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Space Radiation
• Lecture #16 – October 22, 2020
• Sources of radiation
• Biological effects
• Approaches to shielding
• Probabilistic estimation
• Spacecraft shielding design
• Recent revisions to understanding radiation effects 
• Split into groups for Team Project 1 work
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NASA Radiation Risk Concerns
• Carcinogenesis – increased risk of early death due to radiation 

exposure
• Central nervous system (CNS) – Acute (immediate) or late-life 

damage to CNS
• Chronic and degenerative tissue risks – e.g., cataracts, heart 

disease
• Acute radiation risks – high dosage effects
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The Origin of a Class X1 Solar Flare
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Solar Radiation
• Produced continuously (solar wind)
• Increases dramatically during solar particle events (SPEs) 

– Coronal ejections
– Solar flares

• Primarily high-energy electrons and protons (10-500 MeV)
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Image of Galaxy in Gamma Rays
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Galactic Cosmic Rays
• Atomic nuclei, stripped of electrons and accelerated by 

supernova explosions to nearly the speed of light
• Constituents:

– 90% protons
– 9% alpha particles
– 1% heavier elements

• Ionization potential proportional to square of charge 
(Fe26+=676 x p+)
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Radiation in Free Space
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Radiation Damage to DNA
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Radiation Units
• Dose D= absorbed radiation

• Dose equivalent H= effective absorbed radiation

• LET = Linear Energy Transfer <KeV/µ m>
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1 Gray = 1
Joule

kg
= 100 rad = 10, 000

ergs

gm

1 Sievert = 1
Joule

kg
= 100 rem = 10, 000

ergs

gm

H = DQ rem = RBE � rad
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Radiation Quality Factor
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Radiation Q
X-rays 1

5 MeV γ-rays 0.5
1 MeV γ-rays 0.7

200 KeV γ-rays 1
Electrons 1
Protons 2-10

Neutrons 2-10
α-particles 10-20

GCR 20+
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Symptoms of Acute Radiation Exposure
• “Radiation sickness”: headache, dizziness, malaise, nausea, 

vomiting, diarrhea, lowered RBC and WBC counts, irritability, 
insomnia

• 50 rem (0.5 Sv)
– Mild symptoms, mostly on first day
– ~100% survival

• 100-200 rem (1-2 Sv)
– Increase in severity and duration
– 70% incidence of vomiting at 200 rem
– 25%-35% drop in blood cell production
– Mild bleeding, fever, and infection in 4-5 weeks
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Symptoms of Acute Radiation Exposure
• 200-350 rem (2-3.5 Sv)

– Earlier and more severe symptoms
– Moderate bleeding, fever, infection, and diarrhea at 4-5 weeks

• 350-550 rem (3.5-5.5 Sv)
– Severe symptoms
– Severe and prolonged vomiting - electrolyte imbalances
– 50-90% mortality from damage to hematopoietic system if untreated
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Symptoms of Acute Radiation Exposure
• 550-750 rem (5.5-7.5 Sv)

– Severe vomiting and nausea on first day
– Total destruction of blood-forming organs
– Untreated survival time 2-3 weeks

• 750-1000 rem (7.5-10 Sv)
– Survival time ~2 weeks
– Severe nausea and vomiting over first three days
– 75% prostrate by end of first week

• 1000-2000 rem (10-20 Sv)
– Severe nausea and vomiting in 30 minutes

• 4500 rem (45 Sv)
– Survival time as short as 32 hrs - 100% in one week
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Long-Term Effects of Radiation Exposure
• Radiation carcinogenesis

– Function of exposure, dosage, LET of radiation

• Radiation mutagenesis
– Mutations in offspring
– Mouse experiments show doubling in mutation rate at 15-30 rad 

(acute), 100 rad (chronic) exposures

• Radiation-induced cataracts
– Observed correlation at 200 rad (acute), 550 rad (chronic)
– Evidence of low onset (25 rad) at high LET
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Radiation Carcinogenesis
• Manifestations

– Myelocytic leukemia
– Cancer of breast, lung, thyroid, and bowel

• Latency in atomic bomb survivors
– Leukemia: mean 14 yrs, range 5-20 years
– All other cancers: mean 25 years

• Overall marginal cancer risk
– 70-165 deaths/million people/rem/year
– 100,000 people exposed to 10 rem (acute) -> 800 additional deaths 

(20,000 natural cancer deaths) - 4%
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NASA Radiation Dose Limits
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Density of Common Shielding Materials
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Comparative Thickness of Shields (Al=1)
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Comparative Mass for Shielding (Al=1)
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Solar Cycles

22



Space Radiation

ENAE 483/788D – Principles of Space Systems Design

U N I V E R S I T Y  O F
MARYLAND

Shielding Materials and GCR
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Material
E (Sv)

Solar Minimum SPE + Solar 
Maximum

10 g/cm2

Liquid H2 0.40 0.19
Liquid CH4 0.50 0.30
Polyethylene 0.52 0.33
Water 0.53 0.35
Epoxy 0.53 0.36
Aluminum 0.57 0.43

20 g/cm2

Liquid H2 0.36 0.16
Liquid CH4 0.45 0.22
Polyethylene 0.47 0.24
Water 0.48 0.25
Epoxy 0.49 0.26
Aluminum 0.53 0.30

40 g/cm2

Liquid H2 0.31 0.15
Liquid CH4 0.43 0.21
Polyethylene 0.46 0.23
Water 0.46 0.23
Epoxy 0.48 0.24
Aluminum 0.51 0.26
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SPE and GCR Shielding Effectiveness
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Francis Cucinotta, “What’s New in Space Radiation Risk Assessments for Exploration”  NASA Future In-Space Operations Telecon, May 18, 2011

Confidence Levels for Career Risks on ISS
EXAMPLE: 45-yr.-Old Males; GCR and trapped proton exposures
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Effective Dose Based on Shielding
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Francis A. Cucinotta, Myung-Hee Y. Kim, and Lei Ren, Managing Lunar and Mars Mission Radiation Risks Part I: Cancer Risks, 
Uncertainties, and Shielding Effectiveness NASA/TP-2005-213164, July, 2005
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Shielding Materials Effect on GCR
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–, Human Integration Design Handbook, NASA SP-2010-3407, Jan. 2010
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Lunar Regolith Shielding for SPE
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–, Human Integration Design Handbook, NASA SP-2010-3407, Jan. 2010
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Mars Regolith Shielding Effectiveness
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–, Human Integration Design Handbook, NASA SP-2010-3407, Jan. 2010
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Radiation Exposure Induced Deaths
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Francis A. Cucinotta, Myung-Hee Y. Kim, and Lei Ren, Managing Lunar and Mars Mission Radiation Risks Part I: Cancer Risks, 
Uncertainties, and Shielding Effectiveness NASA/TP-2005-213164, July, 2005
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3% Risk

(REID)

6% Risk

(REID)

95% CL 90% CL 95% CL 90% CL
Age, y Males
35 140 184 290 361
45 150 196 311 392
55 169 219 349 439
Age, y Females
35 88 116 187 232
45 97 128 206 255
55 113 146 234 293

Number of  Days in Deep Space At Solar Minimum at 20 gm/cm2 shielding with a 
95% or 90% confidence level to be below 3% or 6% REID (Avg US pop)

Deep Space Mortality Risks from GCRs

30
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Early Mars Base Concept
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NASA LaRC Ice Home Concept
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Lava Tube Exploration
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Lave Tubes – Earth and Mars Concept
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New Estimates of Radiations Risks are Favorable 
for Mars Exploration: However Major Scientific 
Questions Remain Unanswered


Francis A. Cucinotta
University of Nevada, Las Vegas NV, USA

Future In-Space Operations (FISO) 
colloquium  (July 13, 2016)

Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016
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Introduction to Space Radiation and Exploration

Space radiation is a major challenge to 
exploration:

• Risks are high limiting mission length or 

crew selection with high cost to protect 
against risks and uncertainties


• Past missions have not led to attributable 
rad-effects except for cataracts, however 
for a Mars mission most cancers observed 
would be attributable to space radiation


Approach to solve these problems:

• Probabilistic risk assessment framework 

for Space Mission Design

• Hypothesis & Ground-based research 

• Medical Policy Foundations for Safety

Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016
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Space Radiation Safety Requirements

• Congress has chartered the National Council on 
Radiation Protection and Measurements 
(NCRP) to guide Federal agencies on radiation 
limits and procedures

• Safety Principles of Risk Justification, Risk Limitation and 

ALARA (as low as reasonably achievable)

• Crew safety


• limit of 3% fatal cancer risk based on 1989 
comparison of risks in “unsafe” industries 


• NASA limits the 3% lifetime fatality risk at a 95% 
confidence level to protect against uncertainties in 
risk projections


• Placeholder requirements in PEL limit Central 
Nervous System (CNS) and circulatory disease risks 
from space radiation


• Limits set Mission and Vehicle Requirements

•  shielding, dosimetry, countermeasures, & crew

Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Requirements to Limit Radiation Mortality
• The National Council on Radiation Protection and Measurements 

(NCRP) is Chartered by the U.S. Congress to guide Govt. Agencies 
on Radiation Safety.


• In 1989,  NCRP recommended age at exposure and gender based 
dose limits using a 3% fatal cancer risk as basis for dose limits (<1 
in 33 probability of occupational death).


• The NCRP Considered comparisons to accidental deaths in the so-
called “Safe”, “Less-Safe” and “Unsafe” Industries and concluded 
Dose Limits should limit risk similar to “Less-safe” Industries.


• The NCRP noted that since Astronauts face other risks similar to 
“unsafe” industries it would be inappropriate for NASA’s radiation 
limits to be similar to risks in “unsafe” industries.


• However Safe, Less Safe and Unsafe Industry risks continue to 
decline. 
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Occupation Annual Fatal Accident Rate per 100,000 workers


(%Lifetime Fatality for 45-y career)
1987a 1998b 2009c

Safe
   Manufacturing 6 (0.27%) 3 (0.14) 2 (0.1)
   Trade 5 (0.23) 2 (0.1) 4.3 (0.2)
   Services 5 (0.23) 1.5 (<0.1) 2 (0.1)
   Government 8 (0.36) 2 (0.1) 1.8 (<0.1)
Less Safe
   Agriculture 49 (2.2) 22 (1.0) 25.4 (1.1)
   Mining 38 (1.7) 24 (1.1) 12.8 (0.58)
   Construction 35 (1.6) 14 (0.63) 9.3 (0.42)
   Transportation 28 (1.3) 12 (0.54) 11 (0.5)
ALL 10 (0.45) 4 (0.18) 2.8 (0.13)

Annual Fatality Rates from Accidents in Different Occupations noted by NCRP Report 98 (1989)a, 
NCRP Report 132 (2000)b,   and recent values from National Safety Councilc. Percent 
probabilities for occupational fatality for careers of 45 years are listed in parenthesis. 


Risk in Less-Safe Industries have decreased to <1%

54
Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Alternative Comparative Risk Basis?
• Current Loss of Crew (LOC) risk for Spaceflight is 1 in 270 according to 

NASA.


• Aerospace Safety Advisory Panel (ASAP) recommends NASA can make 
investments to reduce LOC to less than 1 in 750.


• The Life-Loss for Radiation Death from Gamma-ray induced cancers is 
estimated at 15-years for Never-smokers compared to 40 years for LOC.


• Life-Loss for GCR is higher than gamma-rays.


• Is the 1 in 33 radiation limit comparable to LOC (1 in 270) probability 
when adjusted for life-loss? (ethics, euthanasia?)


• Risk to Fireman or soldiers in Iraqi war zone soldiers ~0.5 %


• Note: Leadership is finding solutions to space radiation problem, 
while waiving radiation limits is not leadership.
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Mean Life-loss for Equivalent γ-ray exposure 
if Radiation Death Occurs for 18-months on ISS  

(Female and Male Never-smokers)
Tissue HT, Sv or


Gy-Eq
LLE, y


 
Leukemia, Sv 0.151 23.1
Stomach 0.235 16.3
Colon 0.261 16.7
Liver 0.229 13.5
Bladder 0.231 11.2
Lung 0.264 13.2
Esophagus 0.249 15.1
Oral Cavity 0.308 15.3
Brain-CNS 0.286 18
Thyroid 0.308 22
Skin 0.282 11.8
Remainder 0.264 12
Breast 0.289 15.7
Ovarian 0.241 17.9
Uterine 0.241 17.1
Total Cancer 0.244 15
CVD, Gy-Eq 0.182 9.1
IHD 0.182 9.5

Tissue HT, Sv or


Gy-Eq
LLE, y


 
Leukemia, Sv 0.145 22.1
Stomach 0.227 15.6
Colon 0.251 16.4
Liver 0.235 14
Bladder 0.224 10.9
Lung 0.245 13.6
Esophagus 0.242 14.9
Oral Cavity 0.261 15.8
Brain-CNS 0.279 17
Thyroid 0.261 20.8
Skin 0.308 12
Remainder 0.253 11.7
Prostate 0.260 11.5
Total Cancer 0.228 15
CVD, Gy-Eq 0.174 9.8
IHD 0.174 10.6

CVD=Cardiovascular disease, IHD=Ischemic Heart disease
56
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Uncertainties in Space Radiobiology Require 
New Knowledge and Approaches

•NCRP Reports 98, 132, 152 noted risk estimates were 
highly uncertain for Galactic Cosmic Rays (GCR).

– Uncertainties too large for Earth based methods to be 

applied to GCR

– NRC Reports in 1996, 1999 and 2008 echo these concerns


•All experts agree that knowledge is limited:

– Unlike other disciplines where the fundamental physiological 

basis of spaceflight biomedical problems is largely known, the 
scientific basis of HZE particle radiobiology is largely unknown


– Differences between biological damage of HZE particles in 
space vs. x-rays, limits Earth-based data on health effects for 
space applications

57
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NASA Space Cancer Risk (NSCR) Model- 2012

• Reviewed by U.S. National Academy of 
Sciences (NAS)

• 95% Confidence level for Limit of 3% 

Radiation Exposure Induced Death 
(REID)

• Not conservative due to non-cancer risks 

yet to be evaluated

• Radiation quality described using 

track structure theory

• PDF’s for uncertainty evaluation

• Leukemia lower Q than Solid cancer


• Redefined age dependence of risk 
using BEIR VII approach

• UNSCEAR Low LET Risk coefficients


• Risks for Never-Smokers to represent 
healthy workers GCR doses on Mars

GCR dominate ISS organ risk
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Comparison of MSL RAD 
Measurements to NASA Space Cancer 
Risk Model (NSCR-2012): 

 Comparison GCR Dose Rate

(mGy/day)

GCR Dose Equiv. 
Rate (mSv/day)

Model Cruise to Mars  0.445 1.80

RAD Cruise to Mars

(Zeitlin et al. 2013)

0.481+0.08 1.84+0.33

Model Mars surface 

(Kim et al. 2014)

0.20 0.72

RAD Mars Surface

 (Hassler et al. 2014) 0.205+0.05 0.70+0.17
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Reference Population for Astronauts?

• All prior analysis used the Average U.S. Population as the 
reference population for astronauts.


• Our Cancer risk model introduced some aspects of health 
worker effect for risk projections. 

• adapted by NASA after NAS review in 2012 


• Astronauts should be considered as “healthy workers”, which 
could modify risk estimates. 

• Lower cancer risks may occur due to improved BMI, exercise, diet, or early 

detection from improved health care compared to U.S. Average

• More than 90% of astronauts are never-smokers and others former smokers


• Healthy worker effects are difficult to quantify with the 
exception of cancer rates for never-smokers.

• Revised NASA projection models to consider estimates of radiation 

risks for never-smokers
60

Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Healthy Worker Effects in Astronauts (N=339) 
(Cucinotta et al. 2013)

61NS = Never-Smoker; NW = Normal Weight
Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Astronauts live very long due to low Circulatory 
Disease  --even with low space doses (ave. 40 mSv)

Comparison SMRAstronauts vs. U.S. avg. 0.60 [0.34, 1.06]Astronauts vs.  NS avg. 1.13 [0.64, 1.99]Astronauts vs NW avg. 0.60 [0.34, 1.05]Astronauts vs NS-NW Avg. 1.24 [0.70, 2.18]

Standard Cancer Mortality Ratio (SMR) for astronauts 

relative to other populations for  Cancer

Comparison SMR
Astronauts vs. U.S. avg. 0.33 [0.14, 0.80]
Astronauts vs.  NS avg. 0.43 [0.18, 1.04]
Astronauts vs NW avg. 0.47 [0.19, 1.12]
Astronauts vs NS-NW Avg. 0.67 [0.28, 1.62]

  SMR for astronauts for Circulatory diseases 


NS = never-smoker, NW = Normal Weight 62
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Major Sources of Uncertainty

• Radiation quality effects on 
biological damage (RBE – QF)

• Qualitative and quantitative differences of 

Space Radiation  compared to x-rays 

• Dependence of risk on dose-rates in 

space (DDREF)

• Biology of DNA repair, cell regulation


• Predicting solar events

• Onset, temporal, and size predictions


• Extrapolation from experimental 
data to humans


• Individual radiation-sensitivity

• Genetic, dietary and “healthy worker” effects Nature Rev. Cancer (2008)

17
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The Dose and Dose-Rate Reduction Effectiveness 
Factor (DDREF) 

• DDREF reduces cancer 
risk estimates.


• DDREF estimate from 
A-bomb survivors is 1.3 
in National Academy of 
Science BEIR VII 
Report.


• DDREF estimate from 
animal experiments 2 
to 3.

64

Bayesian Analysis using 

BEIR VII Prior Distribution and 

mouse data


Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Cucinotta et al., Life Sci Space Res (2015)Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016
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Predictions of percentage risk of exposure induced death (%REID) 
for 1-year space missions at deep solar minimum.

Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Major Unanswered Questions in Cancer 
Risk Estimates

1) There is a lack of Animal Data for Heavy ion quality 
factors for major tissues in humans (lung, breast, 
stomach, etc.). Will NASA ever fund such studies?


2) Are the tumors produced by Heavy ions and 
Neutrons more malignant than that of Gamma-
rays?


3) Do Inverse Dose-Rate Effects Occur for High LET 
radiation?


4) Do Non-Targeted Effects (NTE) dominate dose-
responses at space relevant doses?

67
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1) Lack of Data for Human Tissues
• Experts agree that Mice are reasonable model to estimate Quality 

Factors and Dose-Rate modifiers.

• However, human data suggests Lung, Stomach, Breast, Colon, 

Bladder etc. dominate human radiation risk.

• Mouse experiments show wide variation in radiation quality effects 

for different tumors for gamma-rays and neutrons.

• NASA has only funded a 1970’s model of Harderian Gland tumors 

with 3 or more particle beams.

• H. Gland does not occur in Humans.

• Only limited data available for relevant tumor types!


• 21st Century Mouse models have not been funded for risk 
estimates, only limited mechanistic studies.


• Major implications leading to large uncertainties which reflects 
variability in Available data rather than Best Data. 
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2) Qualitative Differences in Cancer Risks from GCR

• Risk Models only account for 
quantitative differences using 
Quality Factors (QFs) or PDFs


• Issues emerging  from research 
studies of  GCR Solid cancer risks 

• Earlier appearance and aggressive 

tumors not seen with controls, gamma-
rays or proton induced tumors


• Non-linear response at low dose due to 
Non-Targeted Effects confounds 
conventional paradigms and RBE 
estimates


• SPE (proton) tumors are similar to 
background tumors

69
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GCR Heavy ions produce more aggressive tumors compared to 
background or X-ray tumors

70

UTMB NSCOR- PI Robert Ullrich

Shows much higher occurrence of 
metastatic Liver (HCC) tumors from GCR 
Fe or Si nuclei compared to gamma-rays 
or protons

Georgetown NSCOR- PI Al Fornace

Shows much higher occurrence of 
invasive carcinomas tumors from GCR 
Fe nuclei compared to gamma-rays or 
protons
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3) Inverse Dose-Rate Effects?
• Studies with fission neutrons demonstrated an Inverse dose-rate 

effect for solid tumors in mice where chronic exposures were more 
effective than acute exposures. 

• Reports of inverse dose-rate effects varied with tissue type, dose, 

sex, etc.

• Cell sterilization effects are confounder.

• Not observed with gamma-rays or X rays.


• Short-term studies with HZE particles have only considered dose 
fractionation and do not suggest an inverse-dose rate effect occurs.


• Long-term chronic HZE particle irradiation similar to old fission 
neutron studies have not been conducted


• NSCR-2015 utilizes Grahn et al. 24 week Fission neutron data. 
Therefore inverse dose-rate effects should be reflected in RBE 
values considered, however lacking underlying understanding of 
the effect.  
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4) Non-Targeted Effects and GCR

• Non-targeted effects (NTE) include 
genomic instability in the progeny of 
irradiated cells and various bystander 
effects


• NTE challenges linear model used at 
NASA is a potential game-changer on role 
of Mission length, shielding and 
biological countermeasures


• Non-linear or “flat” dose responses is 
suggested for many non-targeted effects 
at low dose

• Epithelial-mesenchymal transition (EMT)

• Chromosomal aberrations and micro-nuclei

• Mouse solid tumors

• Gene expression and signaling


• Understanding NTE’s is critical research 
area to reduce cancer risk uncertainty

The Lancet Oncology (2006)

Conventional vs NTE Dose Response
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Conclusions

• Revised Model estimates significantly reduce REID 
predictions and uncertainty bands.


• However large questions remain:

• Too many experiments at non-relevant doses (>0.2 Gy)

• Scarcity of HZE particle tumor data?

• Inverse-dose rate effects for chronic irradiation?

• Higher lethality of HZE particle tumors?

• Non-targeted effects altering shape of dose response and 

increasing RBE estimates?

• Non-cancer risks contributions to REID?

• Does chronic inflammation occur at low dose?

• Under-developed approaches to use transgenic animals and 

other new experimental models to estimate human space 
radiation risks? 73
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