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Space Radiation Effects
• Sources of radiation
• Biological effects
• Approaches to shielding
• Probabilistic estimation
• Spacecraft shielding design
• Recent revisions to understanding radiation effects
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Issues of Human Radiation Exposure
• Acute dosage effects
• Carcinogenesis 
• Central nervous system effects
• Chronic and degenerative tissue risks
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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

11



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

Space Radiation Effects  
ENAE 697 - Space Human Factors and Life Support

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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SPE and GCR Shielding Effectiveness
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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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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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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
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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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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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• Cancer Risk Estimates for Deep Space 
• Unanswered Science Questions in Cancer Risks 
• Conclusions 
• Backup Material on Space Environments and Shielding
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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



Cosmic Ray Health Risks 

• Risks: 
• Acute Radiation Syndromes 

(ARS) 
• Cancer 
• Cataracts 
• Central Nervous System Effects 
• Circulatory Diseases 
• Other normal tissue effects 

• Focus: High Charge and Energy 
(HZE) particles have unique 
track structures leading to 
quantitative and qualitative 
differences in biological effects 
compared to γ-rays. Cataracts in Astronauts
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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. 

53
Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



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%
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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
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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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      Space Radiation Environments
• Galactic cosmic rays (GCR) 

penetrating protons and heavy 
nuclei;  a biological science 
challenge 
• shielding is not effective due to 

secondaries in shielding and tissue 
• large biological uncertainties limits ability 

to evaluate risks accurately 
• Uncertainties cloud understanding of 

effectiveness of possible mitigations 

• Solar Particle Events (SPE): low to 
medium energy protons 
• shielding is effective; optimization 

needed to reduce weight 
• accurate event alert, dosimetry and 

responses are essential for crew safety 
• improved understanding of radiobiology 

needed to perform optimization

59

• GCR dose and SPE probability are anti-
correlated over 11-year solar cycle. 
• Hsolid is Organ Dose Equivalent for Solid 
cancer risks  
• Lines show times for 43 largest of ~400 
SPE’s since 1950 (organ doses >10 mGy)
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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
60
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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
61
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Healthy Worker Effects in Astronauts (N=339) 
(Cucinotta et al. 2013)

62NS = 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 63
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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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Fundamental Issue of Types of Radiation

• The ionizations and excitations in cells and tissue 
that occur are not distributed at random. 

• They are stochastically produced but localized 
along the track of  the incoming radiation. 

• The pattern of  this localization depends on the 
type of  radiation involved. 

• This means that different types of  radiation will 
deposit different amounts of  energy in the same 
space. 

• The description of  energy deposition at 
microscopic level is called Microdosimetry or 
Track Structure

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



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.

66

Bayesian Analysis using  
BEIR VII Prior Distribution and  
mouse data 
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NASA Radiation Quality Function (NQF)-2012  

• International bodies use QF dependent on LET alone. 
• Track structure concepts and existing radiobiology data used to 

guide choice on functional forms for QF: 
• Maximum effectiveness per particle can be estimated by experiments for 

RBEmax and occurs at “saturation point” of cross section for any Z 
• Delta-ray effects for relativistic particles accounted for in QF model; higher 

Z less effective at fixed LET compared to lower Z 

• PDFs account for variation of three parameters values: 
 (Σ0 /αγ, m, and κ) based on existing but limited radiobiology 
data. PTD low energy correction.  Qmax~ Σ0 /αγ
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Uncertainty Analysis
• Monte-Carlo uncertainty analysis uses risk equation modified 

by normal deviates that represent possible values for key 
factors that enter  represented by probability distribution 
functions (PDF):  
• define X∈R(x) as a random variate that takes on quantiles x1, x2, …, xn such that p(xi) 

=P(X=xi) with the normalization condition Σ p(xi)=1.  
• C(xi) is defined as the cumulative distribution function, C(x), which maps X into the 

uniform distribution U(0,1), 
•  Define the inverse cumulative distribution function C(x)-1 to perform inverse mapping of 

U(0,1) into x: x=C(x)-1 

• PDF for QF, DDREF, Low-LET cancer rate, Organ dose, etc.  

• For a Monte-Carlo trial, ξ, Risk Rate is like
	

0
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Risk for Exploration (Cucinotta et al. 2013) 
Cancer and Circulatory Disease

ISS = International Space Station; lower risk because GCR partially shielded 
By Earth Shadow and Magnetic Field 
Circulatory disease estimate from human data on Stroke and Ischemic Heart disease 
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PC = Probability of 
Causation at 10 years 
Post-exposure in these 
Calculations. 
If cancer is discovered 
In astronaut probability 
Radiation was the cause
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Redefining QFs to Reduce Uncertainty

• QF’s are based on RBEmax that introduces uncertainty of 
low dose-rate gamma-rays. 

• NSCR-2015 redefines QF’s against RBE for acute gamma-
rays at higher doses for solid tumors in mice. 

• Numerous experiments show no dose-rate effect at high 
LET for exposure times < 2 weeks 

• Bayesian analysis used to correlate DDREF for matched 
solid tumor data.  

• Lowers risk and uncertainty estimates by 25% and 35%, 
respectively.
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NSCR Revision : Track Structure Approach:  
“core” and “penumbra” in Biological Effects
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Lack of dose-rate effect for heavy ions

73

Incidence of HCC (%) following Acute or Fractionated 
Exposures of 600 MeV/nucleon 56Fe Ions (Ullrich, Weil et al.)
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Tumor Model Sex Radiation, RBEmax DDREF RBEγAcute
Harderian Gland* B6CF1 mice F Fe, 180 (600 MeV/u) 39.6+11.5 

27 
28

- 
- 

2.17 + 1.1

- 
- 

14
Harderian Gland B6CF1 mice F Ar SOBP**, ~200 27 - -
Heptocellular 
carconoma

CBA mice M Fe, 155 (1 GeV/u) Not Estimated - 50.9+9.9

Heptocellular 
carconoma

C3H/HeNCrl mice M Fe (600 MeV/u), 175 Not Estimated - 66.9+41.1
Heptocellular 
carconoma

C3H/HeNCrl mice M Si,  (300 MeV/u), 70 Not Estimated - 73.5+46.6
Lung BALB/c mice F Fission neutrons 33+12 2.8 11.8
Mammary Balbc mice F Fission neutrons 18.5+6 1.9 9.7
Pituitary RFM mice F Fission neutrons 59+52 2.6 22.5
Harderian Gland RFM mice F Fission neutrons 36+10 2.5 14.6
All Epithelial B6CF1 mice M Fission neutrons 28.3+4.0 2.3+0.3 12.1+4.5
Lung B6CF1 mice M Fission neutrons 24.3+4.6 2.2+0.3 11.0+2
Liver B6CF1 mice M Fission neutrons 39.1+12.1 2.0+0.3 19.3+5.6
Glandular and 
Reproductive Organs

B6CF1 mice M Fission neutrons 49.3+7.8 4.3+0.3 16.6+5.6

Harderian Gland B6CF1 mice M Fission neutrons 50.7+10.8 4.7+0.3 12.1+2.9
All Epithelial B6CF1 mice F Fission neutrons 21.9+3.3 1.7+0.3 11.0+1.6
Lung B6CF1 mice F Fission neutrons 18.1+4.2 1.8+0.3 10.3+2.2
Liver B6CF1 mice F Fission neutrons 23.3+11.6 5.9+0.3 4.4+1.6
Glandular Reproduct B6CF1 mice F Fission neutrons 84.4+20.8 12.2+0.3 7.4+1

Harderian Gland B6CF1 mice F Fission neutrons 61.9+31.5 8.7+0.3 5.8+1.2

Estimates of, RBEmax, the tumor specific  DDREF, and RBEγAcute for  
low dose HZE particles or neutrons relative to acute γ-rays.

Data of Fry et al., Alpen et al.. Weil et al., Grahn et al. (24 week) and Ullrich et al.  74
Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



Reducing Uncertainty in QFmax parameter

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



Revised NASA Quality Factor- 2015 
based on mouse solid tumor RBE data for neutrons and HZE particles 
against low dose-rate or acute gamma-rays

Cucinotta PloS One (2015)

RBE or QF for 
Fission neutrons 
are averaged over 
low energy proton, 
HI recoils etc.  
Spectra 

Results suggest 
Fission neutrons 
and HZE Iron have 
similar RBEs and 
not max effective 
radiations 76

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



Cen
tra

l E
sti

mate

One
 S

igm
a

Upp
er 

90
% C

I

Upp
er 

95
% C

I

S
af

e 
D

ay
s 

in
 S

pa
ce

0

200

400

600

800

1000

NSCR-2014 Females
NSCR-2012 Females
NSCR-2014 Males
NSCR-2012 Males

Revised NSCR adds ~120 Safe Days in Space 
Risk and Uncertainties reduced ~30% in this 
new approach
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Predictions of percentage risk of exposure induced death (%REID) 
for 1-year space missions at deep solar minimum.
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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?
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Francis Cucinotta, “New Estimates of  Radiation Risks…” NASA FISO, July 13, 2016



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

83

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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Broad Beam Heavy Ion Irradiation Leads to Non-Linear 
Response at low doses for Chromosome Aberrations in 
Human Fibroblasts but not Lymphocytes
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H. Gland Experiment Update
• E. Blakely has collected data on low dose irradiation of 

B6CF1 mice with Si, Ti, and Fe particles. This is partly a 
continuation of experiment funded largely by DoE in 
1980s and early 1990s (Fry and Alpen). 
• Most complete set of Heavy ion tumor data (p, He, Ne, Fe, Nb, La) 

• UNLV (E. Cacao and F. Cucinotta) have performed data 
analysis of TE and NTE dose response models and RBEmax 
and RBEγAcute estimates. 

• New and old Gamma-ray data and Fe particle data are not 
significantly different; One-way repeated Nova: 0.57 and 
0.24, respectively. 
• Old expt. used partial body with pituitary isografts 
• New expt. whole body with data on other tumors collected  
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Parameter TE NTE1 NTE2
P0 3.07+0.36 (<10-4) 2.75+0.34 (<10-4) 2.77+0.36 (<10-4)
α0, Gy-1 7.65+3.94 (<0.058) 10.05+3.56 (<0.007) 1.21+4.5 (<0.789)
α1, Gy-1 (keV/µm)-1 1.25+0.14 (<10-4) 0.90+0.21 (<10-4) 1.07 +0.14 (<10-4)
α2, (keV/µm)-1 0.0038+0.0004(<10-4) 0.0039+0.0009(<10-4) 0.0036 +0.0003 (<10-4)
β, Gy-2 6.02+3.51 (<0.093) 4.61+3.33 (<0.173) 9.24+3.46 (<0.01)
λ0,  Gy-1 0.243+0.07 (<0.001) 0.219+0.078 (<0.007) 0.286+0.0533 (<10-4)
λ1, Gy-1 (keV/µm)-1 0.006+0.0036 (<0.097) 0.0047+0.0059(<0.424) 0.0042+0.0037 (<0.258)
λ2, (keV/µm)-1 0.0043+0.0027 

(<0.124)
0.0051+0.0059 (<0.391) 0.0045+0.0041 (<0.277)

κ1, (keV/µm)-1 - 0.048+0.023 (<0.038) 3.14+1.13 (<0.008)
κ2, (keV/µm)-1 - 0.0028+0.0019 (<0.141) -

Statistical Tests
Adjusted R2 0.9248 0.9373 0.9337
AIC 269.6 260.8 263.3
BIC 285.9 281.3 281.7

Table 6. Parameter estimates for combined data sets for TE and NTE models 
for the dose response for percentage tumor prevalence.  For each statistical test 
considered, which adjust for the differences in the number of model parameters, the 
model providing the optimal fit is shown in bold-face.  
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H. Tumor Fluence Response
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H. Gland RBE Estimates in UNLV Combined Old 
and New Data Models (Chang et al. (2015))

90

Z LET, keV/µm RBEmax RBEγAcute RBE(NTE1) at 
0.1 Gy

RBE(NTE1) at 
0.01 Gy

1 0.4 1.78+0.92 0.90+0.44 0.92 1.11
2 1.6 2.10+0.98 1.06+0.46 1.14 1.90

10 25 7.86+2.07 3.96+0.81 5.19 16.26

14 70 16.28+3.81 8.21+1.34 11.25 38.56

22 107 21.07+4.86 10.63+1.69 14.81 52.46

26 175 26.18+6.13 13.20+2.16 18.86 69.75

26 193 26.91+6.36 13.57+2.26 19.50 72.87

26 253 28.01+6.87 14.13+2.53 20.70 79.84

41 464 23.34+6.89 11.77+2.86 18.45 78.53

57 953 8.61+3.92 4.34+1.84 7.83 39.21
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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? 91
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Other material

92
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Dose Response Models: Linear vs NTE? 
• Non-Targeted Effect (NTE) paradigm’s have emerged for describing low 

dose effects,  including thresholds and non-linear dose responses 
• For Heavy Charged Particles most experiments performed at less than 

one track/cell show that the best representative model is a step-function 
(Θ) plus a linear dose response: 

      R = R0+κΘ(Dth) +α Dose 

• Low Dose expts. show that expts. at moderate or high dose finding a 
linear dose response should be challenged and likely not useful for NASA 

• RBEs in the NTE model will exceed linear extrapolation by a large 
amount: 

       RBENTE = RBETE (1+ Dcross/Dose); Dcross is dose    

   where TE=NTE
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Components to Solution of Space Radiation Problem 

94

Radiation Shielding 
Materials, Optimization, and 

neutron minimization

▪ The current risk for a Mars mission  is nearly 3-fold above acceptable risk levels 
▪ Baseline DRM for a 1000 day mission has >3-fold uncertainties, assumes aluminum 
shielding,  and  radiation sensitivity of the U.S. average  population

Dosimetry and Forecasting 
Ensure minimal SPE threat 

Crew Selection 
Never-smokers, Screening for 

sensitivity to GCR

Biological Mitigator’s 
New approaches to chronic, high 

LET exposure protection

<1-fold (+100%) 

15      % 

50      % 

30      % 

Solar max. safety

Science understanding, 
radiobiology data-base for 
cancer, CNS, and other risks 

Testing and validation 

Biomarker developments, 
science discovery and 
verification, largely based on 
uncertainty reduction research 

Drug testing and discovery, and 
validation based on uncertainty 
reduction research 

Testing and validation

Uncertainty reduction 
Radiation quality effects, chronic 

exposure, etc.

Solution Component Reduction Required Need

+σ    

+σ 

+σ 
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CNS Injury After High and Low Doses

• Higher Doses: 
• Generally restricted to white matter; 
• A late effect, appearing after a latent period; 
• Imaging and clinical changes; 
• Histology: demyelination, vascular damage, necrosis. 

• Low Doses: Neurocognitive effects occur after radiation 
doses that do not result in overt tissue destruction: 
• Progressive, currently untreatable and poorly 

understood; 
• Hippocampal functions of learning, memory and spatial 

information processing; 
• Other poorly understood - Unknown pathogenesis.
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Low priorities -  Space Physics and 
Acute Radiation Syndrome Research

96
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2013 National Academy of Sciences Review of NSCR-2010 
Model 

“The Committee considers that the radiation environment and 
shielding transport models used in the NASA’s proposed model 
are a major step forward compared to previous models used. 
This is especially the case for the statistical solar particle event 
model. The current models have been developed by making 
extensive use of the available data and rigorous mathematical 
analysis. The uncertainties conservatively allocated to the 
space physics parameters are deemed to be adequate at this 
time, considering that the space physics uncertainties are only 
a minor contributor to the overall cancer risk assessment. 
Although further research in this area could reduce the 
uncertainty, the law of diminishing returns may prevail.”
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Human Research Program – External Review (2010)

98

  
Cancer 11: What are the most effective shielding approaches to mitigate cancer 
risks? 
The 2012 HRP External Standing Review Panel (SRP) concluded: 

“This is not properly a gap in the HRP IRP but an engineering problem. The HRP IRP 
provides the scientific basis on which shielding evaluations can be based, but 
additional experiments to develop shielding are not needed. In the future, a carefully 
defined measurement of a restricted set of critical parameters may be useful to 
validate such calculations. The SRP identified this task as being of lower priority and 
using resources that would be better applied to the biological investigations.” 
  
Cancer 12: What level of accuracy do NASA’s space environment, transport code and 
cross sections describe radiation environments in space (ISS, Lunar, or Mars)? 
”The Panel believes that, at this time, the accuracy of predicting particle fluxes in space 
(of the order of ±15%) is sufficient for risk prediction and could not be significantly 
improved without a major investment in resources better utilized in addressing other 
gaps.” 
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HRP External Review (2010)
Cancer 13: What are the most effective approaches to integrate radiation shielding analysis codes with 
collaborative engineering design environments used by spacecraft and planetary habitat design efforts? 
SRP: “This is a technology transfer problem and not a research problem. It should be addressed by the 
appropriate engineering programs and the resources devoted to it would be better utilized by expanding 
support of the higher priority gaps.” 
Acute – 5: What are the optimal SPE alert and dosimetry technologies for EVAs? 
SRP: “This is a technology issue/engineering problem. If this gap remains, the SRP recommends assigning it 
a lower priority. 
Acute – 6: What are the most effective shielding approaches to mitigate acute radiation risks, how do 
we know, and implement? 
SRP: “This is a technology transfer problem and not a research problem. It should be addressed by the 
appropriate engineering programs and the resources devoted to it would be better utilized by expanding 
support of the higher priority gaps.”
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GCR Environment Model
• Local Inter-stellar Spectra (LIS) (Leaky Box Model) 

• Modification of CRIS Leaky Box model (George et al. 
2009; Lave et al., 2013) 

• Parker Theory of Solar Modulation 
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Modulation Parameter Uncertainty 
-Fits to CRIS Data
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Space Physics Over-Statements

104

Original claim

Correction: 

Mewaldt paper 
analyzed different 
solar min  spectra 
with different 
methods leading 
to over-statement 
of 2009 spectra; 
error corrected in 
Lave et al.; APJ 
2013
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The Carrington event not observed in most ice core nitrate records 
E. Wolff, J. Geophy Lett (2012) 

• The Carrington Event of 1859 is considered to be among the 
largest space weather events of the last 150 years. We show that 
only one out of 14 well-resolved ice core records from Greenland 
and Antarctica has a nitrate spike dated to 1859. No sharp spikes 
are observed in the Antarctic cores studied here. In Greenland 
numerous spikes are observed in the 40 years surrounding 1859, 
but where other chemistry was measured, all large spikes have the 
unequivocal signal, including co-located spikes in ammonium, 
formate, black carbon and vanillic acid, of biomass burning 
plumes. It seems certain that most spikes in an earlier core, 
including that claimed for 1859, are also due to biomass burning 
plumes, and not to solar energetic particle (SEP) events. We 
conclude that an event as large as the Carrington Event did not 
leave an observable, widespread imprint in nitrate in polar ice. 
Nitrate spikes cannot be used to derive the statistics of SEPs.
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Solar protons a manageable issue with no significant acute 
risks
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Occurrence Of Extreme Solar Particle Events: Assessment From Historical Proxy 
Data 
Usoskin and Kovalstov, Astrophy J (2012) 
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100 Year Fluence
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Predicting BFO Dose from Φ30 MeV (M.Y. Kim et al.) 
Equipment Room (5 g/cm2 Alum) in Interplanetary Space 

Tolerance Limits based on Variability of Detailed Energy Spectra

Size of SPE (> Φ30), protons cm-2
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NASA 30-d limit 
at BFO

108

BF
O

 d
os

e,
 c

Gy
-E

q

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



SPE Blood forming organ doses with No shelter 
(Probability- DBFO> 100 mGy per EVA) <1 x 10 -6 

 

1) Dose-rates are modest (events last >10 h) 
2) EVA termination time < 2 h 
3) ARS easily mitigated with real-time dosimetry and shielding 

because >100 MeV flux is too small 
4) Spacecraft have areas with at least 20 g/cm2 shielding 
5) Probability to be on an EVA during an SPE <1 x 10-6
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Storm shelters with ~40 g/cm2 shielding are practical

M.Y.  Kim 110
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Lung Cancer Risk

• Lung cancer comprises the 
largest fraction of human 
radiation fatal risk (>30%).  

• Ya Wang et al. have used a 
resistant mouse model 
(C57BL/6) to report on first 
Heavy ion lung tumor data. 

• Results show little effect of 
dose fractionation for O, Si, 
and Fe particles at 1 Gy. 

• Si particles produce more 
aggressive lung tumors 
compared to gamma-rays. 

• Follow-up studies planned at 
lower doses. 
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Argonne National Lab Inverse Dose-Rate Effect-  
D.  Grahn et al, 1993 

(24 or 60 week x 5 d/wk gamma or fission neutron)
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Lung tumors: Inverse Dose-Rate Effect Found?
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