 3.3). Furthermore, for the 
Japanese data, an extrapolation to the population of the astronauts (the USA, 
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European, or other) is required (Durante and Cucinotta 2008). Radiation risks that 
are proportional to spontaneous cancer risks are assumed in the multiplicative trans-
fer model1, while an independent action of radiation is presumed in the additive 
transfer model2 (Cucinotta et  al. 2005). The National Council on Radiation 
Protection and Measurements (NCRP) recommends a mixture of both, the multipli-
cative risk model and additive risk model for transferal of cancer risk estimates from 
the Japanese to the US population (NCRP 2000; Cucinotta et al. 2005).

The risk is modified by many factors, e.g., sex, age at the time of radiation 
exposure, the time that passed since the exposure, and the attained age. The extent 
of risk modification by these factors depends on the cancer type. Also, interac-
tions with other risk factors for cancerogenesis can affect the radiation-related 
excess risk, such as smoking, being overweight, or excessive alcohol consump-
tion. It is unclear whether or to what extent individual radiation sensitivity modi-
fies the disease risk.

The NASA Space Cancer Risk (NSCR) model estimates cancer risks and uncer-
tainties for human space missions (Cucinotta et  al. 2013a). Fatal cancer risk is 
regarded as the dominant risk arising from GCR exposure (National Research 
Council 1996, 2012; Cucinotta et al. 2013a). In the NASA model, the dose equiva-
lents for leukemia and solid cancer risks for HZE particles are calculated with the 
quality factor (Q, see Sects. 2.2.1 and 3.3) for cancer. A never-smoker population 
is used to represent astronauts (Cucinotta et  al. 2013a). Q is based on various 
experiments determining the RBE for tumor induction by accelerated ions or dif-
ferent LET (ICRP 2003), including the RBE for induction of Harderian gland 
tumors by Fe particles in mice, which amounts to 30, and the RBE for liver tumors 
in mice, which exceeds 50 (Cucinotta et al. 2013a). These data were recently com-
pleted with low dose exposures to silicon and titanium ions (Chang et al. 2016). 
RBEs for cancer in other tissues are scarce (Table 3.1). NASA’s space radiation 
quality factor (QF) is based on track structure concepts, considering the (particle 
kinetic energy per nucleon (E) and the charge number (Z) instead of the LET 
(National Research Council 2012; Cucinotta et  al. 2013a, 2019; NCRP 2014; 
Cucinotta 2014, 2015). Attempts to include non-targeted effects with their nonlin-
ear dose–response relationship (see Sect. 3.2) in modeling of tumor prevalence as 
effect of radiation exposure resulted in a predicted risk that is two-fold higher 
compared to a targeted effects model (Cucinotta and Cacao 2017).

Recently, a dynamical model of the assessment of the excess relative risk (ERR)3 
for radiogenic leukemia among acutely/continuously irradiated humans was applied 
for ERR estimation of astronauts on interplanetary missions, which considers also 

1 In the multiplicative transfer model, the effect of the covariates on cancer is to act multiplicatively 
on a baseline hazard rate.
2 In the additive model, covariates act in an additive manner on a baseline hazard rate.
3 The ERR is the proportional increase in risk over the absolute risk in the absence of exposure 
(background). The background cancer risks can differ between populations, e.g., Japanese and US 
population.
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granulo- and lymphopoiesis and can be applied for emergency cases of high SPE 
exposures (Smirnova and Cucinotta 2018).

To determine the non-cancer risk dose equivalent, the RBE for circulatory dis-
ease is used, based on the deterministic effects RBE model by ICRP (ICRP 1990). 
Such factors are not yet defined for degenerative alterations of the CNS.

4.3  �Extrapolation Factors

Depending on the data underlying factors such as Q, QF, or RBE (see Sect. 3.3)—
meaning whether they are derived from acute or chronic exposure, a correction is 
necessary for extrapolation from acute high dose and high-dose rate exposures to 
exposures to low doses and at low dose rates. This is accomplished by means of a 
dose and dose-rate reduction effectiveness factor (DDREF). Here, the track struc-
ture with a low ionization density part in the track penumbra and a high ionization 
density section in the track core has to be considered (Sect. 3.2.1), whereby only for 
the low ionization density part, dose rate effects are expected (Cucinotta et al. 2019). 
Based on the BEIR VII report (National Research Council 2006) and recommenda-
tions of the National Research Council (NRC) to NASA (National Research Council 
2012), a factor of 1.5 is used for cancer risk predictions (Cucinotta et al. 2013a).

Unfortunately, DDREF4 for cardiovascular and CNS disease risk are not avail-
able for heavy ions at relevant doses and dose rates (NCRP 2006; Cucinotta 
et al. 2013a).

4.4  �Risk Uncertainties and Acceptability

The various inputs leading to the risk of radiation exposure-induced death (REID) 
are summarized in Fig. 4.1. The value of Q or QF (in the NSCR model) contributes 
strongly to the uncertainty of REID (National Research Council 2012).

In spaceflight, possible interactions of radiation with other spaceflight environ-
mental factors have to be considered as possibly additive or even synergistic factors 
in cancerogenesis. These factors encompass microgravity causing fluid shifts in the 
body and muscle and bone degradation, acceleration forces, vibration, noise, stress, 

4 The term dose and dose rate effectiveness factor (DDREF) has a significant impact on space 
radiation protection requirements, especially for operational implementation. It is used to modify 
the dose-risk relationship estimated from the LNT model for (in the current respect space-typical) 
exposure scenarios: (1) the dose and (2) dose rate at which the dose is delivered. Use of the DDREF 
thereby reduces the lifetime attributable risk (LAR) of cancer incidence. From operational view, 
the BEIR (Biological Effects of Ionizing Radiation) VII Committee set the DDREF at a value of 2. 
Calabrese, E. J. and M. K. O’Connor (2014). “Estimating risk of low radiation doses—a critical 
review of the BEIR VII report and its use of the linear no-threshold (LNT) hypothesis.” Radiat Res 
182(5): 463–474.
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and living in a closed environment (with, e.g., elevated carbon dioxide levels or in 
an exploration atmosphere with reduced pressure and a higher oxygen percentage) 
and with an externally determined time schedule leading to altered biorhythms.

According to the Aerospace Safety Advisory Panel, the human space missions 
should be designed to keep the risk for during mission loss of crew (LOC) below 
1 in 270, and the long-term goal is to reach 1 in 750 (Dyer 2011). The radiation risks 
contribute to this aggregate risk of a space mission (Cucinotta et al. 2013a). NASA’s 
limit for astronauts’ space radiation exposure is set to an exposure-induced death 
risk (REID) of 3%, which has to be judged at the upper 95% confidence interval 
(CI) of the risk estimate (National Aeronautics and Space Administration (NASA) 
2007; Durante and Cucinotta 2008; Cucinotta et al. 2013a).

The 3 % exposure-related fatality risk limit adopted by NASA is derived from 
data obtained in the 1980s for work-place related worker fatalities in less-safe 
industries (Cucinotta et al. 2019).

According to the NCRP, the acceptable risk level has to consider the value of the 
mission in terms of gain of knowledge and technology for humanity and science 

Fig. 4.1  Risk assessment for space radiation exposure of astronauts during space missions in LEO 
and beyond. The graph is based on the NASA Space Cancer Risk (NSCR) model and its evaluation 
by an expert group (National Research Council 2012). According to Cucinotta et  al.  (2013b), 
“Demographic Specific Solar Minimum Safe Days in deep space are defined as the maximum 
number of days with 95% CL to be below the NASA 3% REID limit for males and females at dif-
ferent ages at exposure, aE.” Z∗ is the effective charge number of the particle and β its speed rela-
tive to the speed of light

4.4  Risk Uncertainties and Acceptability



92

without forgetting the stakeholders who pay for the endeavour (astronauts and their 
families, tax-payers and the scientific community). Accordingly the risk-benefit 
ratio is of major interest (NCRP 1997; Durante and Cucinotta 2008).

Exploration missions such as a 940 d Mars mission would exceed NASA’s radia-
tion limit by a large amount (Cucinotta et  al. 2013a). For 45-year-old male and 
female never smokers, the number of safe days outside LEO was estimated to 
>900 days and > 700 days, respectively (Cucinotta et al. 2015).
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Chapter 5
Space Radiation Countermeasures

Abstract  Different countermeasures against deleterious effects of space radiation 
on human health are required for galactic cosmic rays (GCR) and solar particle 
events (SPE). In case of SPE, efficient shielding is possible in a radiation shelter. 
The crew has to enter the shelter in case of increasing proton fluxes during an SPE 
to avoid high-dose exposures within hours or days which might lead to the acute 
radiation syndrome (ARS) in worst case scenarios. ARS treatment strategies are 
available but difficult to implement on a space mission. The chronic exposure to 
GCR is associated with various health risks (cancer, cataract, CNS decrements, car-
diovascular disease) that can reduce the healthy life span after return to Earth. 
Shielding of GCR in free space is very limited and therefore, the time in free space 
should be minimized by fast propulsion. On planetary and moon surfaces, the habi-
tats should provide optimal shielding in order to reduce GCR dose accumulated 
during the mission. Much effort is placed on the development of nutritional and 
pharmaceutical countermeasures for chronic and late radiation effects. Free radical 
scavengers such as amifostine are ruled out because of severe side effects. 
Encouraging results were reported in rodent studies with berries or dried plums. A 
concerted action of ground-based studies and space experiments is required to 
expand radiobiological knowledge about space radiation to improve countermea-
sure development. Crew selection is a sensitive topic, but from a radiation protec-
tion point of view, the lower radiosensitivity of older crew members might be 
considered.

Keywords  Radiation protection principles · Shielding · Hibernation · Acute 
Radiation Syndrome (ARS) treatment · Amifostine · Antioxidants · 
Phytochemicals · Ataxia telangiectasia mutated (ATM) gene
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5.1  �Introduction

The usual recommendations for radiation protection on Earth are to reduce the 
exposure time, to increase the distance to the radiation source, to use shielding, and 
to reduce the activity of the radiation source. The activity of the Sun and the inten-
sity of galactic cosmic radiation (GCR) are beyond the human sphere of influence. 
As space radiation in free space impacts from all directions, increasing the distance 
plays no role in space radiation protection (Durante and Cucinotta 2008). Exposure 
time in free space during a Mars mission could be reduced by faster propulsion of 
the space vehicle, which is not expected to be possible within a realistic time period. 
In habitats on other planets or moons, a dose reduction could be achieved by shield-
ing using materials available on site. For the spaceship, GCR shielding is impossi-
ble or at least very limited because of current launch mass capabilities (Durante and 
Cucinotta 2008). Therefore, much hope is set in the development of pharmacologi-
cal or nutritional countermeasures for space radiation effects, but a major break-
through in cancer prevention is currently not unveiling. So, as a last way out, 
selection of radio-resistant individuals for exploration missions and use of hiberna-
tion are discussed. Independent of the question whether humans can achieve a 
hibernation state, it is very questionable whether a state of reduced metabolic activ-
ity is beneficial in case of a chronic low-dose exposure, as protective effects were 
shown only for acute effects of high-dose exposures (Cerri et al. 2016; Tinganelli 
et al. 2019).

5.2  �Operational Planning and Shielding

The best radiation protection, not only in space, is the avoidance or reduction of 
exposure through careful mission planning and shielding. The shielding of a space-
ship is in the range of 5 to 20 cm of water equivalent (5 to 20 g/cm2), while the 
shielding of the space suit of an astronaut shrinks on average to 1  cm of water 
equivalent (1 g/cm2) during a spacewalk.

Shielding is highly effective against the solar component of cosmic radiation, 
and especially against its low-energy components. The Orion spaceship of the 
NASA Artemis program (formerly Exploration Mission, EM) disposes of a radia-
tion shelter which the crew will enter in case of a SPE warning.

The reduction of the GCR dose that can be achieved with realistic thicknesses of 
aluminum shielding is limited for the high-energy particles of the galactic compo-
nent. After a rapid decrease of the dose equivalent caused by fragmentation of the 
primary GCR and a corresponding decrease in the quality factor in the initial 
10–20 g/cm2, the dose equivalent rate is expected to change only slowly with further 
increasing of shielding. In model calculations with water and aluminum shields, the 
risk of cancer death decreased barely with increasing shielding thickness up to 
150 g/cm2 (Durante and Cucinotta 2008).

5  Space Radiation Countermeasures
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Lightweight high hydrogen content materials, e.g., polyethylene, are much more 
effective for shielding; nevertheless, since the weight of the shield cannot be 
increased indefinitely, it is expected that the reduction in the dose that can be reached 
using mass shielding for a spacecraft is no more than 50%. In addition to suitable 
radiation protection rooms, personal radiation protection vests are also tested.

5.3  �Prevention and Therapy of the Acute Radiation 
Syndrome (ARS)

Therapeutic approaches for the ARS were tested in non-human primates, dogs, 
mice, rats, and pigs (Donnadieu-Claraz et al. 1999; MacVittie et al. 2005) and in 
accidently irradiated humans. Based on clinical findings, they include isolation of 
the patient to reduce the danger of infection, antibiotics in combination with an 
antifungal drug if an infection occurs, electrolyte and platelet or blood transfusions, 
and allogenic bone marrow transplantation from donors with compatible surface 
antigens (Cronkite 1964). Current therapeutical standards include the stimulation of 
remaining bone marrow stem cells by Granulocyte Colony-Stimulating Factor 
(G-CSF) after exposure to less than 50% of the lethal dose (Romero-Weaver et al. 
2014), and allogenic stem cell transplantation if the bone marrow is completely 
eradicated (Drouet and Herodin 2010). The efficacy of other growth factors, such as 
Keratinocyte Growth Factor (KGF) and combinations of different growth factors 
(Stem Cell Factor—SCF, Nerve Growth Factor—NGF, erythropoietin, PEGylated 
growth factors), antioxidants (e.g., N-acetyl cysteine), and anti-inflammatory 
approaches (e.g., inhibitors of cyclooxygenase-2—COX-2-, anti-IL-antibodies, cur-
cumin, Ghrelin) and hypoxia are currently under investigation (Neal et al. 2003; 
Drouet and Herodin 2010; Jacob et al. 2010; Kiang and Olabisi 2019).

The activation of survival promoting intracellular signaling pathways (Burdelya 
et al. 2012; Toshkov et al. 2017) was suggested as ARS treatment strategy. Due to 
its prosurvival effects, the Nuclear Factor κB (NF-κB, Sect. 3.2) pathway was cho-
sen as target; bacterial flagellin, the natural agonist of the NF-κB-activating Toll-
like receptor 5 (TLR5), was effective in protecting tissues expressing this receptor 
from radiation damage (Gudkov and Komarova 2010). TLR5 is expressed by cells 
of the hematopoietic system and of the gastrointestinal tract tissues, which deter-
mine survival and severity of ARS. The effect of this flagellin-based drug after pro-
ton exposure (to simulate an SPE) remains to be determined.

The inhibition of apoptosis-promoting pathways such as the p53 pathway by the 
small-molecule inhibitor pifithrin α for the treatment of ARS might reduce massive 
radiation-induced cell death in the hematopoietic system such as spleen, thymus, 
bone marrow, and lymph nodes (Komarov et al. 1999). Unfortunately, p53 inhibi-
tors were found to increase the radiosensitivity of the gastrointestinal tract (Burdelya 
et al. 2006).

5.3  Prevention and Therapy of the Acute Radiation Syndrome (ARS)
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After recovery from ARS, the probability of developing leukemia is about 100 
cases per 105 population at risk (mostly closely exposed Nagasaki atomic bomb 
survivors) in the first 10–15 years after exposure (Tomonaga 1962).

ARS is a severe disease with a bad to infaust prognosis at higher doses even with 
intensive care. During an SPE, doses eliciting the hematological syndrome could be 
accumulated. This would require intense therapeutic care which is unrealistic dur-
ing a space mission. Therefore, such exposures have to be avoided by early warning 
systems for SPE and appropriate radiation shelters. To provide sufficient redun-
dancy in case of failure of the warning system, an ARS treatment kit could be car-
ried anyway on a deep space mission.

5.4  �Nutritional and Pharmaceutical Countermeasures 
for Chronic and Late Radiation Effects

As cancer risk by GCR is a major limiting factor in spaceflight, reduction of this risk 
by pharmacological or nutraceutical intervention is highly desirable. In a recent 
roadmap, NASA assigned a Technology Readiness Level (TRL) of 1 to counter-
measures against degenerative effects, with the goal of TRL 9, underlining the 
urgency to develop and test biological treatments for chronic low-dose exposure to 
GCR (NASA 2015).

A drug or dietary intervention can be understood as a radiation protection mea-
sure. Organic thiophosphates such as amifostine (WR-2721) can act as free radical 
scavengers and protect tissues against harmful effects of ionizing radiation; it is 
therefore approved for clinical use during cancer treatments (Sasse et  al. 2006; 
Kouvaris et al. 2007). The side effects of amifostine encompass nausea, vomiting, 
vasodilatation, and hypotension (Boccia 2002), and they limit the routine clinical 
use (Kamran et  al. 2016). Therefore, a long-term use during space missions is 
excluded. On the one hand, a short-term administration in case of a life-threatening 
SPE is suggested to be beneficial (Durante and Cucinotta 2008), on the other hand, 
doubts remain concerning its safety and efficacy for prevention of ARS (Singh and 
Seed 2019).

In the search for antioxidants with lower toxicity which can be applied for longer 
time periods, nutritional antioxidants are the favorites regardless of a lack of effect 
of dietary antioxidant supplementation in several human diseases (Halliwell 2000, 
2013; Bingham and Riboli 2004). Nevertheless, the European Prospective 
Investigation into Cancer and Nutrition (EPIC) showed inverse associations of fruit 
intake with upper gastrointestinal tract and lung cancer risk, of intakes of total fruits 
and vegetables and total fiber with colorectal cancer risk, and of intake of total fiber 
with liver cancer risk (Bradbury et al. 2014). On the other hand, a meta-analysis of 
68 trials came to the conclusion that supplementation of beta carotene, vitamin A 
and E may increase mortality (Bjelakovic et al. 2007). Concerning the effect in a 
radiation-exposed cohort, a cancer risk reduction was found for the atomic bomb 
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survivors with higher daily fruit and vegetable intake (Sauvaget et  al. 2004). 
Furthermore, in some astronauts, the antioxidant capacity was reduced after an ISS 
mission (Smith et al. 2005; Durante and Cucinotta 2008).

Thus, the enrichment of food with radical scavengers and antioxidants for pro-
tection against reactive oxygen species (ROS, Sect. 3.2) is considered. In animal 
experiments, feeds fortified with berries (strawberries, blueberries) or dried plums 
have shown good results (Guan et al. 2004; Rabin et al. 2005a; Schreurs et al. 2016; 
Poulose et  al. 2017), and antioxidants were also effective when they were 
administered after exposure with high-LET radiation (Kennedy 2014; Sridharan 
et  al. 2016). The berry diet was effective in rodent models for deleterious CNS 
effects of heavy ions (Rabin et al. 2005b; Shukitt-Hale et al. 2007) and also reduced 
heavy ion-induced tumorigenesis (Rabin et al. 2005a). Other candidates are green 
tea and cruciferous plants, hormones (e.g., melatonin), glutathione, superoxide 
dismutase (SOD), metals (especially selenium, zinc, and copper salts) (Weiss and 
Landauer 2000; Durante and Cucinotta 2008) and inhibitors of the NF-κB pathway 
(nonsteroidal anti-inflammatory drugs (NSAIDs) (Yamamoto and Gaynor 2001), 
curcumin (Inano et al. 2000), black raspberries (Huang et al. 2007; Madhusoodhanan 
et al. 2010), and extracts of unripe kiwifruits (Fig. 5.1) and of apples (Davis et al. 
2006; Abe et al. 2010). However, possible side effects of long-term inhibition of the 
NF-κB pathway need to be considered. The chronic and systemic use of strong 
“broadband” NF-κB inhibitors is well able to suppress immune activation in normal 
immune cells. This can lead to severe immunodeficiency, which is not tolerable in 
cancer prevention and human spaceflight (Wong and Tergaonkar 2009). Especially 
in astronauts, immune suppression in addition to the effects of microgravity on the 
immune system is not desirable.

What is valid on Earth in terms of chemoprevention of cancer holds also true for 
space missions: the risk might be reduced by a diet rich in phytochemicals (Kresty 
et al. 2001; Genkinger et al. 2004), but an absolute protection is not possible. Much 
more studies are necessary to find the optimal combination, pharmaceutical form, 
and dosage of the phytochemicals.

Fig. 5.1  Products of the secondary plant metabolism as nutritional countermeasure candidates. 
Kiwi, pomegranate, or other fruits and vegetables contain secondary metabolites which might have 
health-beneficial effects. (© Christine E. Hellweg, DLR)
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5.5  �Crew Selection and Personalized Prevention

From a bio-medical point of view, a sensitive selection of astronauts can lead to a 
reduction in health impairments caused by space radiation and its consequences. 
For older crew members, the expected loss of a healthy lifetime is lower than it is 
for younger people. In addition, astronauts beyond the reproductive age cannot con-
tribute to an increase in the number of teratogenic or genetic damage in a popula-
tion, as they no longer have any offspring to expect. For the induction of certain 
types of tumors, there is also a sex-specific relationship. Women might be at greater 
risk for radiation-induced cancer than men (National Research Council 2006; 
Narendran et al. 2019). This could favor the selection of male crews as women have 
an additional risk of breast cancer. On the other hand, from a psychological point of 
view, there are the advantages of a mixed crew. Furthermore, recent studies on neu-
rodegenerative effects induced by heavy ion exposure have shown that female mice 
are less affected compared to male mice because of a different microglia reaction 
(Krukowski et al. 2018).

Last but not least, the existence of inter-individual variations in radiation sensi-
tivity, as demonstrated for UV light by the various skin types, is far from clear for 
exposure to ionizing radiation. Here, confusion on the notion “radiosensitivity” 
exists (Britel et al. 2018). This term was coined in the beginnings of radiotherapy to 
describe skin reactions and later on other adverse tissue reactions which are consid-
ered to rely predominantly on cell death. To distinguish the increased sensitivity 
towards ionizing radiation-induced tissue reactions from a cancer-proneness in 
response to ionizing radiation exposure which is attributable to cell transformation, 
the term “radiosusceptibility” is suggested (Britel et al. 2018). This differentiation 
is useful for the clinical situations as radiosensitivity and radiosusceptibility not 
necessarily come along with each other: a patient who has a higher risk of a second-
ary cancer can have a normal tissue reaction in radiotherapy and vice versa. The 
genetic background is crucial for the characteristics of the sensitivity. The most 
prominent example for increased sensitivity to ionizing radiation are mutations in 
the Ataxia telangiectasia mutated (ATM) gene. ATM homozygotes are extremely 
radiosensitive individuals (Taylor et al. 1975), and they are also radiosusceptible. 
0.5%–1% of the general population carry a heterozygote ATM mutation and are also 
cancer-prone and radiosensitive (Broeks et  al. 2000; Thompson et  al. 2005). 
Experiments with ATM homozygotes, heterozygotes, and wild-type mice revealed 
that the heterozygotes were more sensitive to X-ray-induced cataracts compared to 
wild-type mice (Worgul et al. 2002; Durante and Cucinotta 2008).

In contrast, patients with the Li Fraumeni syndrome (p53+/−) are cancer-prone as 
the “guardian of the genome,” p53, is impaired, but they are not hypersensitive to 
radiation in terms of tissue reactions.

10–15% of patients receiving radiotherapy suffer adverse reactions (Averbeck 
et al. 2020). Based on studies with radiotherapy patients, three groups of radiosen-
sitivity were defined. In group III, the extreme radiosensitivity is caused by homo-
zygous mutations of radiosensitivity genes which are directly involved in DNA 
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DSB repair or more generally, in the DNA damage response (Sect. 3.2.3, for exam-
ple, Rad9 (Kleiman et al. 2007), BRCA1, and BRCA2 (Baeyens et al. 2004; Durante 
and Cucinotta 2008)). In group II, a moderate radiosensitivity is explained by muta-
tions of these genes in heterozygous state (Copernic Project Investigators et  al. 
2016) and 2–15% of the patients display such moderate overreaction (Averbeck 
et al. 2020). Group I individuals display normal radiosensitivity (~ 85% of patients).

Group III individuals are affected by complex genetic syndromes with a spec-
trum of other defects, while group II individuals might not be affected by any visible 
defect or disease. Therefore, individuals with a reduced DNA DSB repair capability 
(“group II”) might be present in astronaut corps. Here, it is important to know 
whether they are radiosusceptible—meaning that they have a high risk to develop 
radiation-induced tumors—and whether they are more susceptible to degenerative 
effects induced by ionizing radiation exposure (“radiodegeneration”) (Foray et al. 
2016). This knowledge will enable flight surgeons to develop preventive measures 
such as close meshed medical examinations.

For cancer patients, a large spectrum of tests exists to determine their radiosen-
sitivity using a skin biopsy or blood sample (e.g., clonogenic cell survival tests with 
fibroblasts, DNA repair assays based on γHAX/pATM/MRE11/53BP1 immunoflu-
orescence, micronuclei) (Ferlazzo et al. 2017). As these tests focus on tissue reac-
tions as side effect of radiotherapy, there relevance for predicting increased 
sensitivity towards space radiation-induced late effects such as cancer, cataract, 
CNS alterations, and cardiovascular disease has to be evaluated before they can be 
used to offer astronauts a tool to determine their individual risk and based on that, 
personalized preventive measures.
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Chapter 6
Challenges for Exploratory Missions

Abstract  Passive and active dosimeters for space missions are available and 
constantly improved. The radiation environment of the International Space Station 
(ISS) is well characterized and radiation detectors are measuring on the surface of 
Mars and Moon. Concepts of storm shelters are implemented in the upcoming 
Artemis missions to the Moon. The first human phantom experiment beyond LEO 
will bring about the depth dose distribution in the female body. Space radiobiologi-
cal research currently shifts from single ion experiments to combinations of several 
ions and from classical radiobiological endpoints such as cellular survival and chro-
mosomal aberrations to tissue- and organ-specific responses that are relevant for 
degenerative diseases. Furthermore, in addition to monolayer cell cultures, more 
complex model systems such as organoids are used for accelerator-based research. 
Other spaceflight environmental factors than microgravity—stress, isolation, sleep 
deprivation—are coming into the research focus for combined effects. For counter-
measure development, tests with well-known drugs are suggested.

Keywords  Dosimetry for exploration missions · Shielding · Spaceflight 
environmental factors · Space radiation biology research

6.1  �Dosimetry and Shielding: Are We Ready for Launch?

Long-term exploration missions will come, be it either to the Moon, to near-Earth 
asteroids or in the really long term to Mars. We now understand our radiation envi-
ronment in free space much better than in the beginning of the space age, where 
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also the problem of radiation dosimetry and shielding was just at the start of 
discussion.

We know that with relevant shielding—as a storm shelter—applied we can 
reduce the dose due to a Solar Particle Event (SPE) to a relevant exposure which 
will be beneath the relevant limits and thereby also decrease the risk of radiation 
thickness. We know that by choosing the time of flight of a relevant real long-term 
mission (as for example at solar maximum) we can decrease the dose due to GCR 
and thereby also decrease the Risk of Exposure-Induced Death (REID). In the last 
10 years, we landed with radiation detectors on Mars (MSL-RAD) and on the far 
side of the Moon (LND). We increased the number of radiation instruments on-
board the ISS, and we are developing new detector systems for the upcoming Orion 
missions, which will bring back astronauts at the long term on the surface of the 
Moon. Furthermore, on the NASA Artemis I mission, the MATROSHKA AstroRad 
Radiation Experiment (MARE) will for the first time fly two female phantoms on its 
way to the Moon to determine the depth dose distribution as essential prerequisite 
for risk estimation. Both phantoms will be equipped with radiation detectors and 
one will wear a radiation protection vest. Both are modeled on humans, so that the 
radiation dose can be measured in the particularly radiation-sensitive organs. We 
also use these data from the different instruments and experiments to benchmark 
and to further develop our radiation transport models and codes, being able to better 
predict the radiation exposure of upcoming missions. Having all this in mind—there 
is still a lot to do, a lot to measure, a lot do discover, but we are on a good way.

6.2  �Open Questions in Space Radiation Biology and Risk 
Assessment: Can We Tame the Radiation Risk?

The picture of the molecular and cellular changes after a heavy ion hit becomes 
continuously clearer. Depending on the radiation dose and the dose rate, certain cel-
lular outcomes will probably be favored in sustaining the astronauts’ health. During 
an acute high-dose and high-dose rate exposure by an SPE, survival of as many cells 
as possible is desirable in order to avoid organ failure. Concerning the long-term 
risk of low-dose and low-dose rate exposure to GCR, the death of any cell with 
remaining DNA damage, mutations or chromosomal aberrations, could help to 
reduce the cancer risk attributed to space radiation. On the other hand, in organs 
with low cell turnover, low regeneration potential and a high percentage of termi-
nally differentiated cells such as the brain, the loss of neurons by cell death might 
be detrimental and result in continuous accumulation of tissue damage. More 
research is needed to develop strategies of pharmacologically directing the cellular 
outcome of space radiation-exposed cells.

The way to a better risk assessment of space radiation effects reducing the uncer-
tainty of cancer induction risk is still long. It is difficult because not only low doses 
and low dose rates have to be considered, but the radiation quality in space is unique 
and extremely complex, and the involvement of opposing pathways towards sur-
vival or death which can be either beneficial or detrimental (“only a dead cell is a 

6  Challenges for Exploratory Missions



107

good cell” to prevent cancerogenesis). Therefore, the outcome for an individually 
hit cell cannot be predicted. Furthermore, most radiobiological experiments were 
performed with one single ion, with 1 GeV/n iron ions being the most popular. To 
take the complexity of the space radiation field into account, experiments with two 
or more ions (protons, helium, and a heavier ion) are performed. Since shortly, a 
galactic cosmic ray simulation is available at the NASA Space Radiation Laboratory 
(NSRL) at Brookhaven, Upton, NY, USA (Norbury et al. 2016). As the setup of the 
GCR simulation takes several weeks, beamtime is very limited and only granted to 
experiments for which the biological responses to every single ion are known to 
allow comparison of the single ion to the combined beam results. A different GCR 
simulation is planned at the new accelerator FAIR at the GSI Helmholtzzentrum für 
Schwerionenforschung GmbH in Darmstadt, Germany.

There are many knowledge gaps in the connection between well-described early 
effects and also well-documented late effects. Experiments with three-dimensional 
cell models, organoids, and organ cultures might help to close this gap. Also, further 
epidemiological analyses of populations with both low dose exposures and with 
low- and high-LET exposures should continue to improve risk prediction for space 
radiation-induced cancer.

Furthermore, space radiation biology research attempts to understand the  
combined effects of different spaceflight environmental factors, e.g., radiation 
exposure in combination with an elevated stress level or (simulated) microgravity or 
even sleep deprivation or isolation. Whether the DNA damage response, especially 
DNA repair, is altered under microgravity, was investigated with conflicting results, 
and changes in proliferation under microgravity are suggested as possible explanation 
for an altered DNA damage response (Moreno-Villanueva et  al. 2017) (Sect. 3.2). 
New research opportunities might become available with an X-ray source on the 
International Space Station (ISS) and the fluorescence microscope FLUMIAS (https://
www.dlr.de/rd/en/desktopdefault.aspx/tabid-2283/3420_read-52416/).

To simulate stress in cell culture, application of corticoids is tested. Such experiments 
are performed within the current ESA program “Investigations into Biological Effects of 
Radiation (IBER) Using the GSI Accelerator Facility” (https://www.gsi.de/work/forsc-
hung/biophysik/esa_iber.htm) which provides beamtime using high energy (up to 
1 GeV/n) ions for research on the biological effects of space radiation. FAIR will expand 
the research possibilities up to energies of 10 GeV/n. Also the medium energy ions (up 
to 95 MeV/n) available at the Grand Accélérateur National d’Ions Lourds (GANIL) 
provide LET at cellular level that are highly relevant for space radiation research.

Currently, from all space agencies, only NASA has developed a sophisticated 
space radiation risk model. Other agencies have set exposure limits without consid-
ering the population background, sex and age of the astronauts and without model 
calculations. An international agreement on space radiation risk assessment and 
exposure limits is needed for international exploration missions.

Concerning the Acute Radiation Syndrome (ARS), NASA mostly stopped the 
research as this condition can be prevented by a warning system in combination 
with a radiation shelter. Also, ARS research using animal models is stressful and the 
chances to find a better cure are low. Ethical considerations on ARS research for 
spaceflight using animals might therefore result in the conclusion that the animal 
suffering is not justified.

6.2  Open Questions in Space Radiation Biology and Risk Assessment: Can We Tame…
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6.3  �Countermeasures: Do We Know Enough?

Finding a magic pill that protects from cancer and even aging is humankind’s dream. 
There is abundant scientific literature on “magic” phytochemicals, including resve-
ratrol, curcumin, and green tea polyphenols. In the end, none of these substances 
keeps its promises and the spontaneous cancer rate remains high. Some rodent 
experiments showed striking effects for berries, but it is unclear to what extent this 
effect can be translated to humans for a space mission. To speed up the process of 
countermeasure development, NASA suggests testing well-known pharmaceuticals 
such as aspirin because their risk and action profiles are well known.

Based on the assumption that cancer is a multistep process that requires several 
genetic events that can be induced by different carcinogens, a recommendation to 
avoid other carcinogens such as tobacco smoke can be given. Generally, a healthy 
lifestyle with a diet rich in vegetables, fruits, and fiber and at least 150  min of 
moderate-intensity aerobic activity per week is recommended as cancer 
prophylaxis.

6.4  �Benefits of Space Radiation Research 
for Terrestrial Applications

Beyond the direct benefit of space radiation research for radiation protection during 
human space missions, this research contributes to the understanding of side effects 
of tumor radiotherapy using accelerated ions, e.g., protons and carbon ions. Tumor 
therapy aims at eliminating all cells of a tumor while sparing the surrounding nor-
mal tissue. The depth dose distribution and the minor lateral expansion of energetic 
ion beams are highly favorable to achieve this goal (Kraft 1990): In the entrance 
channel, the particles have a high energy, and the absorbed dose is low. Traversing 
the tissue, the particle increasingly loses energy and the energy deposition reaches 
its maximum shortly before the particle comes to a complete stop (Bragg peak of 
the range versus LET curve, Fig. 3.3). Beyond this maximum, only a very small 
physical dose is delivered to the tissue (Kraft et al. 1999) from secondary charged 
particles and neutrons (but with high RBE).

The use of high-LET carbon ions instead of low-LET radiation, such as X-rays 
and γ-rays, bears further advantages (Kraft 1990). While protons have a relative 
biological effectiveness (RBE, Sect. 3.3) comparable to or only slightly higher than 
that of photons (Courdi et al. 1994; Gueulette et al. 1997), carbon ions used for 
therapy have a higher RBE of ~3 (Kanai et al. 1997; Ando et al. 2006).

The energy of the carbon ion beam is modulated in such a way that the Bragg 
peak (Fig. 3.3) is located within the tumor volume. The Bragg peak is spread out by 
weighted superposition of elementary Bragg curves to cover the whole tumor with 
a uniform biological dose (Bortfeld and Schlegel 1996; Jette and Chen 2011). In 
clinical use of proton and carbon ion beams, a deep-seated tumor is irradiated with 
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this Spread-Out Bragg Peak (SOBP) (Coutrakon et al. 1991) displaying a high LET, 
whereas surface skin is exposed to the lower doses of the entrance plateau (Courdi 
et al. 1994).

For ion beam therapy, ~ 300 MeV protons and up to 450 MeV/n carbon ions are 
used (Jäkel 2008). In the entrance region of a carbon ion beam, the LET is around 
10 keV/μm, and it rises to 50–80 keV/μm in the Bragg peak region (Durante and 
Loeffler 2010). These energies and LET ranges are also highly relevant in space 
radiation research. Therefore, the understanding of basic mechanisms of complex 
DNA damage induction and repair, DNA damage response, cell killing, cell sur-
vival, and other cell fates after heavy ion exposure is as relevant for space radiobiol-
ogy as for particle therapy of tumors (Hellweg et  al. 2018; Ray et  al. 2018). 
Additionally, the role of the genetic background (e.g., p53 gene status (Mori et al. 
2009) for the cellular outcomes is important to understand on the one hand, possible 
tumor radioresistance, and on the other hand, inter-individual variability of sensiv-
itity towards heavy ion exposure, enabling personalized approaches for space radia-
tion protection and tumor therapy.

One drawback of carbon ion therapy might be the fact that despite the surround-
ing tissues are hit by much lower doses than in conventional radiotherapy, the RBE 
at such doses might be high for inducing late effects. The data from clinical studies 
are currently too heterogeneous to draw a definite conclusion for the risk of late 
effects for particle therapy (Suit et al. 2007). Here, the numerous attempts to deter-
mine the tumor induction RBE of different charged particles in space radiobiology 
(Sect. 3.3) could support assessing the risks of particle therapy to trigger late 
sequelae.

Both, space radiation research and particle therapy could profit from successful 
countermeasure development. A systemic countermeasure would be preferable for 
space missions, while a local approach could further protect healthy, (albeit small) 
tumor-surrounding tissue that is hit by charged particles from acute or late effects. 
Identification of radioprotective pathways bears the possibility to trigger or enhance 
these pathways as well as to suppress them. Therefore, based on such results, inhibi-
tors of radioprotective pathways could be developed in order to further augment the 
tumor cell killing effect of carbon ions.

After closing heavy ion radiotherapy at the Lawrence Berkeley National 
Laboratory (LBNL) in 1992 (Castro et al. 1994), the Heavy Ion Medical Accelerator 
in Chiba (HIMAC) at the National Institute of Radiological Sciences (NIRS) in 
Japan (Hirao et al. 2002), and the GSI (“Gesellschaft für Schwerionenforschung” 
now “GSI Helmholtzzentrum für Schwerionenforschung”) in Darmstadt, Germany, 
formed the nucleus for carbon ion radiotherapy (Kraft et al. 1994). Based on the 
pioneering work at GSI, patients are now treated with carbon ion radiotherapy at the 
Heidelberg Ion Therapy (HIT) facility in Heidelberg. In 2017, 72 particle therapy 
facilities were in operation worldwide, and a number of 140 was expected to be 
reached in 2021 (Dosanjh et al. 2018a). Partly, these facilities are open to radiobio-
logical research (Dosanjh et al. 2018b), thereby offering opportunities to close the 
gaps in the understanding of biological effects of charged particles.

6.4  Benefits of Space Radiation Research for Terrestrial Applications
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6.5  �Conclusion

Astronauts on exploration missions should be equipped with appropriate personal 
passive and active dosimeters. They should have access to a radiation shelter and to 
information on space weather especially upcoming SPE. The spaceship should be 
optimized for GCR shielding, especially the sleeping quarter, and should be 
equipped with efficient propulsion to reduce the time spent in deep space. Habitats 
on celestial bodies should provide better GCR shielding to reduce the mission dose 
as much as possible. The diet should contain fruits, berries, vegetables, and fiber. 
Astronauts should be given the opportunity to participate in an up-to-date space 
radiation protection course. The space pharmacy should be equipped with drugs 
against ARS for scenarios of a worst case SPE combined with technical failure of 
the warning system. From the point of view of healthy lifetime reduction, the 
recruitment of older crewmembers is recommended. It remains open whether all 
these measures will reduce the disease risks to an acceptable extent using the cur-
rently available model. In the end, it remains a decision of the involved societies and 
space agencies which space radiation risk is acceptable for space exploration mis-
sions and an informed consent of astronauts is required. The ongoing space radia-
tion research is contributing to humankind’s continuous search for remedy against 
aging and cancer.
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