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Preface

In 2010, NASA completed the development of a revised methodology for evaluating space
radiation cancer risks for application to exploration mission trade studies and for evaluating crew
risks for missions on the International Space Station (ISS). The model was denoted as NASA
Space Cancer Risk Model-2010 (NSCR-2010).%® The revision was intended to update the
earlier methodologies for projecting radiation cancer risks originating in NCRP Report 132
(2000) and our previous results for estimating uncertainties in space radiation risk estimates.
The basis for the revision includes more recent human radiation epidemiology data and
analysis, research results from the NASA Space Radiation Laboratory (opened for research in
October 2003), and improved theoretical considerations.?® In 2011, the National Research
Council (NRC) Space Science Board of the National Academy of Sciences began a review of
the NASA Model 2010 by a panel of experts in the areas of space physics, radiobiology,
epidemiology, and risk assessment. The review was published in March 2012.2*

12,14

The purpose of the present report is to document NASA'’s responses to the NRC
recommendations, which include several updates of the NSCR-2010 model and discussion of
points of clarification. In this Preface, we summarize the responses and point to sections of the
revised report where changes are detailed. The revised model is denoted as NSCR-2012.
NASA used the recommendations of the National Council of Radiation Protection and
Measurements (NCRP) as the basis for the radiation protection programs including risk
assessment models since 1989, as described in three NCRP reports published in 1989, 2000,
and 2003. The NRC report®*® places a large focus on the results from the National Academy of
Sciences (NAS) BEIR VII Report® and, to a lesser extent, changes NASA recommended
relative to the NCRP models. The BEIR VII report introduced several new features to projection
models that were adapted in the NSCR-2010 model. However, BEIR VII had specifically
assumed radiation cancer rates are independent of age at exposure above age 30-y for most
tissues.*® Since the age of exposure dependence of radiation cancer risks is a critical part of the
NCRP recommendations used at NASA, the NASA model used the analysis of cancer rates
from the United Nations Special Committee on the Effects of Atomic Radiation (UNSCEAR),’
which included age at exposure effects in fitting the same epidemiology data considered by
BEIR VII. A comparison of the BEIR VII to the UNSCEAR models was made in our previous
reports.?*>?* The NSCR-2012 model uses the results from the UNSCEAR models for cancer
incidence projections for most tissues, specifically because age at exposure dependencies are
included in the UNSCEAR model. Many of the new methodologies suggested in the BEIR VII
report were adapted in the NSCR-2010 and are part of the NSCR-2012 model.

Chapter 2: Space Radiation Environments and Transport Models:

From the 2012 NRC Report, “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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The 2012 NRC Report went on to make recommendations related to improving the
understanding of the radial dependence of solar particle event (SPE) intensity and solar-cycle
dependence of SPE frequency and extreme events. NASA is supporting a new effort with the
Mars Science Laboratory Radiation Assessment Detector on the surface of Mars,?” and can
continue to evaluate data from the Mars Radiation Environment Experiment (MARIE) instrument
on Odyssey, and the Ulysses and Voyager spectrometers, which provide data on radial
gradients. The NASA Science Mission Directorate has supported modeling efforts related to the
propagation of solar particles,”*® and these models could be coupled to the NASA Cancer Risk
Model in the future. The statistical model of SPEs we have developed®'° will continue to be
updated, as suggested by the 2012 NRC Report.**®

Since the development of the NASA 2010 model, new information related to the galactic cosmic
rays (GCR) environment and the dose contributions from pion production due to GCR
interactions with shielding and tissue, and electromagnetic decays that result from pion decays
have become available. Analysis of the most recent solar minimum in 2009 was completed. The
current report extends Chapter 2 to summarize this new information. Most importantly, the
revised Badhwar-O’Neill GCR model, denoted as BO2011, is used in this report along with the
resulting computer codes, thereby replacing the older model denoted as BO96 or other
versions. An empirical correction for the dose from pions and their decays into gamma-rays,
muons, and electrons is included in the NSCR-2012 model. These combined changes lead to a
modest risk or dose equivalent reduction at solar minimum of about 5%. At other periods of the
solar cycle, higher or lower values of up to 10% for BO11 compared to BO96 are found.

Chapter 3: Cancer Risk Projections for Low-linear Energy Transfer Radiation

3.1 Incidence-Mortality Conversion Approach: In the NASA Model 2010, cancer mortality
projections were made using the “incidence-mortality” approach used by BEIR VII. The 2012
NRC Report noted, “A major reason for the use of the LSS cancer incidence data is that these
are likely to be more accurate than are the mortality data, which suffer from misclassification of
causes on death certificates”. The 2012 NRC Report went on to recommend: “Before NASA
implements its proposed major change to the “incidence-mortality” approach, the committee
recommends that NASA conduct more research into the specific patterns of the underlying
epidemiological biases that drive these changes...the committee recommends that NASA
consider alternative methods for improved estimation of mortality probabilities for each cancer
site. For example, as presented in its 2011 report, ‘EPA Radiogenic Cancer Risk Models and
Projections for the U.S. Population’, the Environmental Protection Agency” has developed an
alternative approach for breast cancer mortality estimation, and this could serve as a suitable
approach to be applied by NASA”.

NASA agrees with this recommendation. In response to this recommendation, we performed
new analysis of incidence-mortality conversion models in Chapter 3 of this report. In considering
these new analyses, we note that the Environmental Protection Agency (EPA) model,**® which
was published after the NSCR 2010 model was submitted for review, has several strengths and
weaknesses. One strength is that the EPA noted a time lag between cancer incidence and
mortality data reported by the National Cancer Institute (NCI) surveillance, epidemiology, and
end results (SEER) program due to either calendar year changes in cancer incidence rates, or
changes in cancer cure rates, which is a potential confounder to mortality risk predictions. This
confounder was shown in the EPA report to be important for breast cancer and would potentially
impact other cancers in which the time between disease discovery and possible cancer death is
long. The EPA used 5-year cancer survival probability data to convert radiation cancer
incidence probabilities into mortality estimates. A weaknesses of the EPA model is their use of
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lifetime attributable risk (LAR), and not risk of exposure-induced death (REID) as a measure of
risk. LAR is inaccurate for higher radiation exposures and in uncertainty analyses where large
risk values occurs in Monte-Carlo sampling because LAR does not accurately account for
competing risks. Using a similar approach for REID calculations complicates the application of
5-year or 10-year survival probabilities due to the nonlinear coupling of all cancer deaths in the
analysis, while in the LAR the coupling is a simple addition of terms. A second problem is that
the EPA used a constant hazard rate model based on patient survival data. We checked this
assumption for lung and colorectal cancers and found the assumption to be inaccurate.

More importantly, the EPA model is not congruent with the likely applications of the NASA risk
model, which are largely missions in the future; namely, plans for exploration missions in the
next decade and the Mars mission in 2030 or beyond. Indeed, radiation cancers from the
current ISS Program, which started in 2000 and is currently scheduled to end in 2020, suggest
cancers occurring well beyond the current calendar year are NASA’s primary concern due to the
lag time between radiation exposure and disease. Radiation-associated cancers for ISS
missions would be predicted to occur largely in the future. Therefore, the EPA approach may be
of some merit for those exposed in the past with cancer occurrence in the present; however, it
does not address possible errors in the conversion of incidence to mortality in the future.

In the past, radiation projection models have not treated future predictions of cancer rates as
part of the model development and uncertainty analysis. Cucinotta et al** noted the Social
Security Administration's (SSA's) projections for increased life span as a potential modifier of
current risk estimates. In response to this issue, we note that estimates of radiation cancer
incidence are more stable with calendar year, and carry much less uncertainty than projections
of radiation cancer mortality, especially for several decades into the future as is the focus at
NASA. Secondly, in reviewing the accuracy of the 5-year survival probabilities for cancer sites
important to radiation exposures, it is apparent that early detection of several cancers could
significantly alter the incidence-mortality projection from radiation exposure under certain
circumstances. For example, assuming Stage | (localized) instead of the U.S. average stage of
detection for colorectal, lung, breast, ovarian, and prostate cancer would essentially double the
NASA dose limits corresponding to a 3% REID probability; ie, allowing for significantly more
exposure at the same REID probability although not effecting risk of exposure-induced cancer
(REIC) probability. The possibility of using REIC values at a specified level to set dose limits
would reduce uncertainties related to the incidence to mortality conversion, however would not
alleviate the need to understand the conversion for informed consent. This observation then
leads to important research and mission management questions that should be addressed by
NASA: Can NASA use an assumption of early detection of specific types of cancer for mission
planning, in setting allowable occupational radiation exposures, especially for high risk missions,
or as an assumed mitigation measure? Before these questions could be evaluated several
scientific questions need to be addressed:

1) Are radiation-induced cancers of similar histologies—and, therefore, cure rates—as
background cancers in the U.S.?

2) Do high-energy and charge (HZE) particles and neutrons produce more aggressive and
gualitatively different cancers compared to tumors found in control animals or animals
exposed to low linear energy transfer (LET) radiation, as suggested by limited mouse
experimental data on tumor induction? Do these differences make the conversion of
incidence to mortality less accurate and the role of early detection unclear?

In addition to scientific questions, the impacts of false negatives and variances in the probability
of early cancer detection would need to be considered.
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3.2. Risk Models for Never-Smokers

The NSCR-2010 model recommended that because 90% of astronauts are never-smokers (NS)
and the remainder former smokers, the use of the U.S. Average population is not reflective of
their background cancer rates and longer life span. The use of a never-smoker population
significantly reduced lung cancer and overall cancer REID estimates compared to the average
U.S. population. The 2012 NRC Report noted, “The issue of the smoking status of astronauts
and the potential implications for risk projections for smoking-related cancers are important, and
it is appropriate that they should be investigated. Most astronauts are non-smokers, which
would likely lower the risk projections for astronauts compared to estimates for the general
population (a mix of never- and ever-smokers)”.

Recommendation from 2012 NRC Report: The proposed NASA model for estimating lung
cancer risks for astronauts who are never-smokers is limited and does not consider competing risks.
Thus the committee recommends that the NASA approach be further developed, given its impact
that is has on reducing estimated risk. The revised approach should use survival probabilities for
competing risks that are specific to never-smokers. Further, the committee recommends that NASA
make no changes at this time in the proposed model to include other smoking-related cancers. The
data are not sufficiently robust for use in the modification of the REID estimate.

NASA partially agrees with this recommendation. NASA is appreciative of the NRC
recommendation to consider the never-smoker status of most astronauts. In response, we have
made further investigations to the role of competing risks. The NRC report notes the issue of
competing risks, which increases the life span of NS and thus potentially increasing lifetime
estimates of REID due to decreased competition from other causes of death. In our earlier
reports, we had adjusted the survival probabilities for lung and other smoking related cancers,
heart disease and pulmonary diseases using data published by the U.S. Centers for Disease
Control and Prevention (CDC).'®® We clarified the analysis of these competing risks in our
revised report. The effect of the longer life span was shown to be modest,***??? increasing REID
estimates by less than 5% relative to ignoring longer NS life span. This effect cancelled the
benefits of lower background cancer rates for several cancers but not for lung, bladder, and
several other cancers. It would be incorrect and overly conservative to allow for a longer life
span due to reduced risks from other cancers while not reducing the cancer rates for these
same cancers. Furthermore, the rates for NS were derived from data advocated by the U.S.
Surgeon General, CDC, and International Agency for Cancer Research (IACR), which are
authoritative sources. In this report, we also made preliminary analysis of the role of obesity in
U.S. population data, considered normal-weight and combined NS with normal-weight
populations, and compared the results to the astronaut mortality experiences at this time. In the
NSCR model, no interaction between smoking and radiation is assumed for different cancer
sites. Several sources have reported sub-multiplicative interaction between smoking and
radiation. In our earlier reports,?>?**%?? we showed that the application of a generalized
multiplicative model based on the LSS [Life-span Study of the Japanese atomic-bomb survivors]
data, and the multiplicative model provided essentially identical results for NS. Modeling
interactions between radiation and smoking were not considered in our earlier or present report.
We have expanded our review of epidemiology data in this area in our revised report.

Chapter 4: Uncertainties in Low-linear-energy-transfer Risk Model Factors

Uncertainties Approach: The model used by NASA is similar to that published by the NCRP*®
and used by the EPA and other, and is the “state-of-the art” as noted in the NRC Report.**® The
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NRC notes, “Uncertainty limits on radiation-related risk reflect information about anticipated
environmental radiation dose levels and accumulated knowledge about the relationship between
radiation doses and cancer risk. For the approach used by NASA, more information, if available,
might reduce statistical uncertainty and, assuming the new information did not increase the
central risk estimate, lower the 95 percent uncertainty bound criteria used by NASA to evaluate
the acceptability of activity-related mortality risk.”

4.1. Transfer Model from the Japanese to the U.S. Population: The NASA 2010 model**®
compared the differences between the NCRP Report No. 132° report and the BEIR VII report™
for weighting the contributions of Additive and Multiplicative transfer models for applying the
Japanese survivor data for cancer risks to a U.S. population. It was noted that the UNSCEAR
2006 report made no recommendations on transfer weights.

Recommendation from 2012 NRC Report: “Because there are some deviations in NASA’s
proposed model from the weights recommended by BEIR VII, the committee recommends that
NASA provide additional justification for these alternative weights”.

NASA agrees with the recommendation. We first note that the 2012 NRC Panel provided no
discussion on the NCRP Report No. 132 choices for transfer weights used by NASA in the past.
Furthermore, the BEIR VII report provided very little justification for their choices. In the revised
NASA Model 2012, we follow the BEIR VIl values for all tissue sites except for lung cancer and
leukemia. The BEIR VIl value for the transfer weight for lung cancer of 0.3 is obviously incorrect
because it was based on the paper by Pierce et al,?** which has been shown to be incorrect by
the more recent paper by Furakuwa et al,® which used more recent LSS data. We make a
more extensive review on lung cancer risks and the confounding effect of smoking on lung
cancer in the revised Chapter 4 of our report. For leukemia, the choice of transfer weight has a
small impact because background rates for leukemia are similar in Japan and the U.S;
however, further discussion is made in the current report with the studies of Storer et al*?in
different mouse strains suggesting additive risk transfer the main rationale for not using the
BEIR VII choice for the transfer weight for leukemia.

4.2 Dose and Dose-Rate Reduction Effectiveness Factor (DDREF): The DDREF is used to
estimate the reduction of the solid cancer risk models derived from acute data to chronic or low
dose-rate exposures. The NCRP Report No. 98% recommended a DDREF of 2.5, and NCRP
Report No. 132° a DDREF of 2. The more recent BEIR VII report*® recommended a DDREF of
1.5 and the International Commission on Radiological Protection (ICRP)*® a DDREF of 2. A
reduction of the DDREF from 2 to 1.5 increases solid cancer risk estimates by 33%. The NASA
report used an average value of different recommendations of 1.75 with a log-normal
uncertainty distribution with a geometric mean (GM), GM=1 and geometric standard deviation
(GSD), GSD=1.75. There are important uncertainties in estimates of values for the DDREF to
be applied at low dose-rates when using the LSS study data. A study by Jacob et al®’ of human
data at low-dose rates for cancer risks from nuclear reactor workers and other cohorts support a
DDREF near unity. However, it should be noted that the worker exposures are for different
photon energies and neutron components compared to the A-bomb exposures used during
World War Il, involve different background risks and potential different interactions with other
host factors relative to the Japanese population, suffer from distinct dosimetry errors, and the
data are limited by follow-up time. The 2012 NRC Report notes,**® “Although the proposed
NASA approach for estimating the DDREF describes a number of limitations in these newer
epidemiological studies and in the BEIR VIl DDREF methodology.... The use of an average
value is somewhat problematic, given that the recommended values used to derive this average
value are not independent and thus applying equal weights is not justifiable”.
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Recommendation from 2012 NRC Report: “The committee agrees with the use of an
uncertainty approach for estimating DDREF but it recommends that NASA use a central value
and distribution that better accounts for the recent epidemiological and laboratory animal data”.

NASA agrees with the NRC’s recommendation. In the NSCR 2012 model, we have used the
BEIR VII central estimate of DDREF=1.5 as recommended in discussions with the NRC
committee. We also performed extensive Bayesian analysis following the BEIR VII approach to
make a revised estimate of the DDREF uncertainty distribution. In Chapter 4 of the present
report, we used the BEIR VII DDREF estimate for the LSS data’s central value and distribution,
but performed extensive Bayesian analysis of different data, including the reactor worker study
analysis, improved animal cancer data including the chronic exposure data from Argonne
National Lab, and also considered other data sources for cellular biomarkers of cancer risk.
Certain mouse tumor date chosen in the BEIR VII were deemed inappropriate and therefore
were not used in our analysis. We also discuss the possibility of correlations between DDREF
estimates from experimental models and RBE estimates for identical experimental models that
should be considered in the future.

4.3 Maximum Likelihood and Empirical Bayes Estimates

Recommendation from 2012 NRC Report: “On the assumption that the empirical Bayes
approach has been used in NASA’s proposed model...references to the EB approach should be
removed from the text.”

The NRC Report appears to have misread the NSCR-2010 report. Tissue-specific statistical
uncertainties were discussed in Chapter 4 and it was noted that these uncertainties would be
important for tissue-specific REIC estimates, but have only a small influence on overall REID
uncertainty estimates. We also reviewed, in the scientific literature, differences in estimates of
statistical uncertainties from different approaches such as the maximum likelihood and Empirical
Bayes (EB) method. However, in Chapter 6 of the report, it was clearly stated that we used a
similar statistical uncertainty model as recommended by NCRP Report 137, whereby an
overall subjective uncertainty is assigned with SD=0.15. This was also specifically described in
Table 6.5 of our previous report.”*®

Statistical uncertainties continue to play a minor role in overall REIC or REID estimates and a
larger role for tissue-specific estimates. It is not clear why reference to the EB model should be
removed from the text. We also discuss a more recent Bayesian approach to statistical
uncertainty estimates from Preston et al.'** NASA is very supportive of new analysis
approaches that would better understand various uncertainties that enter into risk models
including statistical uncertainties and possible correlations.

Chapter 5. Cancer Risks and Radiation Quality
5.1 Radiation Quality And Track Structure

Recommendation from the NRC Report: The committee recommends NASA make a detailed
comparison of the relative biological effectiveness versus Z**/* dependence of the
experimental data with the proposed form and parameters of the quality factor, QF, equation in
order to improve the transparency of the basis for the selection of the proposed parameter
values for the model and to provide guidance for future research to test, validate, modify, and
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extend the parameterization. This analysis needs to include the defined selection of different
values for the parameters «, and 2y/ e, for ions of Zs4 compared to all of ions of higher charge.
NASA agrees with this recommendation. In our previous report,?'> we considered existing data
for mouse tumor induction, gene mutation and chromosomal aberrations to estimate parameter
values and uncertainty ranges. In our revised report, we expanded the analysis of these data to
other data sets less reflective of cancer risk. We also considered other experiments in which
more limited information on radiation quality occurs. Unfortunately, the scarcity of data sets for
endpoints related to cancer risk is still a major hurdle in this area.

5.2. Conclusion from the NRC Report: In the proposed model, different maximum values of
guality factor, QF, are assumed for leukemia (maximum 10) and for solid tumors (maximum 40).
This is a change from the current NASA risk model. The committee agrees that it is reasonable
to make such a distinction on the basis of the limited animal and human data available.

NASA agrees with this conclusion.
5.3. Uncertainty in the Value of the Quality Factor

Recommendation from the NRC Report: According to NASA’s proposed model, the
observation that the use of a fixed relationship between two track parameters reduces the
uncertainty is a potentially valuable finding that may provide a method to reduce the uncertainty in
estimations of the risk of exposure-induced death. However, little indication is given in the 2011
NASA report as to why such a fixed position might be justified. The committee suggests that the
further investigations into the validity and usefulness of this approach would be worthwhile.

NASA agrees with this recommendation. In our revised report, we modified our approach to
allow for variation in the two parameters about the most likely values for the kinetic energy
where the peak biological effectiveness occurs for different charge numbers. However, we
restricted the uncertainty range to exclude values that are implausible from current knowledge.
Clearly, much more data with HZE particles on endpoints related to cancer risk including tumor
induction in mice with a variety of particles of different Z and E are needed, and should be a
research priority resulting in significant uncertainty reduction.

5.4. Other Issues—Research Priorities

The NRC Report noted the importance of future research in several areas including, Non-
Targeted Effects, Delayed Effects, Quantitative Differences, and Non-Cancer Effects. However,
recommended that NASA not include these effects in their risk assessment models at this time.

NASA agrees with the recommendation. NASA will continue to aggressively pursue obtaining
vital and potentially game-changing research in this areas in support of its space exploration
goals that will improve crew health and performance and enable long-term space missions.

Chapter 6: Revised NASA Model for Cancer Risks and Uncertainties, and Model
Integration

6.1. Effective Dose: The 2012 NRC panel notes that the terminology “Effective Dose” was
defined by the ICRP: “The committee believes that the NASA description of the proposed

model would be improved by the use of terminology and notation that distinguish NASA-defined
quantities (especially the quantity termed “effective dose”) from quantities defined by the ICRP”.
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NASA agrees with this recommendation. We note that although the terminology used for
internal NASA documents and discussion may not abide by the ICRP definitions, alternative
terminology to those defined by the ICRP should be strictly adhered to using the wording “NASA
Effective Dose” in external discussion and documents.

6.2. Probabilistic Risk Assessment (PRA): The 2012 NRC panel notes that “Experience with
full-scope PRAs of complex systems indicates the importance of accounting for the “what can go
wrong during actual operations” scenarios, as such scenarios generally drive the overall risk’.

NASA agrees with this observation. Our cancer risk projection model—NSCR—is an important
tool to be used in support of PRA; however, there are other considerations in applying PRA that
fall outside the scope of the development of the cancer projection model. We have modified
discussion along these lines in our revised report.

Summary of Recommendations and Priority Research Goals: The recommendations from
the NRC Report and our responses to their recommendations lead to several important
recommendations for future research and development activities, which we summarize in order
of priority here:

1.) Continued radiobiology research at NSRL, most importantly on cancer, CNS and circulatory
disease risks and countermeasures including the role of non-targeted effects, delayed effects,
and guantitative differences due to radiation quality on solid cancer risks, and other vital
research on non-cancer risks.

2.) Utilize the NSCR-2012 model approach to radiation quality factors and associated probability
distribution functions (PDFs) to support the design of new experiments to reduce uncertainties,
and to continue developments in track structure based biophysics models as they relate to
cancer risk projection models.

3.) Critical new experiments and understanding of dose-rate effects from low LET radiation are
needed, including the understanding of the lower DDREF estimates from human cancer data
analysis compared to existing experimental radiobiology data. This research should also
consider possible correlations between DDREFs and RBESs in experimental models, and their
influences on risk estimates.

4.) Improve the understanding of projecting mortality from incidence data for healthy workers
and future risk projections, including obtaining data on possible differences in histology of
cancers between high and low LET radiation, and non-radiation-induced cancers and their
impact on the conversion of incidence to mortality in estimating space radiation risks.

5.) Continue to update space environmental models as new data becomes available, and
evaluate the role of pions and electromagnetic cascades in transport code predictions.
Depending on the magnitude of pion and electromagnetic cascade products to the REID,
radiobiology experiments understanding their effectiveness in contributing to radiation cancer
risks may be warranted to reduce uncertainties.
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Executive Summary

Uncertainties in estimating health risks from galactic cosmic rays are a major limitation to the
length of space missions and the evaluation of potential risk mitigations. NASA limits astronaut
exposures to a 3% risk of exposure-induced death (REID) and protects against uncertainties in
risks projections using an assessment of 95% confidence intervals in the projection model. Revi-
sions to the NASA projection model for lifetime cancer risks from space radiation and new esti-
mates of model uncertainties are described in this report. Our report first reviews models of space
environments and transport code predictions of organ exposures, and characterizes uncertainties
in these descriptions. We then summarize recent analysis of low linear energy transfer (LET)
radio-epidemiology data, including revision to the Japanese A-bomb survivor dosimetry, longer
follow-up of exposed cohorts, and reassessments of dose and dose-rate reduction effectiveness
factors (DDREFs). We compare these newer projections and uncertainties with earlier estimates
made by the National Council of Radiation Protection and Measurements (NCRP). Current under-
standing of radiation quality effects and recent data on factors of relative biological effectiveness
(RBE) and particle track structure are then reviewed. Recent results from radiobiology experiments
from the NASA Space Radiation Laboratory provide new information on solid cancer and leukemia
risks from heavy ions, and radiation quality effects are described. We then consider deviations
from the paradigm of linearity at low doses of heavy ions motivated by non-targeted effects
(NTE) models. Recommendations to improve the NSCR 2010 model by the National Research
Council®*® are included in several sections of this report as outlined in the Preface, and denoted
as the NSCR 2012 model.

The new findings and knowledge are used to revise the NASA risk projection model for space
radiation cancer risks. Key updates to the model are:

1) Revised values for low-LET risk coefficients for tissue-specific cancer incidence. Tissue-
specific incidence rates are then transported to an average U.S. population and used to
estimate the probability of risk of exposure-induced cancer (REIC) and REID.

2) An analysis of lung cancer and other smoking-attributable cancer risks for never-
smokers that shows significantly reduced lung cancer risks as well as overall cancer
risks compared to risk estimated for the average U.S. population.

3) A new approach to radiation quality factors (QFs) based on: i) Derivation of track-
structure-based radiation quality functions that depend on charge number, Z, and kinetic
energy, E, in place of a dependence on LET alone. ii) The assignment of a smaller
maximum in the quality function for leukemia than for solid cancers. iii) Development of
probability distribution functions (PDFs) for QF that have a higher importance than their
central estimates, the QF itself, and suggests research approaches to narrow QF
uncertainties.

4) The use of the International Commission on Radiological Protection tissue weights is
shown to overestimate cancer risks from solar particle events (SPESs) by a factor of 2 or
more. Summing cancer risks for each tissue is recommended as a more accurate approach
to estimate SPE cancer risks. However, gender-specific tissue weights are recommended
to define Effective doses as a summary metric of space radiation exposures.

5) Revised uncertainty assessments for all model coefficients in the risk model (physics,
low-LET risk coefficients, DDREF, and QFs), and an alternative uncertainty assessment
that considers deviation from linear responses as motivated by NTE models.

6) Models to support probabilistic risk assessment (PRA) for space radiation risks are
described.
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Results of calculations for the average U.S. population show more restrictive dose limits for
astronauts above age 40 y compared to NCRP Report No. 132, a modest narrowing of uncer-
tainties if NTEs are not included, and much broader uncertainties if NTEs are included. Risks for
never-smokers compared to the average U.S. population are estimated to be reduced by more
than 20% for both males and females. This is a larger reduction than GCR shielding material
choice or the addition of 1 meter of water or similar shielding material to a spacecraft. Lung
cancer is the major contributor to the reduction for never-smokers, with additional contributions
from stomach, bladder, oral cavity, and esophageal cancers. Table 6.6 summarizes the revised
estimates for the number of “safe days” in space at solar minimum for heavy shielding
conditions. The results in Table 6.6 use the Badhwar-O’Neill 2011 model, which accurately
describes the recent 2009 deep solar minimum, and an estimate of the dose contribution from
pions and pion decay products. Results from previous estimates are compared to estimates for
both the average U.S. population and a population of never-smokers. Greater improvements in
risk estimates for never-smokers are possible, and would be dependent on improved
understanding of transfer models for the histological types of lung cancer (eg, small cell lung
cancers and non-small cell lung cancer) as well as data on QFs for these types of lung
cancers.

Table 6.6a. Solar Minimum Safe Days in deep space, which are defined as the maximum
number of days with 95% confidence level to be below the NASA 3%REID limit. Calculations
are for average solar minimum with 20 g/cm? aluminum shielding. Values in parenthesis are the
case of the deep solar minimum of 2009.

ag, Y NASA 2005 NASA 2012 NASA 2012
U.S. Avg. Population Never-smokers
Males
35 158 209 (205) 271 (256)
45 207 232 (227) 308 (291)
55 302 274 (256) 351 (335)
Females
35 129 106 (95) 187 (180)
45 173 139 (125) 227 (212)
55 259 161 (159) 277 (246)

Table 6.6b. Solar Maximum Safe Days in deep space, which are defined as the maximum
number of days with 95% confidence level to be below the NASA 3%REID limit.
Calculations are for average solar maximum assuming large August 1972 SPE with 20 g/cm?
aluminum shielding. Values in parenthesis are the case without SPE that also represents the
case of an ideal storm shelter, which reduced SPE doses to negligible amounts.

ag, y NASA 2012 NASA 2012
U.S. Avg. Population Never-smokers
Males
35 306 (357) 395 (458)
45 344 (397) 456 (526)
55 367 (460) 500 (615)
Females
35 144 (187) 276 (325)
45 187 (232) 319 (394)
55 227 (282) 383 (472)
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The dependence of radiation QFs or risk cross sections on particle type and energy likely varies
in a tissue-specific manner, with the mechanisms of cancer induction, cell killing, and other
factors. Improvements in understanding of radiation quality effects and space physics is partially
negated by higher dosimetry and statistical errors assessments from more recent human radia-
tion epidemiology assessments compared to the prior NCRP estimates. In this report, example
calculations for International Space Station missions and deep space missions to near-Earth
objects and Mars are described. Cancer risk for each location on the martian surface is also
described, which should be valuable for mission planning. The uncertainty assessments made in
this report are an important component of the PRAs that are essential for exploration missions.

Important qualitative differences of cancer risks from HZE particles are briefly described in this
report. The emerging evidence in this area from NSRL research will need close monitoring since
current estimates of space radiation cancer risks and uncertainties do not describe the impacts
of potential qualitative differences between HZE particles and low LET radiation.
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1. Introduction

Exposures to astronauts from galactic cosmic rays (GCR) — made up of high-energy protons
and high-energy and charge (HZE) nuclei, and solar particle events (SPEs) — that are comprised
largely of low- to medium-energy protons are a critical challenge for space exploration. Experi-
mental studies have shown that HZE nuclei produce both qualitative and quantitative differences
in biological effects compared to terrestrial radiation,"® leading to large uncertainties in predicting
exposure outcomes to humans. Radiation risks include carcinogenesis,® degenerative tissue
effects such as cataracts’® or heart disease,**! and acute radiation syndromes.6 Other risks,
such as damage to the central nervous system (CNS), are a concern for HZE nuclei.*® For
International Space Station (ISS) missions and design studies of exploration of the moon, near-
Earth objects (NEOs), and Mars, NASA uses the quantity risk of exposure-induced death (REID)
to limit astronaut risks. A REID probability of 3% is the criteria for setting age- and gender-specific
exposure limits, while protecting against uncertainties in risk projection models is made using
estimates of the upper 95% confidence level (CL).

Risk projection models serve several roles, including: setting the age- and gender-specific
exposure-to-risk conversion factors needed to define dose limits, projecting mission risks, and
evaluating the effectiveness of shielding or other countermeasures. For mission planning and
operations, NASA uses the model recommended in NCRP [National Council of Radiation Pro-
tection and Measurements] Report No. 132 to estimate cancer risks from space.® The model
employs a life-table formalism to model competing risks in an average population, epidemiological
assessments of excess risk in exposed cohorts such as the atomic-bomb survivors, and esti-
mates of dose and dose-rate reduction factors (DDREFs) and linear energy transfer (LET)-
dependent radiation quality factors (QFs) to estimate organ dose equivalents.

NASA recognizes that projecting uncertainties in cancer risk estimates along with point
estimates is an essential requirement for ensuring mission safety, as point estimates alone
have limited value when the uncertainties in the factors that enter into risk calculations are large.
Estimates of 95% confidence intervals (Cl) for various radiation protection scenarios are meaning-
ful additions to the traditional point estimates, and can be used to explore the value of mitigation
approaches and research that could narrow the various factors that enter into risk assessments.
Figure 1.1 illustrates the approach used at NASA as the number of days in space or an astro-
naut’'s career exposure accumulates. Because of the penetrating nature of the GCR and the
buildup of secondary radiation in tissue behind practical amounts of all materials, we argued
previously*?** that improving knowledge of biological effects to narrow Cl is the most cost-
effective approach to achieve NASA safety goals for space exploration. Furthermore, this
knowledge is essential to perform cost-benefit analysis of mitigation measures, such as
shielding approaches and biological countermeasures, and to practice the safety require-

ment embodied in the principle of as low as reasonably achievable (ALARA).

Uncertainties for low-LET radiation, such as y-rays or x rays, have been reviewed several times
in the past, and indicate that the major uncertainty is the extrapolation of cancer effects data from
high to low doses and dose-rates.™® The (National Academy of Science [NAS]) Committee on
the Biological Effects of lonizing Radiation (BEIR) VII*® and United Nations Special Committee
on the Effects of Atomic Radiation (UNSCEAR) committees®’ recently provided new assessments
of low-LET radiation risks. Uncertainties consist of the transfer of risk across populations and
the sources of error in epidemiology data, including dosimetry, recording bias, and statistical
errors. Probability distribution functions (PDFs), described previously,' were used to estimate
low-LET risk uncertainties. For space radiation risks, additional uncertainties occur related to



estimating the biological effectiveness of hydrogen, helium, and HZE nuclei, and to predicting
particle energy spectra at tissue sites.*” The limited understanding of heavy ion radiobiology is
the largest contributor to the uncertainty for space radiation effects.™*?

Career Limit (PEL)

Acceptable risk

Operational Limit
(ALARA)

Warning threshold

Risk distribution
displaced by CL
Integrated risk distribution N\

Probability of REID

Cumulative Radiation Exposure
or Days in Space

Figure 1.1. Risk management with as low as reasonably achievable (ALARA) and large
uncertainties. The cumulative risk distribution function for an “acceptable” level of risk is
displaced, so that the permissible exposure limit (PEL) is based on the 95% CL to take into
account the uncertainties in projection models. ALARA practices and action levels are then
also displaced dependent on the level of uncertainties.®

We discuss in this report modifications to the NASA model, which projects cancer risks and
probability distributions that describe uncertainties for space missions, and apply the model to
several exploration mission scenarios. Our estimates use REID as the basic risk quantity rather
than excess lifetime risk (ELR) or lifetime attributable risk (LAR) to adjust for competing risks as
well as for cancer deaths moved earlier in time by radiation."® To improve the transfer of cancer
rates derived from exposed populations to a population of astronauts, we describe incidence-
based risk transfer models and project mortality risks using adjustments between cancer mortality
and incidence in the U.S. population as recommended by the BEIR VII report.*® The impacts
of smoking on population rates are assessed to make risk estimates for a population of never-
smokers. Previous risks assessments was based on the use of a single parameter, LET, to
describe the relative biological effectiveness of all cosmic rays with no specific dependence

on charge number of velocity. LET is known to be a poor descriptor of energy deposition on a
microscopic scale. A key hypothesis to our revised approach is that, to improve the extrapolation
of radiobiological data and to optimize uncertainty reduction, greater emphasis on particle track
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structure in describing energy deposition and subsequent biological events at the molecular,
cellular, and tissue levels is required. We describe data and theoretical analysis that support the
redefinition of radiation quality in terms of track structure parameters, and the assignment of
distinct radiation QFs for solid cancer and leukemia with significantly lower values recommended
for leukemia compared to solid cancer. The relationship between event- and fluence-based
models and organ dose equivalent approaches is discussed.

1.1 Uncertainty Assessments and Classification

The established approach to estimate uncertainties is to use Monte-Carlo simulations of
subjective PDFs that represent current knowledge of factors that enter into risk
assessments?*2>2° to propagate uncertainties across multiple contributors. We can write a risk
equation in a simplified manner as a product of several factors including the dose, D, quality
factor, Q, a low-LET risk coefficient normally derived from the data of the atomic-bomb
survivors, Ry, and the dose and dose-rate reduction effectiveness factor, DDREF, that corrects
risk data for dose-rate modifiers. Monte-Carlo uncertainty analysis uses the risk equation, but
the equation is modified by normal deviates that represent subjective weights and ranges of
values for various factors that enter into a risk calculation. First, we define X eR(x) as a random
variate that takes on quantiles Xy, Xz, ..., X, such that p(x;) =P(X=x;) with the normalization
condition X' p(x)=1. C(x) is defined as the cumulative distribution function, C(x), which maps X
into the uniform distribution U(0,1), and we define the inverse cumulative distribution function
C(x)™* to perform inverse mapping of U(0,1) into x: x=C(x)™. Then we write for a simplified form
of the risk equation for a Monte-Carlo trial, &

: FLQ | *r,XphysXo
Risk. = R (age,gender 0 1.1
y .(age, g )DDREF{ o . (1.1)

where Ry is the low-LET risk coefficient per unit dose, the absorbed dose, D, is written as the
product of the particle fluence, F, and LET, L, and Q is the radiation QF. The Xg, Xphys, Xor, @and Xq
are quantiles that represent the uncertainties in the low-LET risk coefficient, space physics
models of organ exposures, dose-rate effects, and radiation quality effects, respectively. Monte-
Carlo trials are repeated many times, and resulting values are binned to form an overall PDF
taking into account the model uncertainties. In this report, updates to the risk coefficients and
QFs as well as and the revised PDFs for the various factors are described based on recent data
and findings. In practice, the risk model does not use the simple form of Eq(1.1). Instead, risk
calculations are based on a double-detriment life-table calculation that considers age, gender,
and tissue-specific, radiation-induced cancer rates within a competing risk model with all causes
of death in an average population.®*’

The model of Eq(1.1) and similar models make several important assumptions that we note here:

1) Risk assessments are population-based calculations that are applied to individuals
rather than individual-based calculations. Legal and ethical obstacles to individual-based
risk assessment are being described elsewhere along with the current scientific
limitations to such approaches for low dose-rate exposures.?#

2) Alinear and additive response over each contribution of each particle to cumulative risk
is assumed. The linearity and additivity of radiation component assumptions are em-
bodied in the use of QFs, Q. QFs are subjective judgments of experimental determinations
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of maximum relative biological effectiveness (RBE) factors determined as the ratio of initial
slopes for linear dose response curves for ions compared to y-rays denoted as RBE .
Under this assumption, the DDREF applies only to y-rays. No dependence of space
radiation risks on dose-rate is presumed.

3) The risk model implicitly assumes that only quantitative differences between low- and
high-LET radiation are important for risk assessment, thereby neglecting any impacts
from qualitative differences.

The types of uncertainties that occur in cancer risk projection models can be classified as:

Type | Uncertainties: Uncertainties in human epidemiology data including statistical, record
keeping, dosimetry, and bias. In addition, the shape of the dose-response curve such as linear,
linear-quadratic and the possibility of dose thresholds are uncertainties in models of
epidemiology data. Also, the role of confounders such as host environmental exposure,
including smoke from tobacco products and dietary and genetic factors.

Type Il Uncertainties: Uncertainties in application of radio-epidemiology data to other
populations including transfer models, cancer rates and survival data in the population of
interest, and differences due to individual variations in radiation sensitivity. For certain radiation
workers, the effects of interactions with smoking are important. Due to the limitations in data for
cancer rates above age 85-y extrapolation to older ages is important, especially for healthy
workers who will enjoy significant increases in life span when not exposed to radiation
compared to the average U.S. population.

Type lll Uncertainties: Uncertainties in applying radio-epidemiology data to other radiation
types and dose-rates including dose-rate and dose-protraction effects, radiation quality effects,
and uncertainties in space dosimetry, which includes space environmental models, transport
codes, and dosimetry methods.

Type IV Uncertainties: Type IV uncertainties include the possible inter-dependencies of the
other Uncertainty classes (I to lll). For example, if radiation quality leads to differences in
transfer model assumptions including qualitative differences that would preclude the scaling of
cancer risks using an RBE or similar quantity. In addition, assumptions about radiation
sensitivity may be distinct at high versus low dose-rate, or depend on radiation quality.

The models described in this report describe some but not all of the Type | to IV uncertainties.

Most importantly the effects of individual sensitivity (part of Type Il uncertainties), and Type IV

uncertainties are not described. In addition, the uncertainties due to extrapolation of population
data for cancer rates beyond age 85-y have not been included at this time.

Ground-based research at the NASA Space Radiation Laboratory (NSRL) continues to
document important quantitative and qualitative differences in the biological effects of HZE
nuclei, including in the types of deoxyribonucleic acid (DNA) damages and chromosomal
arrangements, gene expression, and signal transduction induced by radiation. Important
differences between these processes at high vs. low doses have also been documented. Non-
targeted effects (NTE), including bystander effects and genomic instability in the progeny of
irradiated cells,?*** are currently of great interest in radiation protection as they challenge the
traditional paradigm of dose responses, which increase in a manner proportional to dose without
threshold. These assumptions are clearly motivated by a DNA mutation mechanism or other
targeted DNA effects (targeted effects [TE]). NTEs often are suggestive of qualitative differ-
ences between low- and high-LET radiation. Ultimately, low-LET and simulated space radiation
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can be compared for the same endpoint, such as overall cancer risk or tissue-specific cancer
risks, albeit there are both qualitative and quantitative differences in causative steps leading to
these endpoints. However, elucidation of the biological importance of quantitative differences
through mechanistic research is essential for improving current risk models. A long-time out-
standing question is the use of dose-based models to describe cosmic-ray tracks as they pass
through tissue. Figure 1.2 illustrates some of the differences between dose-based risk models
and particle track structure. Quantitative and qualitative differences occur, and the use of
radiation QFs may not be justified in all or certain cases.

H He Li Be B C Si Ca T Fe
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Figure 1.2. A comparison of particle tracks in nuclear emulsions and human cells. The right
panel illustrates tracks of different ions, from protons to iron, in nuclear emulsions, clearly
showing the increasing ionization density (LET=AE/AX) along the track by increasing the
charge Z. The left panel shows three nuclei of human fibroblasts exposed to y-rays and Si- or
Fe-ions, and immunostained for detection of y-H2AX**. Each green focus corresponds to a
DNA double-strand break (DSB). Whereas the H2AX foci in the cell that is exposed to
sparsely ionizing y-rays are uniformly distributed in the nucleus, the cells that are exposed to
HZE particles present DNA damage along tracks (one Si- and three Fe-particles, respectively),
and the spacing between DNA DSB is reduced at very high LET.?

NASA radiation protection methods are based on recommendations issued by the NCRP®% and
the International Commission on Radiological Protection (ICRP),% but independent approaches
have been developed and continue to be developed that lead to better implementation in the
context of space exploration. In those instances, details of NASA practice differ from these
recommendations. For example, NASA uses cancer-mortality-based career limits rather than
limits that are based on overall health detriment, as recommended by the ICRP, and gender-
specific career limits calculated for individual astronaut mission exposure histories rather than
attained age. Distinct short-term limits are followed originating in recommendations from the
National Research Council (NRC) (1970). NASA continued to use Q(L) (ie, QF as a function of
LET) rather than ICRP radiation weighting factors based on NCRP recommendations,®* and
also uses distinct RBEs for non-cancer risks instead of the QFs employed in estimating cancer
risks. NASA estimates the 95% CLs as a requirement for dose limits, and recently considered
limits for the CNS and heart disease.?” Dosimetry?® and ALARA implementation for space



missions, including the timing of spacewalks,?® and operational biodosimetry*® also distinguish
NASA procedures from terrestrial radiation protection procedures.

Whereas the revised approach described in this report for space radiation cancer risk
assessments leads to additional modifications from prior methods recommended by NCRP or
ICRP, it is nevertheless consistent with the overall principles of NCRP and ICRP because the
higher risk levels of long-term space missions require more accurate assessments than are
used in most ground-based scenarios. To quote the ICRP from its recent assessment of QFs:*

“Accurate determinations may seem to be an academic issue in radiation
protection. Under routine circumstances, where exposures are substantially
below the limits, this is indeed the case. Then there is no need for accurate
assessments. However, in radiological protection, as in other formally adopted
and legally binding protection or safety systems, a limit must also be rigorously
defined quantity because exposures must, in certain critical cases, be assessed
accurately. Looseness that can involve uncertainties by a factor of 2 or more is
tolerable under many routine conditions, but it will make the system inoperable in
exactly those critical circumstances where compliance with regulatory limits is in
guestion and must be reliably quantified.” [p. 68, para. 230]

Thus, the required accuracy for radiation projection for long-term space travel makes many of
the methodologies recommended by the ICRP and the NCRP inadequate for NASA. However,
the approach described in the present report is consistent with the NCRP overall recommended
principles of risk justification, risk limitation, and ALARA. In the final section of this report, we will
discuss predictions for space missions as well as changes to dosimetry and computer codes
procedures that result from our recommended changes to the NASA cancer projection model.

1.2 Basic Concepts

Radiation exposures are often described in terms of the physical quantity absorbed dose, D,
which is defined as the energy deposited per unit mass. Dose has units of Joule/kg that define
the special unit, 1 Gray (Gy), which is equivalent to 100 rad (1 Gy = 1 rad). In space, each cell
within an astronaut is exposed every few days to a nuclear particle that comprises the GCR.
The GCR is the nuclei of atoms accelerated to high energies in which the atomic electrons are
stripped off. It is common to discuss the number of particles per unit area, called the fluence, F,
with units of 1/cm?. As particles pass through matter, they lose energy at a rate dependent on
their kinetic energy, E, and charge number, Z, and approximately the average ratio of charge to
mass, (Z1/A7) of the materials they traverse. The rate of energy loss is called the LET, which, for
unit density materials such as tissue, is given in units of keV/um. Dose and fluence are related
by D = pF LET, where pis the density of the material (eg, 1 g/cm?® for water or tissue). The
dependence of energy loss on the Z;/At ratio implies that hydrogen, with its ratio equal to 1, is
the optimal material for slowing particles. There is a broad energy range for the cosmic rays,
and the spectra of particles is denoted as the fluence spectra, ¢(E), where j refers to the particle
type described by Z and the mass number, A. The particle velocity scaled to the speed of light,
denoted as g, is related to the kinetic energy. E and g are related using the formula =1 + E/m
where m is the nucleon rest mass (938 MeV) and A=(1-1//%)"2. Kinetic energies are often ex-
pressed in units of MeV per atomic mass unit (u), MeV/u because particles with identical E

then have the same g. The total kinetic energy of the particle is then A times E.



The GCR of interest has a charge number, Z from 1 to 28, and energy from less than 1 MeV/u
to more than 10 000 MeV/u with a median energy of about 1000 MeV/u. The GCR with energies
less than about 2000 MeV/u is modulated by the 11-y solar cycle, with more than two times
higher GCR flux at solar minimum when the solar wind is weakest compared to the flux at solar
maximum. The most recent solar minimum was in 2008-2009, and the next will occur in about
2019. SPEs occur about 5 to 10 times per year, except near solar minimum, and consist largely
of protons with kinetic energies below 1 MeV up to a few hundred MeV. However, most SPEs
lead to small doses (<0.01 Gy) in tissue; and only a small percentage (<10%) would lead to
significant health risks if astronauts were not protected by shielding. At this time, there is very
little capability to predict the onset time and determine whether a large or small SPE will occur
until many hours after an SPE has commenced. Mission disruption may occur for many SPEs,
although the health risks are very small.

Nuclear and atomic interactions in materials are best described using the material thickness, X,
described as an areal density, t = Xp, where pis the atomic density of the material with values
for common materials of p = 1.0, 2.7, and 0.96 for tissue, aluminum, and high-density polyeth-
ylene, respectively. The range of a particle is defined as the average distance traveled before
the particle loses all of its kinetic energy and stops. The range increases with E and is a few
g/cm? at 50 MeV/u, and more than 100 g/cm? at 1000 MeV/u. Nuclear reactions, which occur
through interactions of cosmic rays with the nuclei of atoms in shielding materials or tissue, lead
to the production of secondary radiation, including neutrons and charged particles from the atoms
of the shielding material or tissue. The mean free path for a nuclear reaction increases with the
mass of the cosmic ray; about 10 g/cm? for heavy nuclei such as iron (A=56; Z=26), and more
than 20 g/cm? for protons (A=1; Z=1). Shielding thickness of 10 to 20 g/cm? is sufficient to protect
against most SPEs; however, thicknesses of several hundred g/cm? are needed to significantly
reduce organ doses from GCR, making shielding impractical as an efficient method of
protection.

Energy loss by cosmic rays occurs through ionization and excitation of target atoms in the
shielding material or tissue. The ionization of atoms leads to the liberation of electrons that often
have sufficient energy to cause further excitations and ionizations of nearby target atoms. These
electrons, which are called 8-rays, can have energies more than 1 MeV for ions with E>1000
MeV/u. About 80% of the LET of a particle is due to ionizations leading to 3-rays. The number of
8-rays created is proportional to Z*%/#, where Z* is the effective charge number that adjusts Z by
atomic screening effects important at low E and high Z. The lateral spread of 3-rays, called the
track-width (illustrated in Figure 1.2) of the particle, is dependent on S but not on Z being deter-
mined by kinematics. At 1 MeV/u, the track-width is about 100 nm (0.1 um); and at 1000 MeV/u,
the track-width is about 1 cm. A phenomenological approach to describing atomic ionization and
excitation is to introduce an empirical model of energy deposition. Some definition of a charac-
teristic target volume is needed to apply this model. A diverse choice of volumes is used in
radiobiology, including volumes with diameters <10 nm to represent short DNA segments, and
of diameters from a few to 10 microns to represent cell nuclei or cells. Energy deposition is the
sum of energy transfer events due to ionizations and excitations in the volume including those
from &-rays. For large target volumes, energy deposition and energy loss (LET) become approx-
imately the same. Two patrticles with different Z and identical LET will have different values for E
and, therefore, different track-widths. The particle with lower Z will have a narrower track-width
and more localized energy deposition, and in many experiments has been shown to have a
higher biological effectiveness than a particle with higher Z. In tissue, however, the higher Z
nuclei often have a larger range and can traverse more cell layers than the lower Z nuclei at

the same LET.



The biological effects of different types of particles are usually compared using the ratio of
doses that leads to an identical effect. This ratio is called the RBE factor. Human data for low-
LET radiation, such as y-ray or x-ray exposures leading to increased cancer risk, have been
studied in the survivors of the atomic bombs in Japan during World War Il, medical patients
exposed therapeutically to radiation, and nuclear reactor works. However, there are no human
data for high-LET radiation such as cosmic rays with which to make risk estimates. Therefore,
RBEs in which the dose in the numerator is that of y-rays and the dose in the denominator of a
nuclear particle being studied, are often used to compare results from biological experiments
with nuclei created at particle accelerators to the results of epidemiological studies in humans
exposed to y-rays or x rays. RBEs vary widely with the biological endpoint, cell or animal system,
type of radiation, and doses used in experiments. Traditionally, it has been the role of advisory
panels to make a subjective judgment of available RBE data to make estimates for human risk.
Such judgment is used to define a radiation QF. For terrestrial radiation exposures QFs, Q has
been defined uniquely by LET, Q(LET). Values of Q from 1 to 30 have been used in the past for
different LET values with Q=1 below 10 keV/um and Q=30 at 100 keV/um used at this time. For
the more complex radiation environments in space, however, the inaccuracy of LET as a descriptor
of biological effects has been a long-standing concern. Multiplication of the absorbed dose by
the QF is referred to as the dose equivalent, H = Q(LET) D, which has units denoted as 1 Sv

(1 Sv =100 rem; of 1 mSv = 0.1 rem). For calculating cancer risks, radiation transport codes
are used to describe the atomic and nuclear collisions that occur inside spacecraft and tissue.
Resulting particle spectra, averaged over the tissues of concern for cancer risk (eg, lung,
stomach, colon, bone marrow, etc.), are used to describe the organ dose equivalent, Hr.

Because human epidemiological data are predominantly for high dose-rates, methods to
estimate cancer risks at low dose-rates are needed. The traditional approach to this problem
has been to estimate a DDREF that reduces the high dose-rate risk estimate for its application
to low dose and dose-rates. DDREF values from 1.5 to 2.5 have been recommended in the past.
The use of radiation QFs and DDREFs is a major concern for space radiation risks because
there are both quantitative and qualitative differences observed in experimental systems of
cancer risks. It is unclear whether these quantities are sufficiently accurate to form a basis for
risk estimates. NASA limits astronaut cancer risks to a lifetime REID of 3%. Because long space
missions are projected to approach and exceed this risk limit, uncertainty analyses of the
models and methods used to make risk estimates are performed, including values and
descriptions of Hy, Q, and DDREF, which is the focus of this report.



2. Space Radiation Environments and Transport Models

In this chapter, we review models of the space radiation environments and organ exposures

as well as recent developments in their physical characterization in support of human missions.
To characterize uncertainties in physics models of space radiation the kinetic energy (E), mass
number (A), and charge number (Z), the dependent fluence distribution F(E,A,Z) behind space-
craft and tissue shielding must be evaluated. The space physics uncertainty for estimating particle
fluence distributions, F(E,A,Z), at tissues of interest behind shielding has three components:
space environments(Xen), radiation transport(xyan), and spacecraft and tissue shielding de-
scriptions (Xshielq). Overall uncertainties contributing to Monte-Carlo trial, £ can be written as:

Fg(Ev A, Z) = I:M (Ev A’ Z)Xenvxtranxshield (21)

where Fy, is a baseline model for the fluence distribution at sensitive tissues that is being
estimated. We review each of these factors in the current chapter. There are also variability
considerations to be addressed when considering organ exposures from space radiation. These
variables include: orientation of crew members inside a vehicle, peculiarities of an individual's
size and composition relative to the standard human geometry model used in calculations or
perhaps phantom measurements, or the exact position in which a crew member’s dosimetry is
worn. Variability analysis can be made, employing similar methods to those used here for
uncertainty analysis,* and considered in future reports.

The types and energies of particle radiation in space are summarized in Figure 2.1. The
predominant types of particle radiation in the Earth environment are solar flare protons, trapped
protons and electrons, and GCR. There are temporal variations as well as spatial distributions
for each radiation source.
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Figure 2.1. Schematic of energy ranges of space radiation environments.®



It is convenient to consider the particulate radiation in space as arising from these distinct
sources as defined by their location: the solar particle radiation, the GCR, and the trapped
particle radiation. We consider models of GCR and SPE next. The trapped radiation makes no
contribution outside of low-Earth orbit (LEO) and only a very minor contribution for ISS organ
exposures because here GCR dominates, representing more than 80% of organ dose equiv-
alents.*** The uncertainties in the trapped environments are not described here.

2.1 Galactic Cosmic Ray Models

The GCR pervades the near-Earth environment omnidirectionally, and has a range of energies
that exceeds 10 GeV/u. The GCR consists of fully ionized nuclei because the electrons are
stripped from the atoms during the acceleration of ions to high energies. Most cosmic rays prob-
ably originate in our galaxy, especially in supernova explosions,* although the highest energy
components (>10% eV amu™) may be of extragalactic origin.®” The region outside the solar sys-
tem in the outer part of the galaxy is believed to be filled uniformly with GCR. The GCR nuclei
constitute approximately one third of the energy density of the interstellar medium and, on a
galactic scale, form a relativistic gas whose pressure is important to take into account in the dy-
namics of galactic magnetic fields. GCR nuclei are the only direct and measurable sample of
matter from outside the solar system. It is a unique sample since it includes all of the elements,
from hydrogen to the actinides. The GCR arriving beyond the Earth magnetic field at the distance
of the Earth from the sun (1 AU [astronomical unit]) is composed of approximately 98% nuclei
and approximately 2% electrons and positrons.®® In the energy range 10° to 10*° eV/u, where it
has its highest intensity, the nuclear component consists roughly of 87% protons, approximately
12% helium nuclei, and a total of approximately 1% for all heavier nuclei from carbon to the
actinides.®®

Although GCR probably include every natural element, not all GCR are important for space
radiation protection purposes. The elemental abundances for species heavier than iron (atomic
charge number Z > 26) are typically 2 to 4 orders of magnitude smaller than the elemental
abundance for iron.*® Some elements such as the L nuclei (Li, Be, B), F, and several nuclei
between Si and Fe are quite rare®®* in the solar system:; whereas, in the GCR flux, nuclei of
these elements are present nearly as commonly as those of their neighbors. This shows that the
GCR originates in the breakup of heavy particles during GCR propagation, which would not be
present in the GCR at stellar sources.*”**

Experimental studies of high-charge (Z) and energy (E) nuclei (HZE) were made on the
Pioneer, Voyager, and Ulysses spacecraft to measure the isotopic composition of GCR ele-
ments near Earth and in deep space.*****" In recent years, the Advanced Composition Explorer
(ACE) has made substantial contributions to our understanding of GCR composition and solar
modulation.*® Data of the GCR and SPE near Mars were also collected by the Martian Radia-
tion Environment Experiment [MARIE] on the Mars Odyssey spacecraft.*’

2.1.1 Model of galactic cosmic rays charge and energy spectra

Badhwar and O’'Neill*® have developed a self-consistent solution to the Fokker-Plank equation
for particle transport in the heliosphere that has been fit to available GCR data. This model
accurately accounts for solar modulation of each element (hydrogen through nickel) by
propagating the local interplanetary spectrum (LIS) of each element through the heliosphere by
solving the Fokker-Planck diffusion, convection, and energy loss boundary value problem. A
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single value of the deceleration parameter, ®(t), describes the level of solar cycle modulation
and determines the GCR energy spectrum for all of the elements at a given distance from the
sun. More recently, O’Neill®??* reanalyzed the model using data from ACE.?*

Several approaches have been used to represent the energy spectra of the GCR. An approximate
solution for the integral fluence j(r,E) at high energies (= 300 MeV/n) can be expressed as a
function of the deceleration potential, @ as:

i(rE) _ Jolrs. E+Zeg) .23

E’-m® (E+Zeg) -m?

where j, is the local interstellar spectrum. Equation (2.2a) basically represents the standard
convection-diffusion model of the GCR modulation. Although it does not explain the radial gradient
and the charge dependence, it is widely used to predict the fluence rate j(Z,E,t) in any point r in the
heliosphere. Since there are no measurements of jy, different forms for this function have been
used, with the constraint that the high-energy portion of the spectrum agrees with the
measurements in LEO.

In the Nymmik’s model,??” also known as Moscow State University model, j, is described as a
function of the particle velocity B and rigidity R as:

jo(Z, E)dE = Cﬂ“RY(%EJ (2.20)

where C, o and y are Z-dependent parameters derived from fits to experimental data.

Badhwar and O’Neill have used a representation of the energy spectrum of each element at the
outer heliosphere boundary, which is accurately described by a power law in total energy per
nucleon. O’Neill®* has shown that the ACE data demonstrate that inclusion of f, particle speed
relative to the speed of light, in the simple power allows for very accurate agreement with GCR
data for all elements down to energies of approximately 50 MeV/u.

jis(E) = jo B° / (E + Eg)’ (2.2¢)

where jis(E) is the differential LIS for an element, E is the kinetic energy/nucleon of the particle,
and Eqis the rest energy/nucleon of the particle (~938 MeV/u). The free parameters are vy, 8, and
jo, which are determined from fits to the ACE data and differ for each element. By using this rep-
resentation, the root mean square (RMS) error of less than £10% is found for all major GCR
components in the interstellar composition. Because the LIS is constant over very long time
scales, the largest uncertainty in models of GCR environments is describing solar modulation
effects. Table 2.1 shows the LIS parameters and average model RMS in percentage for
elements.”

2.1.2 Isotopic composition of galactic cosmic rays

The GCR model of Badhwar and O’Neill®**! describes the elemental composition and energy
spectra of the GCR, including its modulation by the magnetic field of the sun. Only the most abun-
dant GCR nucleus is considered for each element in this representation, and other isotopes of
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identical charge are counted as the abundant isotope. However, theoretical models and satellite
measurements of the GCR also consider the isotopic composition of the GCR and its modification
through transport in interstellar space where nuclear fragmentation occurs, including estimating
the primary nuclear composition at stellar sources.***">? The isotopic description of the primary

GCR may modify the neutron fluence at high energy because, in many cases, neutron-rich
isotopes make important contributions in the near-Earth GCR.

Table 2.1. LIS parameters and average model RMS error in % for elements.™

Z  Element y 5 Jo #ION' #DAYS® % ®pce’ % Dcy,
1 Hydrogen 2.765 0.0 1.2500E-3 1000 7 9.3 12.0
2 Helium 3.053 0.0 4.0000E-5 1000 21 9.9 11.3
3 Lithium 2.704 0.887 2.8000E-7 N/A 365 5.6 5.9
4 Beryllium 2.776 1.196 1.4000E-7 N/A 365 8.9 75
5 Boron 3.040 0.369 1.8000E-7 1000 48 7.6 9.5
6 Carbon 2.835 0.0 1.3000E-6 2000 21 4.9 7.8
7 Nitrogen 2.973 0.250 2.2500E-7 1000 35 6.8 8.7
8 Oxygen 2.800 0.0 1.4000E-6 2000 18 4.5 7.3
9  Fluorine 2.882 0.816 2.2000E-8 200 74 11.6 13.6
10 Neon 2.823 0.0 1.8700E-7 1000 43 5.9 8.2
11 Sodium 2.803 0.0 3.8094E-8 500 79 6.2 75
12 Magnesium 2.826 0.0 2.4841E-7 1000 28 5.5 7.4
13 Aluminum  2.903 0.472 3.3718E-8 300 49 8.3 9.7
14 Silicon 2.823 0.0 1.8340E-7 1000 32 5.3 7.1
15 Phosphorus 2.991 1.399 5.3011E-9 100 95 12.5 14.2
16  Sulfur 2.838 0.690 3.7502E-8 300 54 8.7 9.5
17 Chlorine 3.041 1.929 5.0000E-9 100 101 16.8 16.7
18 Argon 2918 1.291 1.3000E-8 100 43 13.0 11.6
19 Potassium 3.169 1.827 5.8000E-9 100 52 15.0 16.7
20 Calcium 2.910 0.996 2.8000E-8 200 36 9.5 10.3
21 Scandium 2926 1.267 5.8351E-9 100 73 13.0 12.3
22  Titanium 2.790 0.532 2.4982E-8 200 45 10.8 11.4
23 Vanadium  3.028 0.617 5.6000E-9 100 48 13.1 13.5
24 Chromium  2.945 0.582 1.4400E-8 200 43 10.2 11.1
25 Manganese 2.794 0.0 1.2000E-8 200 66 11.7 12.5
26 Iron 2770 0.0 1.4000E-7 1000 32 6.1 6.7
27 Cobalt 2.764 0.0 9.4052E-10 30 94 22.5 215
28 Nickel 2712 0.0 8.3950E-9 100 64 13.7 14.2

“Minimum number of ions per channel collected to define the interval data point.
“Average collection time.

®Average model — ACE % error from solar minimum (1997.6) to solar maximum (2000.9) using the
value of @ace(t) determined from the ACE cosmic ray isotope spectrometer oxygen fit.
4Average model — ACE error with the value of @& (t) determined from the CLIMAX neutron monitor

used instead of that from fit to oxygen.

The approach used by Cucinotta et a

|39

#Z,E) = ZAJ_ f.¢(A,Z,E)

is to estimate from satellite measurements an energy-
independent isotopic fraction, fj, that is constrained to obey the sum-rule as follows:

(2.3)

where the left side of Eq(2.3) is the elemental spectra from the Badhwar and O’Neill model and
Zj fj =1. Experimental data on mass distributions of the GCR have included measurements

12



on the Pioneer, Voyager, and Ulysses spacecraft. Since secondary fragment production is mod-
ulated by the transit time in the heliosphere, the isotopic fraction is dependent on the position in
the solar cycle. However, we compared radiation shielding calculations in which the isotopic com-
ponents were modulated over the solar cycle to calculations fixed by the Ulysses estimates near
solar minimum and found the differences to be small. The Ulysses estimates are then used for
the isotopic composition for radiation transport calculations, such as with the HZETRN code.*
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Figure 2.2.a. Energy spectra near solar minimum (®=428 MV) and solar maximum (®=1050
MV) for primary GCR light ions.

102
;_‘ 101 3
2
T
100 :
=
=
S 10} e :
:—: E | e Orenrran JNE+2“NE E|
— 3 —————— Bgj
— L — s — Bg 430G
% 102 —_—— *Fe E
= E —-—0—-—  ¥Fe:*Fe+"Fe 3
10-2 e | oo cod
10! 102 1032 104 10°
E, MeV/u

Figure 2.2b. Energy spectra near solar minimum (®=428 MV) for primary GCR isotopes of

Ne, Si, and Fe.

For the Z=1 and Z=2 ions, the following empirical formula can be used to estimate the primary
(near-Earth) ?H and *He spectra:*
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e(E) = {0.0764+0.097 exp[-0.5(In(E /1660) /1.306)°]} b, (E) (2.43)
¢.,(E) =02¢, (E) (2.4b)

where ¢s¢(E) is subtracted from the Badhwar and O’Neill model spectra for ¢.(E). Primary °H
and neutron spectra are not considered because of their short half-lives. Examples of the GCR
energy spectra for hydrogen and helium are shown in Figure 2.2a and for the isotopes of Ne,
Si, and Fe at solar minimum in Figure 2.2b.

2.1.3 Solar modulation of the galactic cosmic rays

The intensity of the GCR flux varies over the approximately 11-y solar cycle due to changes in
the interplanetary plasma that originates in the expanding solar corona.”®>® The intensity and
energy of GCR entering the heliosphere is lowered as the rays are scattered by irregularities in
the interplanetary magnetic field embedded in the solar wind. Parker®® showed that the steady-
state, spherically symmetric Fokker-Planck equation accurately accounts for diffusion, convec-
tion, and adiabatic deceleration of these particles.

If U is the cosmic ray density, E the particle kinetic energy, V the velocity, and «” the symmetric
part of the diffusion tensor, the basic equation is*?:

N v vu)-V-vUu+ vy (14— JuE|=0 (25a)
ot 3 oE E+m

where m is the proton rest mass. A full numerical solution of the equation is given by the
deceleration potential @ (in MV):

_LRVL(Y
#rt) =3 j P dr (2.5b)

where rg is the radial extent of the heliosphere, «the diffusion coefficient and V,, the solar wind
velocity. The deceleration potential is the most important parameter in describing the modulation of
GCR intensity.

The Fokker-Planck equation is readily solved numerically to propagate the LIS for each element
to a given radius from the sun. A single diffusion coefficient, Eq(2.6), was used by Badhwar and
O’Neill as well as by others to describe the effect of the magnetic field of the sun on particles
entering the heliosphere.

K(r,)=(Ko/Vsw)BP[L+(r/ro) I/ (1) (2.6)

where Vg is the constant solar wind speed (400 km/s), r is distance from the sun in AU, tis time
in years, kqis constant, 3 is particle speed relative to the speed of light, P is particle rigidity in MV,
and @(t) is solar modulation parameter in MV.
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In the Badhwar and O’Neill model the effect of magnetic field, including disturbances and the
radial gradient, is described by the diffusion coefficient. An inverse square law (for 1/k(r, t)) for a
spherical cavity is assumed. To fit each of the various elements from hydrogen to nickel with the
simple analytical LIS form, the modulation cavity scaling parameter r, was set to be 4.0 AU by
O'Neill.>* The physical significance of the 4 AU cavity scaling is not yet clear; the actual boundary
of the cavity was set at 50 AU. The single-fit parameter that determines the level of solar modu-
lation is ko/@(t). O’Neill®* and others set ko to a constant (k, = 1.6x10** cm?/s) and then deter-
mined the value of ®(t) that fits the measured spectra. The ®(t) is related to the energy and
rigidity required for interstellar particles to propagate through the heliosphere to the radius

of interest.

The modulation parameter at solar minimum or maximum varies to some extent for each solar
cycle.”® A worst-case solar minimum, based on the BO96 model of the 1977 minimum, has
been widely used for shielding design studies. The most recent solar minimum (2009) was
reported as significantly deeper compared to the 1977 solar minimum. For solar maximum a wide
range of modulation parameters values is observed for each cycle; and, more importantly, the
occurrence of large SPEs is not well predicted relative to the position in the solar cycle as
described below. Therefore, a modulation parameter of about 1100 MV provided a reasonable
GCR background to investigate SPE risks in the BO96 model.

Recently, O’Neill (O’Neill et al, to be published) has modified the BO10 model** to include a
better representation of the GCR modulation as it relates to the smoothed mean sunspot
number, and to improve the overall fit of the model to the historical GCR energy spectra, more
recent HZE particle data from ACE, and the Interplanetary Monitoring Platform (IMP) data for
protons and helium. The revised model is denoted at the BO11 model (O’Neill et al, to be
published). In this model, a new feature is to introduce a modulation parameter for protons
(Z=1) distinct from other GCR particles (Z>1). The description of the solar cycle considers two
temporal progressions: 1) Pointed period during B magnetic field where there is an immediate
response to new solar cycle with minimal delay. 2) Plateau period during B* magnetic field
where there is a rapid GCR rise followed by a delayed decline. For protons, the relationship
between sunspot number and the modulation is identical in the Pointed and Plateau periods.
For Z>1 particles, a distinction is made leading to a different lag time. Figures 2.3 to 2.6 show
representative results of the BO11 model for the modulation parameter based on the smoothed
average sunspot number and comparisons of proton, helium, and iron particle predictions to
various data sets.??®#*! From these data, Table 2.2 shows calculations of average modulation
parameter at solar min, solar max, and worst and best cases.

Defining a worst-case GCR environment for mission design studies entails several
considerations. We note that most NASA design studies have used a GCR environment
representing the 1977 solar minimum to correspond to the worst case. Each solar cycle will
have a distinct solar modulation and will depend on the polarity of the solar field, which itself
switches from positive to negative polarity on a 22-y cycle. Negative polarity cycles are more likely
to show deeper solar minima (smaller modulation parameters). As mission length increases, using
a single-modulation parameter would overestimate the conditions at solar minimum. In our
previous report we showed that the GCR modulation averaged over increasing mission length,
and described the impact of using a fixed-modulation parameter.®® Solar modulation over recent
cycles does not reflect historical periods. Castagnoli et al®*® made estimates based on a sunspot
number that suggests much deeper minima in past centuries. The effect of increased modulation
beyond that of a recent solar minimum decreases with increasing shielding depth, perhaps
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representing a 10% increase in GCR organ dose equivalents when comparing 428 MV to, say,
350 MV based on our earlier analysis.>’
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Figure 2.3. BO11 model for GCR solar modulation parameter versus time compared to ACE and IMP derived
values. Results show distinct modulation values for protons compared to other particles.
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(O’Neill et al., 2012) .
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Table 2.2. Solar modulation parameters in BO11 model based on historical data smoothed average
sunspot numbers from 18" century through 2011. The average solar min, solar max, and deepest and
weakest modulation parameters are shown for Z=1 and Z>1 particle modulation.

Modulation Condition Z=1 Z>1
Deep Sol Min 2009 (99th-percentile 420 420
or worse-case)
95" Percentile 433.3 427.9
Ave. Sol Min 463.3 455.6
Median Solar Cycle 657.6 580.2
Ave. Sol. Max 924.3 817.5
10" Percentile 1057.9 941.7
Deepest Solar Max 1740.9 1576.9
e=——=B011 (284 - 432 MeV/n) ® ACE(270 - 450 MeV/n) ® ACE/Bartol Rotation (286.8 -465.9 MeV/n)
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Figure 2.5. Comparison of BO11 modulation of GCR iron fluence to ACE data for recent times.
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Figure 2.6. GCR modulation parameters in BO11 model at solar min or solar max versus time (left panels) and
percentiles based on resulting values from 1750 to 2011 (right panels) for Z=1 and Z>1.

2.2

Solar Particle Events

The origin of solar flares, coronal mass ejections (CMES), etc., are discussed in a recent NCRP
Report.® For radiation protection purposes only, SPEs with integral 30 MeV proton fluences
greater than 10" per cm? are of importance. Radiation protection from SPEs can be divided into
the pre-mission design phase and real-time responses during the mission (not discussed herein).
The SPE frequency and total particle fluence, energy spectra, and duration must be described for
mission design assessments. A solar flare is an intense local brightening on the face of the sun
close to a sunspot. The solar abnormality results in an alteration of the general outflow of solar
plasma at moderate energies and local solar magnetic fields carried by that plasma. An



important source for SPEs is energetic ions accelerated to higher energies by interplanetary
shocks generated by CMEs.® As solar plasma envelops the Earth, the magnetic screening
effects inherent in plasmas act to shield the Earth from the GCR, which is denoted as a Forbush
decrease.®® In fact, for most solar events, crew doses are lowered by the Forbush effect, which
reduces GCR doses that offsets any increase in organ dose equivalents from solar protons.

For solar cycles 19-21 (1955-1986), the list of major SPEs and the proton fluences have

been assembled by Shea and Smart,> who placed all available flux and fluence data in a use-
ful continuous database. An SPE list and the Geostationary Operational Environmental Satellite
(GOES) measurements of the 5-minute average integral proton flux (from 1986 to the present
[solar cycles 22 and 23]) can be obtained through direct access to the National Oceanographic
and Atmospheric Agency (NOAA) National Geophysical Data Center (NGDC). Table 2.3 lists
the large SPEs in the past five solar cycles for which the omnidirectional proton fluence with
energy above 30 MeV, @5y, exceeded 10° protons/cmz. Only 13 events with at least this size
occurred in nearly 60 y of observation. As described below, this probability is similar to the
probability for all events dating back to the 15" century.®® Between the years 1561 and 1950,
71 SPEs with ®3,> 2x10° protons per cm? were also identified from impulsive nitrate
enhancements in polar ice cores.®* About 40 other SPEs with lower cutoff of 10° protons/cm?
occurred in the same time period. As a rule of thumb, events of size below a 30-MeV fluence of
10® protons per cm? would present organ doses less than about 0.01 Gy for nominal shielding
(even smaller doses in LEO) and, therefore, have only small health consequences to astronauts.
We show the relationship between the SPE event date and size with the GCR solar modulation
parameter in Figure 2.7. It has been demonstrated that an increase in SPE occurrence is asso-
ciated with increasing solar activity; however, no recognizable pattern has been identified. Large

events have definitely occurred during solar active years, but these events have not occurred
exactly during months of solar maximal activity. Moreover, they are more likely to take place in
the ascending or declining phases of the solar cycle.®® This sporadic behavior of SPE occur-
rence is a major operational problem in planning for missions to the moon and Mars.

Table 2.3. Summary of ®5, > 10° protons/cm? values for the largest SPEs during solar cycles

19 through 23.
Solar Cycle SPE @4, protons/cm?
19 11/12/1960 9.00 x 10°
20 8/2/1972 5.00 x 10°
22 10/19/1989 4.23x 10°
23 7/14/2000 3.74 x 10°
23 10/26/2003 3.25 x 10°
23 11/4/2001 2.92 x 10°
19 7/10/1959 2.30 x 10°
23 11/8/2000 2.27 x 10°
22 3/23/1991 1.74 x 10°
22 8/12/1989 1.51 x 10°
22 9/29/1989 1.35 x 10°
23 1/16/2005 1.04 x 10°
19 2/23/1956 1.00 x 10°
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large SPEs relative to solar modulation parameter (). Only events with @3 ey >108 particles
per cm? are shown in the lower graph.

2.2.1 Hazard function for solar particle event occurrence

More than 90% of the SPEs that occurred in solar cycles 19-23 would pose a small health risk;
these can, nevertheless, result in significant mission disruption. This suggests that a
probabilistic risk assessment (PRA) model is needed for mission design. Kim et al®® have used
survival analysis to develop a model of SPE size and frequency for a standard solar cycle that
provides such a PRA tool. The model considers all SPEs for solar cycles 19-23 (1955-1986)
and the ice-core nitrate estimates of large events since the 15" century, and assembles the
available flux and fluence data in the form of a continuous database (Figure 2.7). A total of 370
SPEs were identified during solar cycles 19-23. Events were found to be differ significantly in
overall distribution of @3, from cycle to cycle. However, fluence data of @3, were combined over
all five cycles to estimate an overall probability distribution of an average cycle. Figure 2.8
shows sample cumulative tail probabilities of ®3, for cycles 19-23 and the overall cumulative tail
probability (thick line). Also included in Figure 2.8 are the probabilities of the impulsive nitrate
events of 71 SPEs with ®5, > 2x10° protons cm™ (Ref. 61) with and without seasonal correction,
and they do not differ significantly from the modern sets of large @, data.?® Table 2.4 lists the
available database of SPEs for the omnidirectional proton fluence of ®g, where E = 10, 30, 50,
60, or 100 MeV. Whereas the expected frequency of SPEs is strongly influenced by solar
modulation, the SPE occurrences themselves are chaotic in nature. Figure 2.9 shows the onset
times of all SPEs in solar cycles 19-23.
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Figure 2.9. The onset dates of SPEs occurring between January 1, 1956, and December 31, 2007.

Observations over solar cycles 19-23 were represented by a hazard function for the probability
of SPE occurrence for a given mission length as a function of time within a cycle. Because there
are typically more SPEs near the middle of cycles than there are near the beginning and end of
cycles, the hazard function should take on relatively low values at the ends of each solar cycle
and reach a peak somewhere near the middle of each solar cycle. After studying different
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models for the hazard function and assessing goodness of fit, the functional form best
explaining all SPEs was found as:*°

Ay = o, K r(p+q)( t jp‘l(l_ t jq‘l (26)
4000 4000 T'(p)I(q) \ 4000 4000

for a “typical” nonspecific cycle of 4000 days duration (0 <t < 4000), where Ao, K, p, and q are
parameters to be estimated. Resulting maximume-likelihood parameter estimates were A, =
19.52, K=55.89, p =4.073 and q = 4.820. From Eq(2.6), it can also be shown that y, the time
of peak hazard, is 4000(p — 1)/(p + q —2) days into a cycle. For the observed data, x was
estimated at 1783 days.

Table 2.4. Published databases of recorded SPEs.

Solar Cycle # of SPE # of Day Period (01

Cycle 23 92 4262 513/21/3133867* ® 10305060100 (NGDC 2010)
Cycle 22 7 3742 iggﬁggé ®10,30,50,60,100

Cycle 21 70 3653 ig’ll/%gé D030 ®

Cycle 20 63 4140 i%iﬁg%" 10,30 and Dy30,60 (C)
Cycle 19 68 3895 3%61/?3221 D1030,100  and D30 @

Impulsive

- (e)
Nitrate Events Y 390y 15611950 dg

"The end of cycle 23 estimated. 663

The expected number of events for a mission in a time interval (t;, t), N(t, t,) were estimated
more accurately by using the basic properties of a Poisson process and the estimated A(t) at
time t of a solar cycle than could be obtained by simple counting of cases in the SPE data oc-
curring in a given time period (t;, t,). For conservatism, missions can be assumed to take place
centered on the time of greatest hazard, ¢ = 1783 days into a solar cycle, so that t; = 1783 — d/2
and t, = 1783 + d/2, where d is mission length (days).

2.2.2 Representation of solar particle event energy distribution

Wilson et al®® studied typical spacecraft shielding to show that protons with energies up to about
200 MeV or more are needed to fully characterize SPE organ doses. Unfortunately, only fluence
at 100 MeV or below is reported for many historical events, which leads to inaccuracies in trans-
port code predictions of SPE risks. Common functional forms to represent spectra are exponential
or power law functions in rigidity, the Weibull function, and more recently a double power-law for
studying high-energy SPEs where ground level enhancements (GLES) were observed with neutron
monitors (the so-called Band function®”®). Figure 2.10 compares two of the extreme examples
of differences that occur in extrapolating energies beyond measurements with different
functional forms. The best fit for the functional forms is shown in the upper panel, and
predictions of effective doses vs. shielding depth are shown in lower panels. Differences
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between models are smaller for many other SPEs energy spectra; however, the comparison of
Figure 2.10 shows the importance of accurate determination of SPE energy spectra.
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Figure 2.10. Comparison of exponential, Weibull, or Band functions fit to proton fluence measurements for
the November 1960 and August 1972 events (upper panels) and the resulting predictions of Effective doses
(lower panels).

A recognizable pattern of event size distribution during the past 5 solar cycles has not been iden-
tified, and the event size @4, is independent of elapsed time between two consecutive events.®
Therefore, the individual event size @3, for each SPE occurrence must be independent of the
expected number of events for a given mission duration, N(d). For the randomness of individual
event size, @3, was simulated with a random draw from a gamma distribution. An empirical dis-
tribution of total fluence ®g, ranging from 5" to 95" percentile is shown in Figure 2.11 for a
range of potential mission lengths. With the expected number of events, which took into account
the randomness of SPE occurrences, total event sizes of @3, in a mission period have been
simulated. Intense SPEs were considered as potentially debilitating events. Also shown in
Figure 2.11 are the resulting BFO doses taking into account the actual proton spectra for the
34 largest events in cycles 19 through 23. Very few SPEs would exceed the NASA 30-day limit
for acute risks with minimal shielding, leaving the residual cancer risks the major concern. In
assessing radiation risk from SPEs during a given mission period, the simulation illustrates that
risk assessors must take into account not only the randomness of SPE occurrences and each
event size of @3, but also the variation of energy spectra for the SPEs, because the detailed
SPE energy spectrum is the important parameter.
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Figure 2.11. (Left panel) Simulated distribution of integral proton fluence above 30 MeV, @, as a function of
increasing mission length. (Right panel) The blood-forming organ (BFO) dose behind 5 g/cm? aluminum shields
from the 34 largest SPEs in the Space Age ranked by 30-MeV proton integral fluence, Fs3g mev Calculated by the
BRYNTRN code.?® The black circles show the doses from each of the 34 events. The error bands show the 90%
CLs due to the variability of the proton energy spectra of the 34 events. The red dashed line shows the NASA 30-
day dose limit for the BFO.

2.3 Physics Model Description of Organ Exposures

Descriptions of the fluence for each particle type and energy at each tissue of interest must

be characterized before risk projections can be made. Fortunately, radiation transport codes
validated by extensive measurements have been combined with accurate descriptions of the
space environment to make accurate predictions of exposures to sensitive tissue sites behind
spacecraft shielding or on planetary surfaces. Radiation transport codes were studied extensively
in the past, and currently there are only minor scientific questions that lead to errors in the assess-
ment of space radiation environments. Boltzmann equation solvers or Monte-Carlo algorithms
can be used for this purpose when they are combined with models of the space environment
as well as spacecraft and organ shielding. Monte-Carlo codes require long computational times
to describe spacecraft with thousands of parts. Complex geometries are typically handled with
simplifications in the representation by combining parts and material composition, thus negating
any advantages compared to the one-dimensional transport methods that could be found by
treatment of detailed three-dimensional effects. Boltzmann equation solvers such as the HZETRN
code® are able to use ray-tracing techniques to consider a very detailed geometry in a one-
dimensional approach that is adequate for fast ions, especially for the omnidirectional radiation
sources in space. The relative contribution from low-energy charged ions that deviate from the
straight-ahead approximation can be solved by quadratures, leaving only the angular deflections
of neutrons and intermediate energy light ions with sufficient energy to produce nuclear reactions
to be addressed when considering a deviation from one-dimensional transport. However, their
relative contribution to a GCR transport problem may be small, reducing the significance of any
errors due to a one-dimensional approach.

The underlying physical processes described by transport codes are atomic energy loss,
straggling, and nuclear collisions. For describing atomic processes, the LET (stopping power),
range, and energy straggling parameters are known to +5% accuracy.*® A wide range of nuclear
interactions occurs in GCR transport leading to a diverse range of secondary particles as described
in Table 2.5.>™ The nuclear cross sections needed for space radiation transport include nuclear
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absorption, heavy ion fragmentation, light ion scattering, and particle production cross sections.
Nuclear absorption cross sections are well described by current models with accuracies of £5%
for most collision pairs of interest.”* Fragmentation cross sections for heavy fragments are known
with most of the error localized to a nearby fragment with a
similar A, Z, and kinetic energy, thus reducing the impact of errors in estimating biological

to about a +25% accuracy

effects.

39,72

Table 2.5. Reaction products in nuclear collisions important in study of space

radiation studies.

Type Secondary Mechanism Comment

N-A, A-A Nucleon Knockout, Low LET, Large R
cascade

N-A, A-A Nucleon Evaporation Medium or high

LET, small R

N-A, A-A Light ion KO, Low to medium
Evaporation, LET, small to large
Coalescence R

N-A Heavy ion Elastic or TF Small R, High LET

A-A Heavy ion PF Large R

A-A Heavy ion TF Small R, High LET

N-A, A-A Meson, y-ray, & Inelastic NN Large R, low LET

, etc.

N is the nucleon (proton or neutron), A is nucleus, PF is projectile fragment, TF
is target fragment, and R is range.

For lighter secondaries (A<5), details on the energy spectra and angular distributions are also
needed, and which have been extensively studied since the 1950s and well described by the
various Monte-Carlo transport models. However, cross-section data are sparse for some
projection-target combinations, especially above 1,000 MeV/u, and improvements in how
differential cross sections are represented in transport codes is required.

While three-dimensional aspects of transport from angular scattering are a small correction for
high-energy ions, they should be considered for neutrons and other light mass ions. Estimates
of neutron contributions to organ dose equivalents in space from as little as 5% to as much as 50%
have appeared in the literature. Neutrons are secondary radiation produced largely by cosmic
ray protons and helium particles because of their larger abundances compared to heavy ions,
and tertiary or higher-order effects between neutrons and charged patrticles are frequent behind
shielding. Differences in interpretation of neutron contributions often arise due to differential mea-
surement technigues or scoring approaches in transport codes. However, the consistent agree-
ment between physical dosimetry and biological dosimetry from space shuttle and 1SS crew®
as well as the HZETRN code reported in the past” suggests that the contributions of neutrons
are reasonably well understood. This topic is discussed in more detail below. Mesons, e-, and
y-rays are also secondary radiation that are not always considered in transport models. However,
because they are low-LET radiation with small QFs, and exploration spacecraft with current
launch capabilities will be mass constrained with average shielding of approximately 10 g/cm?,
their impact on overall risks should be small.

Three approaches to assessing uncertainties in transport models describing exposures to
sensitive tissue sites behind spacecraft shielding from space radiation exist:
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1) Comparison of ground-based measurements for defined beams on thin and thick targets
for different material compositions and amounts

2) Comparison of radiation transport codes using matched configurations and
environments

3) Comparison of transport codes to space flight measurements”

We summarize recent results in each of these areas next.

2.3.1 Comparisons of ground-based measurements to transport codes

Extensive thin target measurements and theoretical calculations were made in the past to
describe proton-, neutron-, and heavy-ion-induced nuclear collisions. NCRP Report No. 153°
reviews this information, including experimental data for cross sections and theoretical reaction
models. Several important data sets on heavy-ion interactions and neutron cross sections have
occurred since this report further improves databases for transport code calculations. We there-
fore do not review thin target data accuracies in this report. Instead, we will discuss recent thick
target measurements, which further document the accuracy of radiation transport code models.
The NSRL has made extensive measurements for a variety of HZE nuclei of the Bragg ioniza-
tion curve in polyethylene or aluminum shielding. A recently developed Monte-Carlo-based
transport code, the GCR Event-based Risk Model (GERMCode), uses the quantum multiple
scattering fragmentation model (QMSFRG) of nuclear interaction database, and the range-
energy in materials (RMAT)subroutines denoted from HZETRN to describe the NSRL beam line
for radiobiology applications.” Figure 2.12 compares the NSRL measurements with the
GERMCode for #Si, ¥’Cl, “®Ti, and *®Fe nuclei. Excellent agreement between the model and the
measurements is seen at all depths, including past the Bragg peak or primary ion range to
which only secondary radiation contributes. In Figure 2.13 we show comparisons of the
GERMCode measurements by Zeitlin et al”® to elemental distributions of secondary fragments
at two depths in polyethylene shielding for 1-GeV/u Fe beams. Agreement between theory and
measurements is typically within £20%. Energy loss in silicon detectors has been measured
behind graphite-epoxy. Data were compared to calculations of the GRNTRN code,’® which has
many important overlaps with the HZETRN code. The results in Figure 2.14 show good
agreement between code and measurement.”’
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2.3.2 Comparisons of transport codes

Recently, Wilson (private communications, 2009) organized comparisons of the HZETRN code
to several Monte-Carlo codes for well-defined shielding configurations and identical source
energy spectra for GCR and SPEs. The Monte-Carlo codes considered were HETC-HEDS,"®
FLUKA,” and PHITS.® These results, as summarized in both Figure 2.15 and Figure 2.16, are
in very good agreement for depth-dose, depth-dose-equivalent, and light-particle energy
spectra. Some of the comparisons on organ doses did not consider all of the contributions from
target fragments that introduce several differences between the code comparisons. These
comparisons show that overall agreement between transport code predictions, when
compared with identical source spectra and shielding configuration, is quite high. A possible
minor discrepancy is the mesons, electrons, and y-rays that may contribute 5% to 10% of the
absorbed dose from GCR behind ISS levels of shielding, and 1% to 3% of the dose equivalent
because of their small QFs or RBEs compared to HZE nuclei, or to stopping protons and helium
nuclei. These processes have not been fully integrated into all versions of the various existing
codes, and should be considered for deep-shielding risk assessment (>50 g/cm?). Further
considerations on pions are described below.
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2.3.3 Space flight measurement comparisons to transport codes

Organ doses and dose equivalents can be estimated from space radiation transport models
assuming they were made up of the following components: the GCR, solar particles, or trapped
protons including their secondary components (protons, neutrons, etc.). Shielding amounts are
described by the areal density, x, in units of g/lcm?, which represents the physical thickness, t in
units of cm, times the material density, p, in units of g/cm3, or x=pt. The GCR contribution varies
slowly with the amount of shielding, but the SPE or trapped proton dose decreases rapidly with
increasing depth-making small contributions relative to GCR to the Effective dose at large shield-
ing depth (>20 g/cm?). We used the HZETRN code with nuclear interaction cross sections gen-
erated by the QMSFRG model to make various predictions to space flight data. The QMSFRG
model provides an accurate database with an agreement of over 85% of the measured heavy
ion fragmentation cross sections <+25% error,*’? and a smaller error for the total absorption
cross sections <+5% error. A two-dimensional matrix, corresponding to the vehicle and tissue
shielding thicknesses, can be computed for the flux of ion j of energy, E (units of MeV/u) for the
thickness x (units of g/cm?) in spacecraft shielding, and thickness z (units of g/cm?) of tissue
denoted as ¢(E,x,z) (units of ions per cm?® per MeV/u per mission time). The absorbed dose
and dose equivalent are evaluated by:

D(x,2) = ijquﬁj(E,x, 2)Si(E) 2.7)

H(x2)= 3 [dEg(E,%,2)S(E)Q(S,(E)) (2.8)

where S(E) is the ion LET, which depends on kinetic energy and mass and charge of nuclei. A
unit conversion coefficient is ignored in Eq(2.7) and Eq(2.8), and throughout this report in similar
equations. Organ doses for a tissue, T, are evaluated using computerized male and female
geometry models and averaged over shielding at a spacecraft location, n, as

H (= Y >a> b, [dEg(E x)S(E)QS,(E) (29)

where a, and b, are shielding fractions of equal solid angle intervals from a shielding model for
the spacecraft or organ. The so-called “point” dose, D, is defined by Eq(2.7) for z=0. In radiation
protection practices, the Effective dose?>?° is defined as an average of organ dose equivalents
using tissue weighting factors, wr, as

ET - ZWT HT (210)

The tissue weights, which are gender-averaged, include contributions for the gonads for
hereditary risk. Contributions from largely nonlethal cancers such as non-melanoma skin and
thyroid cancers are included in the ICRP definition. Because of the large attenuation of SPE
doses at deep-seated organs compared to skin, thyroid, and gonad organ dose equiva-
lents, SPE Effective doses can be dominated by such doses such that the use of Effective
dose may lead to a substantial overestimation of cancer mortality risk. The usage of
gender and age averaging for tissue weights leads to further inaccuracies, and can be
avoided as described later in this report.
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Table 2.6 compares the physical dosimetry to transport code assessments of point dose and
dose equivalent inside the shuttle orbiter for a multitude of missions. Very good agreement is
found. Phantom torsos comprised of realistic distributions of human tissue-equivalent materials
have been flown on several space shuttle missions, as reported earlier by Badhwar et al®* for
organ-absorbed doses and Yasuda et al®? for organ dose equivalents estimated using a com-
bined thermoluminescent dosimeter (TLD) and CR-39 plastic track detector methodology. Table
2.7a shows absolute predictions of the HZETRN/QMSFRG model (without any scaling to dosim-
etry) to the measurements of Yasuda et al*?> on space shuttle mission STS-91, which flew in a
51.6-deg inclination orbit to the Russian Mir space station on a similar orbit as was flown by the
ISS. The comparisons show excellent agreement between measurements and models. The
NASA phantom torso experiment that was flown on STS-91 was reflown on ISS Increment 2 in
2001. This experiment included several small, active silicon detectors located at critical organs
to provide time-dependent dose data. The correlation of the time-dependent data to the ISS
trajectory allows for separation of individual contributions from trapped protons and GCR to
organ doses. Table 2.7b shows absolute comparison of the HZETRN/QMSFRG results (without
scaling) to the measurements, indicating very good agreement.” The results show that the ratio
of the GCR to trapped proton absorbed dose is about 1.5:1. Average QFs without tissue
shielding for GCR (~3.5) are more than twice as high that of the trapped protons (~1.5);**"
these results therefore support the conclusion that organ dose equivalents for ISS missions and
many space shuttle missions are predominantly from GCR (>80%). The resulting transport code
predictions have been used to estimate Effective doses for all space missions (through 2008)"
as shown in Figure 2.17. More recent phantom data have been collected by Reitz et al.®?

Table 2.6. Comparison of HZETRN code to space flight measurements of absorbed dose or dose equivalent
behind various shielding amounts and several space missions.

Mission DATE Inclination | Altitude Shielding Dose, mGyfd Dose Eq., mSwvid
Measured = Theory %Difference| Measured  Theory  %Differe

5TS-40 1991 39 293 Dloc2 0.052 0.048 7.7 0.13 0.16 -23.1
5TS-49 1992 285 358 Dloc2 0.05 0.048 4.0 0.127 0.155 =220

Payload
5Ts-51 1993 285 296 Bay 0.044 0.048 9.1 0.144 0.154 6.9

Payload
5TS-57 1993 57 298 Bay 0.113 0.109 35 0422 0434 -2.8
STS-57 1883 57 2898 DLOC-2 0.138 0.1 203 0414 0.37 106
Mir-18 1995 518 390 P 0.142 0.141 0.7 0.461 0.526 -14.1
STS-81 1897 518 400 0-sphere 0.147 0.135 8.2 0479 0.521 -8.8
STS-81 1997 5186 400 Poly 3-in 0.138 0.138 0.0 0.441 0.400 83
STS-61 1897 51.6 400 Poly 5-in 0.129 0.118 8.5 0.216 0.268 -16.5
STS-81 1997 5186 400 Poly 8-in 0.128 0.113 1.7 0.371 0.323 12.9
STS-81 18897 516 400 Poly 12-in 0.116 0.111 43 0.290 0.298 -2.8
57S-89 1998 5186 393 0-sphere 0.176 0.148 15.8 0.561 0614 94
STS-89 1898 516 393 Al 3-in 0.167 0.159 48 0.445 0.488 9.7
57S-89 1998 518 393 Al 7-in 0.149 0.161 -8.1 0.529 0617 -16.6
STS-88 1898 51.6 393 Al 9-in 0.171 0.162 5.3 0.492 0.541 -10.0
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Table 2.7.a. Comparison of measured organ dose equivalent for STS-91 mission by Yasuda et al.?? using
combined CR-39/TLD method to predictions from the HZETRN/QMSFRG space transport model.
Organ Dose Equivalent, mSv
Tissue Measured HZETRN/QMSFRG Difference (%)
Skin 4.5 +0.05 4.7 4.4
Thyroid 4.0 +0.21 4.0 0
Bone surface 5.2 +0.22 4.0 -23.1
Esophagus 3.4 +0.49 3.7 8.8
Lung 4.4 +0.76 3.8 -13.6
Stomach 4.3 +0.94 3.6 -16.3
Liver 4.0 +0.51 3.7 -7.5
Bone marrow 3.4 +0.40 3.9 14.7
Colon 3.6 +0.42 3.9 8.3
Bladder 3.6 +0.24 35 -2.8
Gonad 4.7 +0.71 3.9 -17.0
Chest 4.5 +0.11 4.5 0
Remainder 4.0 +0.57 4.0 0
Effective dose 4.1 +0.22 3.9 -4.9

Table 2.7.b. Comparison of small active dosimetry data from ISS Increment 2 phantom torso (for July-August 2001) to
predictions from the HZETRN/QMSFRG model.”

Organ Trapped, mGy/d GCR, mGy/d Total Dose, mGy/d Difference
Expt. Model Expt. Model Expt. Model (%)
Brain 0.051 0.066 0.076 0.077 0.127 0.143 13.3
Thyroid 0.062 0.072 0.074 0.077 0.136 0.148 9.4
Heart 0.054 0.061 0.075 0.076 0.129 0.137 6.7
Stomach 0.050 0.057 0.076 0.077 0.126 0.133 5.5
Colon 0.055 0.056 0.073 0.076 0.128 0.131 2.5
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Figure 2.17. Summary of mission badge dose, Effective dose, and population average biological dose equivalent
for astronauts on all NASA space missions, including Mercury, Gemini, Apollo, Skylab, Apollo-Soyuz, space
shuttle, NASA-Mir and 1SS missions.”
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Energy spectra for light particles measured with particle hodoscopes are in good agreement
with the HZETRN code as shown in Figure 2.18.%* Measurements of heavy-ion spectra require
a large area detector, and very few such measurements have been made in human-rated vehi-
cles because of mass requirements. Other space flight measurements of LET or microdosimetry
measurements of lineal energy spectra using tissue-equivalent proportional counters (TEPCSs)
have also been shown to be in good agreement with transport codes.®® Agreement is
obviously improved when models of detector response are used to make such comparisons.
Corrections of measurements often involve model-dependent assumptions, such as the
conversion from silicon to tissue-equivalent LET spectra in which the conversion factor is
dependent on energy and charge number. Also, the combined TLD plus CR-39 method for
estimating dose equivalent® involves corrections on the high-LET sensitivity of TLDs and the
low-LET sensitivity of CR-39. Comparisons of codes to TEPCs data require the conversion of
energy and charge spectra into lineal energy spectra, which differ substantially from LET
spectra. Comparisons of models to measurements of neutron spectra on the Russian Mir space
station were in good agreement (Fig. 2.19). The major fraction of the neutron dose is for
energies >10 MeV, with a smaller fraction <10 MeV. At these higher energies, secondary recoil
nuclei produced by neutrons are very similar in Z and E to those produced by high-energy
protons. Therefore, at equal fluence, high-energy protons are more biologically effective than
neutrons of the same energy because of the charge carried by protons.
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Figure 2.18. Comparisons of proton (Panel A) and Deuteron (Panel B) energy distributions from
GCR on the STS-48 mission to HZETRN results.?* The dash line and solid line are without or with
cluster knockouts, respectively.
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Figure 2.19. Comparisons of transport codes to 1SS neutron spectra measurements.®’

2.3.4 Predictions for exploration missions

We show the organ doses for GCR at solar minimum and the 1972 SPE for depths of 5 and

20 g/cm? diameter in aluminum spheres In Table 2.8. The 1972 solar event is represented by the
protons fluence spectrum derived by King.%® SPE spectra are greatly attenuated with shielding
and show important variations in doses between tissue types, whereas GCR produces only a
modest variation between organs at both depths. The point doses shown correspond to the dose
without tissue shielding. Values of point doses are well above organ doses for SPEs and similar to
organ doses for GCR. Doses to the skin can be several times higher than those of the internal
organs for SPEs.® Average skin doses do not properly describe the risk to specific skin loci, which
are highly variable. Annual GCR Effective doses are calculated in Figure 2.20 for various charge
groups inside a spacecraft of 50 g/cm? aluminum from GCR at solar minimum in interplanetary
space (blue bars). These heavy nuclei are a concern for radiation risks because they have the
highest biological effectiveness and leave columns of damage at the molecular level as they
traverse a biological system, and because a plausible mitigation measure by shielding

is impossible due to the high penetration power of energetic particles of GCR.
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Table 2.8. Organ doses for males inside aluminum shields for 1972 SPE and GCR at solar minimum.
(a) 5-g/cm? aluminum

August 1972 SPE Annual GCR at solar minimum
Organ/tissue D G H D G H
mGy  mGy-Eq mSv mGy mGy-Eq mSv
Avg. Skin 2692.3 4052.1  4259.7 198.8 375.8 832.3
Avg. BFO 306.9 462.5 442.1 185.7 337.2 614.0
Stomach 112.3 169.6 168.0 182.2 324.4 547.6
Colon 251.4 379.0 363.8 185.6 336.4 606.2
Liver 174.1 262.7 255.0 183.1 327.9 566.6
Lung 205.6 3101 299.4 184.5 3329 590.9
Esophagus 1954 294.8 285.0 184.0 3313 584.4
Bladder 118.7 179.2 176.8 181.6 3225 540.8
Thyroid 333.2 502.1 479.0 186.8 3411 632.7
'Breast 1615.9 2430.6 2323.9 194.1 365.6 770.2
Gonads/Ovarian 748.1 1125.7 1072.2 186.5 339.7 640.9
Front brain 571.7 860.9 816.4 190.6 354.4 696.9
Mid brain 279.6 4215 403.9 187.7 344.1 640.2
Rear brain 557.5 839.6 796.2 190.5 354.0 695.2
Lens 1959.0 2946.2 2829.4 196.2 3724 806.3
Gallbladder 118.7 179.2 176.8 181.6 3225 540.8
Remainder 406.3 611.9 585.9 186.1 338.2 619.5
Point Dose 5389.0 8125.0  8663.0 218.2 434.4 1140.7
wr (ICRP 1991) 612.3 611.1
E, mSv
wr (ICRP 2007) 676.2 620.7
(b) 20-g/cm?® aluminum
August 1972 SPE Annual GCR at solar minimum
Organ/tissue D G H D G H
mGy  mGy-Eq mSv mGy mGy-Eq mSv
Avg. Skin 8738 132.8 144.0 193.5 342.3 599.8
Avg. BFO 234 35.7 429 | 182.0 314.9 494.2
Stomach 12.1 18.6 255 | 179.1 306.4 465.5
Colon 21.0 321 394 | 181.9 314.6 491.3
Liver 15.6 23.8 30.7 | 179.8 308.6 473.6
Lung 18.3 28.0 35.2 | 180.9 312.0 484.4
Esophagus 175 26.8 34.0 | 1805 310.9 481.4
Bladder 12.0 184 25.0 | 178.6 305.0 462.2
Thyroid 25.7 39.1 46.5 | 182.9 3175 502.5
Chest/Breast 67.2 101.9 107.0 | 189.0 3338 558.7
Gonads/Ovarian 375 57.0 62.5 | 182.5 316.1 503.3
Front brain 37.6 57.1 64.8 | 186.1 326.6 530.5
Mid brain 24.0 36.7 44.8 | 183.7 319.8 506.9
Rear brain 37.0 56.4 64.0 | 186.0 326.4 529.8
Lens 76.7 116.1 120.9 | 190.8 338.4 574.0
Heart* 18.3 28.0 35.2 | 180.9 312.0 484.4
Gallbladder 12.0 184 25.0 | 178.6 305.0 462.2
Remainder 26.0 39.6 46.5 | 182.3 315.6 496.3
Point Dose 164.7 248.9 267.8 | 210.7 384.3 751.4
wr (ICRP 1991) 45.83 492.48
E, mSv
wr (ICRP 2007) 48.45 496.74
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Figure 2.20. Effective doses for GCR charge groups, overall projectile-like dose (primaries
and projectile fragments), and target fragments inside a spherical spacecraft of 5-g/cm?
aluminum shield thickness: Annual exposure in interplanetary space, Mars surface, and for a
30-month Mars mission as solar minimum.

The interplanetary GCR fluxes at solar minimum on the martian surface were propagated
through the martian atmosphere of 16 g/cm? carbon dioxide. Annual Effective doses are shown
in the same figure on the martian surface (red bars) from GCR at solar minimum, in which
radiation protection by martian atmospheric shielding and the shadow effect of Mars itself were
estimated.?® Also shown in Figure 2.20 is the estimate of Effective dose for males during the
30-month Mars mission (green bars), which is composed of interplanetary transit to/from Mars
for 6 months each way and a Mars surface stay of 1.5 y. Organ doses for males and females
show small differences due to the variations in body shielding of the various organs. Total
Effective dose is estimated at about 1.1 Sv for a male crew member inside a 5-g/cm? aluminum
sphere at solar minimum.

The steep dose gradients of SPEs make the ICRP-defined tissue weights, wr, used in the
calculation of Effective doses inaccurate for NASA applications. SPEs lead to skin, thyroid,
breast, and gonad doses that are much larger than the doses for the tissues that comprise the
majority of cancer risks such as lung, colon, and stomach. Thus, an overestimation of cancer
mortality risks by several fold occurs when Effective doses are combined with total cancer risk
coefficients to estimate risk. This is illustrated by calculations for the August 1972 SPE Table
2.8 in which, at 5-g/cm? aluminum shielding, the Effective dose is more than 3-fold higher than
the lung dose equivalent. Further examples were shown by Kim et al®® using the NASA Space
Radiation Program ProE ray tracer,” which is a computer-aided design (CAD) engineering design
model, and the BRYNTRN transport code to calculate organ dose equivalents and Effective doses
inside a four-person crew capsule similar to the Orion capsule (Fig. 2.21). Results shown in
Table 2.9 are at locations of the four crew persons inside the capsule (dosimetry locations
[DLOCs] 1 to 4), where a more than 2-fold difference between Effective dose and deep-seated
organ dose equivalents occurs. The August 1972 event is about the 70" percentile in spectral
hardness of SPEs observed in the Space Age. This implies that the ICRP approach is even less
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accurate for fatal cancer risk estimates for most other SPEs compared to results for the 1972
event because the dose gradient is larger for the many “softer” SPE spectra.

Lunar Transfer Vehicle Concept
DLOC1 Aug 1972 SPE

Lunar Transfer Vehicle Concept
DLOC1 Aug 1972 SPE

Figure 2.21. Visualization of detailed directional dose assessment at a dosimetry location (DLOC1) inside
a conceptual spacecraft representative of a lunar transfer vehicle (LTV). The spacecraft is shown in a
translucent view to reveal the exact dosimetry location (left), and the same directional dose assessment is
shown separately in the large view (right).

Table 2.9. August 1972 SPE organ dose quantities for males using the fully automated ProE
structural distribution model LTV, the computerized anatomical man model (CAMERA), and
the BRYNTRN codes. The King spectra for the SPE is used. Calculations are at the location of
each crew member in the LTV.

Organ Dose Equivalent, mSv
DLOCI1 DLOC2 DLOC3  DLOC4
Al-Eq Xay,, g/em’ 15.18 15.08 15.85 15.33
Avg. skin 1266 1211 1041 1086
Eye 868 844 736 771
Avg. BFO 169 168 152 159
Stomach 73.8 73.7 67.7 70.3
Colon 144 144 130 136
Liver 104 103 94.1 98.0
CAM Lung 122 121 110 115
organ Esophagus 116 116 105 110
dose Bladder 75.4 75.3 69.0 717
Thyroid 184 183 166 173
Chest 722 706 619 648
Gonads 353 347 308 322
Front brain 295 293 263 275
Mid brain 162 162 147 153
Rear brain 289 287 258 270
Effective Dose, mSv 213 210 188 196
Point Dose Eq., mSv 2557 2427 2079 2168
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2.4  Dose Contributions from Pions and Pion Decays

Pions are produced in nuclear reactions of GCR patrticles with shielding and tissue at energies
above a few hundred MeV/u. The number of pions produced increases with kinetic energy of the
GCR particle with multi-pion production processes occurring above about 500 MeV/u. The pion
production cross section increases with mass number with an approximate 2/3 power; therefore,
most pions are produced in GCR transport by protons, helium, and secondary neutrons
because of their much higher abundances compared to HZE particles. Pion production is not
important for SPEs and trapped protons because of their primary proton energies. Pions and
their decay products can make an important contribution to GCR dose equivalent as shielding
thickness increases beyond about 50 g/cm? for aluminum and similar depth for other materials.
The three charge components of pions (z*, ©, n°) have different characteristics in radiation
transport in shielding and tissue. Neutral pions decay almost instantaneously into y-rays of very
high energy. High energy y-rays produce electron-positron pairs and photo-nuclear reactions.
The charged pions decay into muons and neutrinos. The two pion charge states have similar
transport characteristics above about 100 MeV with similar LET and nuclear production cross
sections. They differ at lower energy because the n" can cause nuclear annihilation if it slows
down and is captured by an atomic nucleus. Several transport codes have made predictions of
the absorbed doses from pions and electromagnetic decays in GCR transport, including
MCNPX,**? HZETRN,*® PHITS,*** FLUKA (B. Reddell, private communication). These
estimates are summarized in Table 2.10. Differences between the codes are likely due to
differences in cross section models, and in the methods used to transport the higher energy -
rays.

Table 2.10. Percentage of total GCR absorbed dose contributions from combined doses of pions, muons, electrons
and photons behind aluminum shielding estimated using several transport code models.?*2%** Percentage Dose
equivalent contributions are about 3 times smaller occur because the average QF from pions and related particles is
much smaller compared to HZE particles and secondary neutrons.

%-Contributions to Total Absorbed Dose

Depth in Al, g/cm? FLUKA MCNPX HZETRN (ISS) PHITS-ISS
5 - 5% 2% (2%)

10 15.3% 3% (5%)

20 17.7% 9% 6% (8%)

40 22.3% 13% (17%)

60 19% (25%)

80 31% (39%)

100 38% (47%)

~20 at skin (ISS) 13.5%
~20 at BFO (ISS) 6.2%
5+ 10 cm water 9%

20 + 10 cm water 13%

5+ 20 cm water 13%

20 + 20 cm water 16%

5 + 30 cm water 15%

20 + 30 cm water 18%
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An empirical representation of the average dose contribution versus depth of shielding material,
X, can be made as a fraction of the total GCR dose without pions and EM decays based on an
average over the various transport code results for aluminum scaled to other materials using the
average target mass number of the shielding:

D ¢, X**Decr (X) (2.1

pion

Where ¢,=0.011 [0.2+0.8(Arave/27)%%"], and Arav is the average target mass of the shielding
material. For the QF of the average pion and EM decay dose, we estimate a value of 1.2 to
account for target fragments from pion interactions, which have not been evaluated. Eq(2.10) is
estimated to be accurate to within about +40%. Pions and their EM decays products makes a
small contribution to the REID for shielding of areal density less than about 50 g/cm?, and more
significant contributions at larger depths. Other dose or REID contributions from particle
production processes, including that of kaons and anti-protons, should be smaller compared to
pions. The radiobiology of Z=1 particles such as pions and muons of high energy and of
photons above 5 MeV has not been well studied. Based on the track structure of these particles,
which is dominated by high energy &-rays, we expect the RBE for most endpoints to be small
(=1) after the nuclear recoil components are accounted for.

Figure 2.22 compares the older BO96 model used in the HZETRN code at NASA for many
years with the latest BO11 model. A detailed comparison of the BO96 model for protons and
helium to balloon and satellite date for GCR suggests the model over-represented these
particles. However, use of the BO11 model with the added dose contributions from pions and
their decay products agrees very well with the BO96 environmental model without the doses
from pions and decays products.
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Figure 2.22. Annual GCR dose for 20 g/cm? aluminum shielding for BO96 model and BO11 model
with or without dose contributions from pions and EM decays (photons, muons, and electrons).
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2.5 Probability Distribution Function for Space Physics Uncertainties

The above comparisons show good agreement between ground-based and space flight
measurements with predictive transport code models. We did not review shielding models such
as ray tracers and combinatorial geometry models for spacecraft or geometry models, including
voxel-based models for organ shielding. Data provided by shielding models are deterministic in
nature. The comparisons described herein suggest an overall agreement for a combined
environment (Xeny), transport(Xyan), and shielding (Xsnieiq) model to be within +£15% for Effective
dose comparisons. The Badhwar-O’Neill model used in the HZETRN code with QMSFRG or
similar cross sections models does not appear to be systematically higher or lower to the various
measurements in such comparisons. It could be argued that past flight measurements have not
been sufficiently robust, or other assignments of radiation QFs may increase particle
components not emphasized in the current ICRP 60 model®® used in Effective dose calculations.
We therefore will assign a slightly higher overall physics model uncertainty than our estimate of
+15%. Below we will consider particle track-structure models to describe radiation quality
effects. Particle track-structure and energy deposition in biomolecules, cells, and tissues is
naturally described by the parameter Z*%/p?, where Z* is the effective charge number of the ion
and B is the velocity scaled to the speed of light. We will describe new recommendations for
radiation QFs that replace the LET dependence from ICRP Report 60°° with one that depends
on Z/p? for light- and heavy-charge particle groups.

The PDF for describing the uncertainty in radiation exposures at tissue sites is described in
Table 2.11. Uncertainty analysis will be made using the HZETRN code with QMSFRG nuclear
cross sections and the Badhwar and O’Neill GCR environment model.3**"* We will consider
uncertainties for the fluence distributions of two groups of ions: light ions with charge numbers
of Z=1 to 4; and heavy ions with charge numbers of Z=5 to 28. The HZETRN code used in this
analysis does not consider photons and mesons, which are low-LET radiation, and therefore
slightly underestimates fluence spectra at low values of Z'%/p%. HZETRN also tends to underes-
timate low-energy neutrons (E<1 MeV) compared to Monte-Carlo based codes, which predom-
inantly produce biological damage through light ion recoils and photons. For the PDF for light
ion contributions to the fluence spectra, F(Z /%), we assume a normal distribution with a mean
shifted to higher values (M=1.05), and the standard deviation (SD) of 0.33 for light ions compared
to heavy ions in which the SD is assigned as 0.25. These choices are consistent with the good
agreement found between transport codes and laboratory and flight measurements. Individual
components may have higher SDs; however, in an earlier report,** we noted the importance of
the constraints implied by transport codes comparisons flight measurements of dose and dose
equivalent when defining PDFs for particle spectra uncertainties. The comparisons made are for
shielding conditions with an average shielding of 20 g/cm? or less (eg, the ISS or space shuttle.
For larger average thickness (>50 g/cm?) a larger physics uncertainty should be considered.
However, we note that the ISS is likely to contain more mass than exploration spacecraft
because of the higher costs to launch mass outside of LEO.

Table 2.11. Assessment of physics uncertainties for light and heavy particles using a Gaussian distribution with
median (M) and SDs.

F(ZIB%) Median (M) Standard Deviation (SD)
Light ions (Z<4) 1.05 1/3
Heavy ions (Z>4) 1.0 1/4
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2.6. Summary of Research Needs in Space Physics

As noted by the NRC,?% the current space environment models, radiation transport codes, and
shielding models are very accurate, and further research has likely reached the point of
diminishing returns. Nevertheless, such models require continued updates and sustainability
including ensuring adequate personnel at NASA are qualified to update the various models and
computer codes. Specifically:
1. Continued updates of GCR models most importantly with regards to solar modulation.
2. For SPE models, the approach of Kim et al**® should be updated as the current and
future solar cycles progress and new SPEs occur. A probabilistic model of the time
profiles of SPEs should be developed.
3. Cross sectional models should be updated as new data becomes available and updated
transport codes checked against important new flight measurements.
4. The HZETRN codes began integrating pions and EM decays in 1997. This work should
be completed and checked against other computer codes.
5. The radiobiology of pions and high energy photons, muons, and electrons (>1 MeV)
could be considered in the future.
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3. Cancer Risk Projections for Low-linear Energy Transfer
Radiation

The current radiation cancer risk projection model used at NASA is based on NCRP Report No.
132;° however, this has been updated by NASA (PELs, 2006) to use the solid cancer mortality
analysis made in LSS [Life-span Study of the Japanese atomic-bomb survivors] Report 13.°
These methods form the basis by which to calculate the current dose limits used at NASA; ie,
age- and gender-specific Effective dose to reach a probability of 3% for REID. In recent years,
there have been important new analyses of human epidemiology data by the BEIR VII Commit-
tee,’®* UNSCEAR, Preston et al,®? National Cancer Institute (NCI),*® Little et al,>** Pawel et
al,%® and others. Important changes since NCRP Report No. 132 include a reevaluation of the A-
bomb survivor doses denoted as DS02.%° Longer follow-up studies of the exposed cohorts with
the most recent incidence data from the LSS from the Radiation Effects Research Foundation
(RERF) cover the years 1958 through 1998.%2 Meta-analysis of different exposed cohorts for
specific tissues such as breast and thyroid cancers has been reported. Application of new meth-
odologies includes Bayesian analysis of dosimetry errors™ and EB methods for tissue-specific
cancer risk uncertainties.®® New analyses of the DDREF were made by the BEIR VII and Jacobs
et al’’ from a meta-analysis of 12 published radiation worker studies. An important change
advocated by the BEIR VIl report is to estimate cancer mortality risks by the transfer of
incidence rates in exposed cohorts to populations under study (eg, the U.S.), and then to estimate
mortality risks using the ratio of host population cancer mortality and incidence rates. Previous
recommendations from the NCRP used mortality-based risk transfer models.® In this section, we
will review the mathematical approaches to calculate low-LET cancer risks and compare recent
fits to the most recent LSS data.

The instantaneous incidence rate of cancer, A(t), is defined in terms of the probability
distribution function, F(t), of the time to cancer occurrence. The survival function, S(t), is the
probability of being cancer-free at age t (the interval [0,t]), and is given by 1-F(t). The probability
density function, f(t), is then dF(t)/dt. The hazard rate is the instantaneous incidence rate as is
given by

_ @
At) = I F@© (3.1)

The cumulative hazard, A(t), also known as the cumulative incidence rate, is

t
Alt) = j A(2)dz
0 (3.2)
The survival probability is related to the cumulative hazard function by
S(t) = exp[-A®)] (3.3)

To model radiation risk along with radiation hazard rates, the age- and gender-specific survival
probability (often represented by a life-table) must be described because of the role of competing
causes of death. For multiplicative risk models (described below), the age- and gender-specific
hazard rates for cancer incidence or mortality in the population under study also must be
defined.
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The instantaneous cancer rate (mortality or incidence) can be a function of dose, D, or dose-
rate, D,, gender, age at exposure, ag, attained age, a, or latency, which is the time after expo-
sure, L=a-ag. These dependencies may vary for each cancer type that could be increased by
radiation exposure. Hazard rates for cancer incidence, 4,, and cancer mortality, Ay, can be
modeled with similar approaches. The REID is calculated by folding the probability of surviving to
time, t, which is represented as the survival function, Sy(t), for the background population times
into the probability for radiation cancer death at a previous time with the instantaneous radiation
cancer mortality rate and then integrating over the remainder of a lifetime:

- ] d2iy (2.2¢.D)
REID(ac,D) = [dt4, (aac,D)S,(t)e * (3.4)

ag

Similarly, the REIC incidence uses a radiation cancer incidence rate folded with the probability
to survive to time, t, and integrated over the remainder of a lifetime:

- } dzAy (z,ag,D)
REIC(a.,D) = j dtA, (a,a, D)S,(t)e (3.5)

ag

The BEIR VII report™® uses the quantity LAR instead of REID as the primary measure of risk.
Others committees® have used the quantity ELR. (Note: NCRP Report No. 132 discusses
results in terms of ELR; however, the formula on page 127 of the report suggests that REID was
calculated in the report.) The LAR and ELR risk measures have important deficiencies and are
not used at NASA. The ELR ignores cancer deaths that would have occurred anyway in a
population but are moved to an earlier time point due to radiation exposure. ELR, therefore,
underestimates risks. The LAR ignores the radiation contribution to the survival probability in
Eq(3.4) or Eq(3.5). It thus leads to an overestimation of risk, especially at high doses, and also
can lead to errors in uncertainty analysis when large risk values are sampled in Monte-Carlo
trials.

3.1  Cancer Mortality and Incidence Rates

Radiation cancer incidence (or mortality) rates are most often modeled in the multiplicative risk
model that is also denoted as the excess relative risk (ERR) model in which the radiation cancer
rates are proportional to background cancer rates given by:

A(@,a.,D) = 4,(@)[1+ERR(a,a,D)] (3.6)

where Zjp(a) is the age-specific (and tissue- and gender-specific) cancer rate from background
cancers in the population under study. A second model is also used; this study, denoted as the
excess additive risk (EAR) model, does not explicitly depend on the background cancer rates
given by:

A, (a,a.,D) = EAR(aa.,D) (3.7)

Radiation cancer rates can be fitted to data on all cancers or various sub-categories including
tissue-specific cancer rates. Overall cancer incidence data have lower statistical uncertainties
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than overall mortality data because of higher counts. Projecting tissue-specific cancer incidence
probabilities has higher statistical uncertainties due to lower counts compared to fitting grouped
data such as all solid cancers and leukemias. However, projections based on tissue-specific in-
cidence data offer many advantages, including the possibility to apply tissue-specific transfer
models between populations, tissue-specific radiation quality, and dose-rate dependencies.
Attributable risks calculations for estimating probability of causation on disease discovery are
evaluated with tissue-specific incidence models.*® The astronaut informed-consent process is
also improved if information on specific cancer types for both incidence and mortality risks is
provided. More recently, an EB method has been shown to provide an improved representation
of statistical errors in tissue-specific risks.*®

A multiplicative risk model for projecting cancer mortality (REID) from tissue-specific cancer
incidence uses identical ERR functions determined for incidence to project tissue-specific mor-
tality using population cancer incidence rate to mortality rate scaling.*® Similarly, an additive risk
model derived from incidence data can be used for mortality risk prediction by adjusting EAR
functions derived from incidence data by the ratio of background mortality to incidence rates:*®

Ay (@,a:,D) = EAR(a,a, D)iMO—((:)) (3.8)

Various advisory reports have used distinct approaches to arrive at assumptions on how to
combine multiplicative and additive risk model estimates. A weighting of the multiplicative transfer
model, denoted as v, can be introduced. The additive transfer model weight is then given by 1-v+.
NCRP Report No. 132 recommended to use an arithmetic mean of the additive and multiplicative
risk models for all solid cancers and the additive risk model for leukemia risk. Although the recent
UNSCEAR report'’ did not make a recommendation on risk transfer models, we note that its mul-
tiplicative risk model provides the best fit to the LSS. The BEIR VII report uses geometric means
of the additive and multiplicative transfer models for most cancer types with a weight vy of 0.7
including leukemia, but deviates for lung, breast, and thyroid cancer risk estimates. For lung
cancer, BEIR VIl assigns a weight vy of 0.3, favoring additive transfer based on an older
analysis of smoking interactions with radiation in the LSS.%

Projecting tissue-specific astronaut risks from space radiation requires functional forms for the
ERR and EAR for cancer incidence for astronaut ages at first flight, typically age at exposure,
ag> 30 y. The recent report of Preston et al’” uses Poisson regression models with appropriate
adjustments to test several dose response models with a linear dose-response model providing

the best fits of REIC for most solid cancers. Results are represented by ERR functions of the
form:

ERR(a,a.,D) = £, f (D)(%)pe*(ar”) (3.9)
And of the same functional form, but with different parameters for EAR:
EAR(a,a.,D) = :Bs f(D)(%)pefc(arSO) (3.10)

where (D) represents a dose-response function. Several dose-response functions were consid-
ered; however, a linear function was found to provide the best fit, ie, f(D)=D. These functions
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have no dependence on latency, L. Although the BEIR VII report used similar models as Eq(3.9)
and Eq(3.10), fit LAR was used instead of REIC, and no age at exposure dependence of the
rates for exposures was assumed over age 30y (ie, c=0 in these equations for ag>30 y with
other parameters thus modified in fitting the data).

The UNSCEAR report used Poisson maximum-likelihood methods and Bayesian analysis to
represent dosimetry errors to fit generalized ERR and EAR models for cancer incidence. The
ERR functions were of a more general form than the BEIR VII or RERF models:

ERR(a,a.,L,D) = (aD+pBD%)e"exp[kl +x,In(@a—a.)+x,In(@)+x,In(a.)] (3.11)

with a similar form for the EAR function. Equation (3.11) includes a dependence on latency that
was not tested in Eq(3.9) or Eq(3.10). In a manner similar to the results of Preston et al,* the linear
dose response model provided optimal fits to the tissue-specific cancer incidence data. The addi-
tion of latency dependence was significant for several tissues including EAR models for colon,
breast, and non-melanoma skin cancer, and ERR and EAR functions for the category of all
other solid cancer incidence. The UNSCEAR report, in its functional form given by Eq(3.11),
considered an exponential term with argument, yD, in the exponent to represent cell sterilization
effects. This approach would be useful in the pursuit of space radiation models, but would take a
significant amount of study to determine the radiation quality dependence of the cell sterilization
term across different tissues, and might be confounded by a correlation between RBE value
estimates and cell sterilization effects.

The various approaches described above to fitting the most recent data set from the LSS are
based on stratified dose groups with follow-up time from 1958 through 1998. The UNSCEAR and
Preston et al®’ models used REIC or REID as the basic risk quantity, whereas BEIR VIl used
LAR. Each report assumed a dose-independent neutron RBE of 10. Tissue-specific doses were
approximated by colon dose estimates for solid cancers and bone marrow doses for leukemia.
Not all of the minor tissues considered in each report were identical, which leads to differences
in the definition of the remaining terms representing all cancer types excluded from tissue-
specific analysis.

Tests of goodness of fit to the LSS cancer mortality and incidence data were made by the
UNSCEAR committee” using both the BEIR VII and the UNSCEAR models, and suggested that
the UNSCEAR more general model as described by Eq(3.11) provided the best fit to these data
sets. (See the UNSCEAR report Appendix D for details.) Several dose response models were
tested, and the result showed the linear dose response model provided the best fit for tissue-
specific incidence and a linear-quadratic (LQ) model to total solid cancer mortality data.

3.2  Adjustment for Low Dose-rates

The models described above for projection of radiation cancer risks should be adjusted for
dose-rate modifiers because epidemiology data are largely for acute doses of y-rays, which are
expected to be more effective than doses delivered at low doses or dose-rates (<0.2 Gy or 0.05
Gy/hr). This adjustment can be made by reducing the cancer incidence or mortality rates by a
DDREF. DDREF values of about 2 have been used in the past. Uncertainties and recent data
on DDREFs are described below. Here we note that recently smaller values of the DDREF have
been described by BEIR VII*® and other reports compared to the recommendation of NCRP
Report No. 132.° In contrast, the UNSCEAR-preferred model fit to total solid cancer mortality
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was an LQ dose response model.**” An identical approach to leukemia risk estimation could
therefore be followed where no DDREF is applied, while the quadratic dose term is ignored for
low dose-rates. However, the optimal fit to cancer incidence by UNSCEAR was a linear dose
response model, where a DDREF would normally still be applied.

3.3 Comparisons of Tissue-specific Risk Models

We compared the BEIR VII,'®* UNSCEAR,"" and Preston et al®* model fits for age- and gender-
specific REIC and REID probabilities using the 2005 U.S. population data for cancer incidence,
mortality, and life-table for all causes of death.® All calculations are made with a DDREF of 1.75
for solid cancer risks, and the linear component of the leukemia model. The minimum latency for
solid cancers is assumed as 5 years, and for leukemia as 2 years for all calculation in this
report. Preston et al®* considered several tissues not considered by BEIR VIl and UNSCEAR,
including tumors of the oral cavity and esophagus. Figures 3.1 and 3.2 compare these models
for the %-REIC using identical U.S. population rates from 2005% and a DDREF value of 1.75.
Appendix A contains tables of estimates of REIC and REID for several cancer types. In
Appendix B, we consider estimates for specific demographic factors within the U.S. population.
Lung cancer makes the largest contribution to the risk, and the differences between the additive
and the multiplicative models for lung cancer risks are found to be substantial, which is well
documented.® Importantly, the models predict REIC values about 2 times higher than REID, or
about a 20% increase compared to the analysis of NCRP Report No. 132.°

3.4 Age at Exposure Dependence of Cancer

NCRP Report No. 98% recommendations to NASA with regard to the age dependence of
career dose limits was a substantial change from the contemporary dose limits for astronauts,
and was also distinct from radiation protection methods at other government agencies or nations.”’
Tables of career limits were calculated for a 10-y career under the assumption that exposures
were distributed evenly over the 10-y period,® and the report noted that more detailed calcu-
lations are needed if other career lengths are considered. NCRP Report No. 132 employed sim-
ilar methodologies to NCRP Report No. 98, although it used the revised human epidemiology
findings that occurred between the publications of the different reports. Table 3.1 compares the
age-dependent dose limits from the two reports. The more recent report recommended reducing
Effective dose limits by more than 2-fold below age 50 y compared to the former NCRP report.

The largest difference between the NCRP estimates from 2000 and the BEIR VII model or
recommended NASA 2010 approach is the reduction of the age at exposure dependence of
cancer risk estimates and dose limits, with a more than a 3-fold change over the possible ages
of astronauts in the NCRP model compared to a less than 50% change in the incidence-based
risk transfer model approach. Figure 3.3 compares REID values for solid cancer risk in the two
approaches. The upper panels for males and females compares calculations using the rates from
LSS report 13, the UNSCEAR mortality fits (linear term only), and the BEIR VII model. The NCRP
and BEIR VII calculations use an identical DDREF of 2, and the UNSCEAR result uses the linear
term from an LQ fit with DDREF=1. All calculations use the 2005 U.S. population data and vt=0.5
for all tissues. The NCRP and UNSCEAR mortality transport models show a similar dependence
on ag, and would be in even closer agreement if the UNSCEAR model were applied with a
DDREF of about 1.3, or if the NCRP model DDREF was reduced from 2 to about 1.7. The
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Figure 3.1. Comparison of %REIC per Sv for males and females as a function of age at exposure for
mixture model U.S. for the BEIR VII, UNSCEAR, and Preston et al* tissue-specific cancer rates. Left

panels for males; right panels for females.
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The BEIR VII model shows a very different ag dependence. These assumptions have much
larger impacts than those that would result from suggested changes to DDREF values recom-
mended by the BEIR VII report'® in which a DDREF of 1.5 increases the solid cancer risk esti-
mate by 33% compared to a DDREF of 2 used in the past, and a smaller overall change when
leukemia risk is included for the total cancer risk. The lower panels in Figure 3.3 show calcula-
tions using transport of incidence rates converted to REID using the BEIR VII approach. A much
weaker dependence on ag is predicted compared to REID calculations based on the transport of
mortality rates. The incidence-based transfer model makes good sense when one considers the
changing rates for incidence and mortality over time since 1945, and differences between LSS
and U.S. background rates. Cancer mortality rates in the U.S. are reported to be decreasing,
whereas incidence rates remain more stable*® except for lung cancer due to the reductions in
tobacco usage.'" The ratio of mortality to incidence is expected to continue to change in
future if cancer treatments improve.

Table 3.1. Comparison of NCRP recommendation for career radiation limits for different ages at first exposure
corresponding to a 3% risk of fatal cancer for 10-y careers from NCRP Report No. 98% to NCRP Report No. 132.°
Values for other career lengths require a separate evaluation.

E(Sv), NCRP Report No. 98 E (Sv), NCRP Report No. 132
Age at Exposure, Female Male Female Male
y
25 1.0 15 0.4 0.7
35 1.75 25 0.6 1.0
45 25 3.2 0.9 1.5
55 3.0 4.0 1.7 3.0

The biological basis for the age at exposure dependence of cancer risks should be considered
with regard to the age dependences of radiation risks for astronauts with typical ages between
30 and 60 y. Radiation action as either a cancer initiator or promoter could be suggested to lead
to differences in the age at exposure dependence of risk, and there are other competing biolog-
ical factors to consider. Adults likely contain a much higher number of premalignant cells than do
preadults.’®!” However, differences in cell numbers for different ages of astronauts or between
the average U.S. population and a population of healthy workers such as astronauts is unknown.
The probability of a likely smaller population of pre-neoplastic cells being modified at low dose
and dose-rates compared to normal cell populations should be considered in relationship to its
relative probabilities of transformation. Aberrant changes to the tissue microenvironment'* could
increase with age, perhaps acting as a promotional effect for cells damaged from radiation ex-
posure. The role of age in relationship to changing numbers of senescent cells, stem cells, or
other susceptible cells and possible reduced DNA repair capacity could also be considered.
Test of the LSS data for an increasing risk with ag, as motivated by promotional effects
considerations, were made by Little® and were not supportive of such a hypothesis.
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Figure 3.3. %REID per 0.1 Sv for solid cancer calculations in different models. Upper panels
for males (left upper panel) and females (right upper panel) the %REID using mortality rate
transport models. Lower panels show results using incidence rate transport models for males (left
lower panel) and females (right lower panel).

3.5. Other Methods for Incidence to Mortality Conversion

Recently, a report by the Environmental Protection Agency (EPA)?*° has noted that the BEIR VI
approach'® may be inaccurate for cancers where there is a significant “lag” between incidence
and mortality. This consideration would apply for cancer where U.S. age-specific cancer rates
are changing with calendar year, or when there is a significant time between disease discovery
and death. An alternative estimate using 5-year relative survival rates for breast cancer risk was
described in the EPA report,??° which led to about a 30% higher breast cancer mortality risk
compared to the BEIR VII method. For cancers with stable rates with calendar year or short
times between disease discovery and death, the EPA and BEIR VII models should provide
similar estimates. Below, we analyze the EPA approach for breast, lung, and colorectal cancers,
and note several issues in methodologies and data sources when applying this approach.

For NASA risk assessments, several other considerations occur:

1.) Risk assessments are often being made for space missions several decades into the future
where future changes to patterns of cancer incidence and mortality are not known. This is likely
a distinct consideration from the EPA report where near-term risks assessments are the focus.
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2.) The EPA used LAR in their report. The EPA method would be more cumbersome to apply
using calculations of REID because the probability to survive to a given age depends both on
background and on radiation-induced mortality rates in REID estimates, but on background
mortality rates alone for LAR estimates.

3.) The healthy worker effects expected for never-smokers and other improved lifestyle factors
noted for astronauts could lead to differences in histology’s in cancer that occur and in success
of treatments.?* On the other hand, the type of tumors induced by space radiation may be
distinct from those in different populations. These considerations could become the focus of
future analysis as NASA develops individual-based approaches to reduce risks.

4.) Upon considering the surveillance, epidemiology, and end results (SEER) and other data for
incidence, mortality, and 5-year survival probabilities, it is important to note that the disease
stage at diagnosis can have a profound impact on the incidence to mortality conversion to be
used for astronauts. Table 3.2 shows such data for several cancers where early diagnosis of
cancers — namely lung, colon, breast, ovarian, and prostate — has made much progress in
recent years. The BEIR VII and EPA approach use conversion coefficients similar to the All
(average) category, which has much higher probability of death compared to when early cancer
detection occurs. Clearly, a significantly reduced REID probability would be found if early
detection at Stage | of these important radiogenic cancers could be assumed by NASA.
However, REIC estimates would not be changed by early diagnosis. These are important
considerations for risk management that should be considered in the future, especially when
high risk missions are considered.

Table 3.2. 5-year survival probabilities for cancers where early detection programs are partially successful.?*

Cancer All (ave) Stage | Stage Il Stage llI Stage IV

Males (White)

Lung 14% 54% 32% 9% 2%
Colon 67% 97% 84% 63% 8%
Prostate 100% - 100% 100% 50%

Females (White)

Lung 19% 63% 35% 11% 3%
Colon 65% 94% 82% 61% 8%
Breast 90% 100% 90% 62% 23%

Ovarian 46% 94% 73% 28% 22%

Breast Cancer: We applied the EPA method for different stages of disease discovery to
understand how the method compared to the tissue specific cancer mortality rates used in the
BEIR VIl approach. The EPA method assumes that mortality rates are constant when they
estimate breast cancer mortality rates for patients diagnosed with cancer. They make the
argument that this is reasonable for the first 10 years after diagnoses based on an article
published by Bland et al.®*” They used the National Cancer Data Base breast carcinoma data
and concluded in the abstract that “In general, the annual relative survival rate remained
constant over the 10 year observation period (with no plateau after 5 years within each stage
and for all stages combined.)”. Cronin et al**® published 5-year and 10-year relative survival
rates for breast cancer based separated out into stages. Comparing these rates, a constant
mortality rate seems reasonable for local and regional cancers, which are the majority of breast
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cancers (only 7% are distant or unknown). In the EPA model, incidence was followed for 10
years to predict mortality rates. Extending this assumption past 10 years would be more
uncertain.

Figure 3.5 shows comparisons of the EPA model to the SEER breast cancer mortality rates. All
stages uses the relative survival rates estimated using all stages of cancer separated into age
groups for diagnosis. Localized uses the relative survival rates for localized cancer separated
into age groups for diagnosis and provides an estimate for the mortality rate if all breast cancer
incidences were localized. Similarly regional, distant, and unknown relative survival rates were
implemented. The average weighted by stage distribution, averaged the four stages of cancer
using the following stage distribution: Localized = %60, Regional = %33, Distant = %5, and
unknown = %2. The All stages and average weighted by stage estimates overlap each other.
This means that it would be unnecessary to separate out the stages when estimating the REID
for breast cancer. The estimates are not smoothed due to the categorical nature of the age
groups for relative survival rates. The mortality rates are well predicted up to about age 70 when
all stages are combined. Since the relative survival rates adjust for the normal mortality that the
cohort would experience from other causes of death, the lower estimates at older ages could
be due to using relative survival rates. At older ages, some breast cancer deaths may not be
counted because of the high probability that they would have died from another cause. The
lower mortality rate estimates explain the REID decreasing from 0.43 to 0.32 for radiation
exposures at age 35 when the EPA method was applied. Analysis showed the REID decreased
when the EPA method was applied for less than 15 years. The REID has slight increases as
more years are followed. The REID only becomes larger than the BEIR VII method after 20
years of incidence are followed for those exposed at ages less than 45. The EPA estimates the
LAR to be 30% larger than the estimate of BEIR VII. We do not find the large increase that the
EPA found. However, we have updated the incidence, mortality, and relative survival rates
compared to their report. The differences could be due to the breast cancer incidence rates
leveling off in the last 10 years as seen in Figure 3.5, unlike the increases seen between 1980
and 2000. With less changes in incidence rate over time, the two methods' results should
become more similar to each other.

Table 3.3. Results for mortality probability following incidence for 5, 10, 15, and 20 years after
diagnosis to REID estimates from NSCR 2012 model.

Age at Exposure, y

Model 30 35 40 45 50 55 60
NASA2010 0.561 0.433 0.331 0.251 0.183 0.132 0.094
BrEPAS 0.267 0.202 0.150 0.111 0.077 0.053 0.035

BrEPA10 0.424 0.320 0.237 0.175 0.120 0.080 0.052
BrEPA15 0.537 0.405 0.299 0.219 0.148 0.098 0.062
BrEPA20 0.617 0.464 0.341 0.248 0.166 0.108 0.067
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Figure 3.5. Comparisons of breast cancer mortality rates for different stages of disease discovery using US-EPA
method to SEER mortality rates for 10-year follow up times (top left panel). Comparisons of breast cancer
mortality rates using US-EPA method to SEER mortality rates for 10-, 15-, and 20-year follow-up times using two
different methods to combine different stages of disease discovery (top right panel). Lower panel shows the age
adjusted breast cancer incidence and mortality rates versus calendar year from SEER.

53



Colon and Rectum Cancer: Cronin et al**® also published 5-year and 10-year relative survival
rates for colon and rectum cancer. The constant hazard rates over 10 years is only a
reasonable assumption for localized colon cancer, which is 39% of colon cancers. Incidence
was followed up to 5 years and compared with observed mortality rates to determine whether a
constant hazard rate might be reasonable for the first 5 years (Figure 3.6). The mortality rate is
well predicted up to age 80 y. Again, the lower mortality rate at older ages causes the REID to
decrease from 0.44 to 0.42 for females and 0.51 to 0.45 for males exposed at age 35.

Following localized cancer incidence up to 10 years was also considered in the right side
figures.
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Figure 3.6. Comparisons of colon cancer mortality rates for different stages of disease discovery using US-EPA
method to SEER mortality rates for 5-year follow-up times (left panels). Comparisons of colon cancer mortality
rates using US-EPA method to SEER mortality rates for 5 years, and 10 years for localized cancers, follow up
times using two different methods to combine different stages of disease discovery (right panels). Top panels
for females and lower panels for males.
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Lung Cancer: There is no evidence that a constant hazard should be assumed for lung cancer.
Assuming a constant hazard for the first 5 years overestimates the lung cancer mortality. This
could be due to the much lower relative survival rates for all stages of lung cancer. The REID for
lung cancer is increased from 3.87 to 4.98 for females and 1.36 to 1.72 for males exposed at
age 35. Different assumptions for the hazard function would need to be made to apply the EPA
method to lung cancer (Figure 3.7).
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Figure 3.7. Comparisons of lung cancer mortality rates for different stages of disease discovery using US-EPA
method to SEER mortality rates for 5-year follow-up time. Left panel for females and right panel for males.

In summary, the EPA method may be cumbersome to apply for REID calculations, and relies on
source data sets that are not as transparent as those from the CDC and the NCI's SEER
program. However, the EPA method brings up important issues, and may lead to different
mortality risk estimates compared to the BEIR VIl approach. Clearly, the method for conversion
of incidence to mortality probabilities needs to be pursued in the future, with important research
guestions related to the histologies and potential cure rates for space radiation-induced cancers
relative to those observed in the U.S. population or healthy workers today and in the future, and
the potential for new risk management strategies to be used for astronauts.

3.6 Reference Population Data For Astronauts

Radiation risk models at NASA have used the U.S. average population data based on NCRP
report®® for cancer rates and the life table until recently.?*>?*%2 The reference population
enters risk calculation in two ways: First, risk models consider competing causes of death from
non-radiation risks, by which longer life span increases lifetime radiation risk. Second, multiplica-
tive or additive risk transfer models for applying data from exposed populations to the reference
populations are used in the risk models, with the multiplicative risk projection proportional to the
cancer risks in the population under study.

The influence of the U.S. average rates for all causes of death and cancer incidence or mortality
as an appropriate population on which to base risk assessments for healthy workers such as
astronauts was investigated. Calendar year differences in rates occur, and comparison of U.S.
rates from 1999 through 2005 showed a small trend toward increasing radiation risk as longevity
increased. We considered regional differences within the U.S. by considering individual states
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data for overall cancer mortality and life tables. Table 3.4 shows the average, SD, and minimum
and maximum values based on the range of values for each of the 50 U.S. states and
Washington DC using NCRP Report No. 132 and BEIR VII models using mixture models (see
also Supplementary Data in Appendix B). A very small variation of REID estimates was
observed in these comparisons. Figure 3.8 shows the correlation between median life span and
age-adjusted cancer rates with REID projections using %REID per Sv estimates in the BEIR VII
model, with DDREF=1.5 for each state in the U.S. and Washington DC vs. the median life span
and fatal cancer rates for females (upper panel) and males (lower panel) exposed at age 30 .
Trends are for small REID increases with longer life spans, and small REID decreases with
decreasing cancer rates. These differences are closely tied to the assumptions of additive or
multiplicative risk transfer, with larger changes found if multiplicative risk transfer is assumed. In
summary, these data® show a wide variation in average life span and overall age-specific
cancer mortality rates, but we found that they result in only a small variation of REID
probabilities. We also considered if a military aviation population could be an appropriate choice
for reference population data for the astronauts; however, data of sufficient accuracy have not
been reported.

Table 3.4a. Variation of %REID per Sv for females in individual states and Washington DC vs. age at exposure in
models of BEIR VIl (DDREF=1.5) and the NCRP 132 (DDREF=2). Cancer rates in units of 10° y™.

BEIR VII | NCRP 132
Age at Exposure, y
Median Cancer 35 45 55 35 45 55
life span, rate
y
Average 82.4 133.8 5.4 5.2 4.7 4.7 35 2.3
STD 1.1 17.1 0.2 0.2 0.2 0.2 0.1 0.1
Minimum 80.1 89.6 4.8 4.8 4.2 4.3 3.2 2.1
Maximum 85.6 165.6 5.7 5.7 5.1 5.0 3.8 2.5
Table 3.4b. Same as Table 3.4a for males.
BEIR VII | NCRP 132
Age at Exposure, y
Median Cancer 35 45 55 35 45 55
life span, rate
y
Average 77.7 150.6 3.9 3.8 3.6 3.9 2.9 2.0
STD 1.8 30.9 0.2 0.1 0.1 0.1 0.1 0.1
Minimum 73.2 96.0 35 3.4 3.3 3.6 2.7 1.8
Maximum 80.3 219.0 4.2 4.1 3.8 4.1 3.1 2.1
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Figure 3.8. %REID per Sv estimates in the BEIR VIl model, with DDREF=1.5 for each state and Washington DC
vs. median life span and fatal cancer rates for females (left panel) and males (right panel) exposed at age 30y.

Astronauts and other healthy workers or medical patients exposed to radiation enjoy many
lifestyle factors that lead to reduced lifetime cancer risks compared to the U.S. average
population.?*® Healthy worker attributes found for astronauts include optimal ranges of body
mass index (BMI), moderate alcohol use, excellent nutrition and exercise regimes, and health
care.?® More importantly, more than 90% of astronauts are never-smokers (lifetime use less
than 100 cigarettes) and therefore are expected to have lower background cancer rates than the
U.S. average rates, which include current and former smokers along with never-smokers. It is
well known that NS have lower rates of cancer, circulatory and pulmonary diseases, and a
longer life span than former or current smokers.*?* Indeed, more than 20% of all deaths in the
U.S. are associated with tobacco exposure, including over 80% of all lung cancer deaths.*® In
addition, epidemiology studies suggest a harmful synergistic interaction between radiation and
tobacco exposure occurs.'%+109.222:243.244 Eynosure to second-hand smoke can significantly
increase lung cancer and circulatory disease risk.'*® Exposure to second-hand smoke would be
variable in the astronaut or other healthy populations.

We estimated gender-specific never-smokers cancer rates to represent a reference population
by using age-specific rates for lung cancer and relative risk factors derived from literature
searches for other cancers. Age and gender-specific never-smokers lung cancer rates were
recently compiled by Thun et al'® from an analysis of 13 cohorts and 22 cancer registries.
Figure 3.9 shows comparisons between the data of Thun et al'®® with the SEER 2005 average
U.S. population data for lung cancer incidence and mortality rates. These rates are used for our
analysis of radiation lung cancer risks for never-smokers. For other cancers, we use CDC
estimates of proportions of cancer deaths for smokers (S) and former smokers (FS) in the U.S.
population. CDC estimates'® of relative risks were used for cancers of the esophagus,
stomach, bladder, and oral cavity, and acute myeloid leukemia (AML). We also considered other
published sources for several tissue sites, which are liver, colorectal, and lymphomas.??* 24>4
We estimated the fraction of cancers categorized in the “remainder” category based on the
number of cases reported by Preston et al® for different cancer types related to smoking
including pharynx, larynx, and pancreas.
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Figure 3.9. Comparison on age-specific cancer incidence and mortality rates for the 2005 U.S. average population
and recent analysis for never-smokers by Thun et al.’®® Left panel for females, and right panel for males.

Cancer rates reported for the U.S. population are made up of populations of smokers, former

smokers, and never-smokers with proportions fs, frs, and fys, with cancer rates s, Ars, and Ays,
respectively, which leads to:

(@) = foior(@)+ fes Aoy (@) + s dor (@) (3.12)

The relative risks (RR) of smokers and former smokers compared to never-smokers, RRs and
RRgs, respectively are then used to compare rates for NS to the U.S. average rates,

7or (8)
ANS@) = ot 3.13
@ = R AR et fy) O

We used the 2007 U.S. population data®*® to represent the average U.S. population, and CDC
estimates of fractions of populations for smokers, former smokers, and never-smokers for males
and females above age 40 y. The resulting estimates of RR for NS compared to the U.S.
population are shown in Table 3.5. For never-smoker risk estimates, we considered their longer
life span due to their reduced mortality for cancer, circulatory and pulmonary diseases. Age-
specific rates for all causes of death for never-smokers were not available; instead, we
considered the survival probability for the average U.S. population and made adjustments for
the age- and gender-specific rates for these diseases using the values of Table 3.5 except for
lung were the age-specific data of Thun et al is used.'®*°>**® Here we modified the survival
probability in Eq.(3.4) to adjust for lower rates for cancers, circulatory, and pulmonary diseases
that are also linked to tobacco use.*®

We then considered information on the impact of obesity on cancer and other diseases as well
as life span. Methods similar to calculating smoking attributable mortality have been applied to
calculate obesity attributable mortality. Data from the scientific literature can be used to estimate
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relative risks for persons of normal weight (NW), which is defined as BMI from 18.5 to 24.9.
Data sources considered were:

e U.S. obesity prevalence — National Health and Nutrition Examination Survey. Flegal FM, et al.
JAMA, Vol. 303, No. 3, January 20, 2010.

e Cancer obesity RRs — Body-mass index and incidence of cancer: a systematic review and meta-
analysis of prospective observational studies. Renehan AG, et al. Lancet, Vol. 371, February 16,
2008.

e Coronary heart disease RRs — Excess Weight and the Risk of Incident Coronary Heart Disease
among Men and Women. Flint AJ, et al. Obesity (Silver Spring), 18(2):377-383, February 2010.

¢ Mortality RRs — Putative biases in estimating mortality attributable to obesity in the US
population. Greenberg JA, et al. International Journal of Obesity, 31: 1449-1455, May 2007.

These data were used to form Table 3.6 which shows gender-specific relative risks in several
age groups for different cancer types and coronary heart disease (CHD). Age- and gender-
specific survival probabilities for model populations of NS, NW, or NS-NW can then be
estimated with the data in Tables 3.5 and Table 3.6. The RR for lung cancer in NW individuals
is biased because of the higher propensity for smoking in this group. Therefore, we assumed
RR=1 for lung cancer in NW and NW-NS populations in the analysis described below.

Table 3.5. Estimates of RR for never-smokers compared to average U.S. population for several cancers related
to both smoking and radiation exposure.

Relative Risks compared to Never Smokers

Males Current smokers Former smokers Never- smokers RR(NS/US)
Esophagus 6.76 4.46 1 0.27
Stomach 1.96 1.47 1 0.71
Bladder 3.27 2.09 1 0.50
Oral Cavity 10.89 3.4 1 0.23
Liver 2.25 1.75 1 0.63
Colorectal 1.19 1.21 1 0.89
Leukemia 2 1.5 1 0.69
Remainder 4 2.5 1 0.43
Lung* 23.26 8.7 1 0.11

Females Current smokers Former smokers Never- smokers RR(NS/US)
Esophagus 7.75 2.79 1 0.35
Stomach 1.36 1.32 1 0.85
Bladder 2.22 1.89 1 0.65
Oral Cavity 5.08 2.29 1 0.46
Liver 2.25 1.75 1 0.67
Colorectal 1.28 1.23 1 0.88
Leukemia 2 1.5 1 0.74
Remainder 4 2.5 1 0.48
Lung* 12.69 4.53 1 0.23

*Lung data shown only for comparison, where risk calculations made using age-specific rates described in the text. For
males, current smokers, former smokers, and never-smokers are estimated at 24%, 40%, and 36% of the population above
age 50 y. For females we use 18%, 35%, and 47% for these percentages (CDC-MMWR, 2010).
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Table 3.6. Relative risks for NW persons compared to the U.S. average for males and females for cancer and
CHD.

Cause 20t039 40to 59 >60y 20t039 40to59 >60y
Leukemia 0.923 0.907 0.904 0.825 0.810 0.823
Colon 0.788 0.751 0.746 0.903 0.894 0.902
Liver 0.788 0.751 0.746 0.924 0.917 0.923
Lung 1.275 1.361 1.373 1.246 1.280 1.263
Esophagus 0.602 0.551 0.543 0.560 0.538 0.567
Thyroid 0.722 0.678 0.671 0.853 0.841 0.852
Kidney 0.788 0.751 0.746 0.679 0.659 0.681
Gallbladder 0.914 0.896 0.893 0.512 0.490 0.521
NHL 0.942 0.929 0.927 0.924 0.917 0.923
Breast(PostM)* 0.873 0.862 0.871
Breast(PreM) 1.093 1.104 1.097
Prostate 0.970 0.964 0.963

CHD 0.725 0.682 0.677 0.675 0.650 0.659
Mortality 0.863 0.836 0.829 0.833 0.819 0.839

*PostM and PreM for post-menopause or pre-menopause, respectively.

Evidence that astronauts should be considered to be at lower risk for cancers and circulatory
diseases, and enjoy a longer life span compared to the U.S. average population is borne out by
analysis of Kaplan-Meir survival curves (Figure 3.10) and Standard Mortality Ratios (SMRs)
(Table 3.7), where the cohort of NASA astronauts and payload specialists is compared to the
U.S. average population, and our estimates for NS, NW, or NS-NW model populations. These
comparisons include results after censoring 18 of 19 occupationally related accidental deaths
from space missions or training considered atypical of U.S. workers. The largely male cohort of
astronauts and payload specialists show a longer longevity and reduced SMR in comparison to
the U.S. average population, and are more similar to a population of never-smokers with normal
weight, which is a strong indication that a healthy worker effect occurs for astronauts. It is
possible but not likely that the population effective dose (over 100 Sv for the astronaut cohort
3% has led to any increase in cancers at this time because of the small cohort size and
because the current average of the astronaut population is only 59 y, such that the observation
time after exposure is still relatively short.
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Figure 3.10. Kaplan-Meier survival versus age for astronauts and payload specialists compared to U.S.
males and our projections for never-smokers, NW, and NS-NW males. The left panel includes occupational
deaths related to flight accidents or training, and right panel censors occupational deaths. Data from the
Astronaut Fact Book (NASA 2005) and http://www.jsc.nasa.gov/Bios/.

Table 3.7a. Statistics for fatalities among astronauts and payload specialists* (does not include most
recent astronaut class selected).

Category Total Frequency Death Frequency
Male Astronauts 269 41
Female Astronauts 40 5
Total Astronaut 316 46
Payload Specialist 23 1
Total 339 46

*Causes of death were 12 cancers, 5 circulatory diseases, 1 CNS, 19 occupational-related accidental deaths, 6
non-occupational accidental deaths, and 3 other causes of death. Data from the Astronaut Fact Book (NASA 2005)
and http://www.jsc.nasa.gov/Bios/.
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Table 3.7b. Standard Mortality Ratio (SMR) for astronauts and payload specialists relative
to U.S. average or never-smokers average (gender weighted to proportion of M and F
astronauts) or female never-smokers, suggests astronauts have lifetime risks similar to
female never-smokers.

Comparison SMR

Astronauts vs. U.S. avg. 0.70[0.53, 0.93]
Censoring tragedies vs. US avg. 0.4410.31, 0.63]
Astronauts vs. NS avg. 0.90 [0.68, 1.10]
Censoring tragedies vs. NS avg. 0.56 [0.39, 0.80]
Astronauts vs NW avg. 0.89 [0.67, 1.19]
Censoring tragedies vs NW avg. 0.56 [0.39, 0.80]
Astronauts vs NS-NW Avg. 1.49[1.12, 1.97]
Censoring Tragedies vs. NS-NW Avg. 0.93[0.63, 1.31]

Table 3.7c. Standard Cancer Mortality Ratio (SMR) for astronauts and payload specialists
relative to other populations for cancer.

Comparison SMR

Astronauts 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. 1.2410.70, 2.18]

Table 3.7d. Standard Mortality Ratio (SMR) for astronauts and payload specialists relative
to model other populations for coronary heart disease and stroke.

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]

3.6.1. Healthy Worker Effects and Risk Estimates

We used NS and U.S. average population rates to estimate lung cancer risks using the BEIR
VIlI, UNSCEAR, and RERF models as shown in Tables 3.8 and 3.9 for estimates of REIC and
REID, respectively. A significant decrease in REID and REIC probabilities for never-smokers
compared to the average U.S. population was estimated for lung cancer risks when
multiplicative risk transfer is assumed. A more than 8-fold decrease is estimated in the
multiplicative transfer model when never-smoker rates are compared to the U.S. population
average. Using a mixture model with vt=0.5 reduced the lung cancer estimate for never-
smokers by 2-fold compared to the average U.S. population. The generalized multiplicative
model of Furukawa et al,'** which estimates radiation risks dependent on smoking consumption
leads to a minor reduction for females compared to the usage of never-smoker baseline rate
estimates alone, and is about the same for males. We note that Furukawa et al*** used lung
dose estimates for the LSS cohort, while the reports noted above used colon doses to represent
all solid cancer risks including the risk of lung cancer. Because lung cancer is the largest
contributor to overall radiation cancer risks, these lower estimates for never-smokers have large
impacts on overall risk estimates.
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We also considered differences in radiation risk estimates between never-smokers, normal
weight, and never-smokers of normal weight to the U.S. average population. The estimates for
NW and NS-NW persons leads to several other uncertainties that need to be addressed. For
NW persons, very little radiation epidemiology data is available to estimate impacts on
radiations risk. Also, for never-smokers of normal weight, due to their longer life span, the
influence of cancer rates beyond age 85 y becomes more important. Here, the SEER data
groups all persons above age 85 y into a single grouping. Certain models have been proposed
that suggest rates will actual decrease at these older age?*°; however, data to make an estimate
at these ages are sparse. For ages of exposure <60 y within the U.S. average or never-smokers
populations, the impact of cancer rates beyond age 85 y was found to be small. However, a
larger impact is found for never-smokers of normal weight population at these older ages. In
addition, ERR and EAR estimates for persons exposed as adults at more than 50 y past
exposure will play a larger role for a never-smokers or never-smokers of normal weight
population where median life span can exceed 90 y. The LSS study includes child and
adolescent exposures followed up for more than 50 y, but similar data for adult exposures is
limited by statistical uncertainties. Biophysical models of cancer risk offer little insight into
whether radiation risks would last for such long times after exposure in adults. Models and
estimates of uncertainties for these older ages will become more important in the future if
median life span continues to increase.

3.6.2 Baseline Cancer Rates and Life-table Data

Several types of uncertainties arise by assuming the average U.S. population or other model
populations (never-smokers or never-smokers of normal weight) to form the risk projection for
astronauts. One uncertainty is the use of current calendar year data to project risks in the future.
The Social Security Administration (SSA)*?? has assessed changes in median life span in the
future. Recent data show a general trend for increase in life span and reduction in cancer
mortality, while overall cancer incidence remains roughly constant.*® Errors due to future
population evolution are not included in our uncertainty assessments, and we assumed current
rates as a model assumption. A second type of error is due to statistical limitations in population
data at older ages, as reported by the NCI SEER program. Cancer incidence rates above age
85 y have non-negligible SDs, and some reports suggest a downward curvature in these data that
is perhaps caused by cell senescence. A sensitivity analysis was made by comparing radiation
risks for the varying assumptions of monotonically increasing downward curvature and constant
rates above age 89 y. For the average U.S. population, the fraction of a population alive above
age 89y is small, and we found differences for overall cancer risks to be small (<5%) after
comparing different models for extrapolation above age 89 y. For the NSCR-2012 model, rates
are held constant above age 89 vy, to reflect a mid-point between models that continue to
increase or decrease in extrapolating to older ages.
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Table 3.8. Lung cancer incidence per Sv (REIC/Sv) in several models with DDREF = 2.

%REIC, Females

%REIC, Males

Age at Exposure 35y 45y 55y 35y 45y 55y
Model Type Model rates Average U.S. Population, 2005
Additive BEIR VII 1.34 1.33 1.31 0.77 0.76 0.74
UNSCEAR 1.60 1.57 1.42 0.86 0.83 0.78
RERF 1.67 1.66 1.59 0.87 0.87 0.83
Multiplicative BEIR VII 3.92 3.61 2.97 1.23 1.15 0.96
UNSCEAR 4.65 4.49 3.98 1.45 141 1.27
RERF 5.15 5.56 5.28 1.51 1.65 1.60
Mixture BEIR VII 2.70 2.54 2.19 0.99 0.96 0.85
UNSCEAR 3.14 3.03 2.73 1.15 1.12 1.02
RERF 3.43 3.63 3.46 1.19 1.26 121
Never-smokers
Multiplicative BEIR VII 0.54 0.50 0.44 0.16 0.17 0.16
UNSCEAR 0.69 0.67 0.62 0.17 0.17 0.16
RERF 0.70 0.76 0.77 0.15 0.17 0.18
Mixture BEIR VII 1.01 0.99 0.93 0.45 0.44 0.42
UNSCEAR 1.15 1.12 1.04 0.51 0.50 0.47
RERF 1.18 1.21 1.18 0.51 0.52 0.50
Generalized RERF, Generalized 0.50 0.58 0.62 0.16 0.19 0.22
Multiplicative Multiplicative for
never-smokers
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Table 3.9. Fatal lung cancer risks per Sv (REID/Sv) in several models with DDREF=2.

%REID, Females %REID, Males
Age at Exposure 35y 45y 55y 35y 45y 55y
Model Type Model rates Average U.S. Population, 2005
Additive BEIR VII 1.20 1.20 1.18 0.65 0.66 0.66
UNSCEAR 1.28 1.27 1.22 0.71 0.71 0.69
RERF 1.33 1.34 1.32 0.72 0.73 0.73
Multiplicative BEIR VII 2.88 2.74 2.38 0.95 0.92 0.83
UNSCEAR 3.56 3.50 3.23 1.17 1.17 1.11
RERF 3.71 4.16 4.21 1.13 1.30 1.37
Mixture BEIR VII 2.04 1.97 1.78 0.80 0.79 0.74
UNSCEAR 243 2.39 2.23 0.94 0.94 0.89
RERF 2.53 2.77 2.78 0.92 1.02 1.05

Never-smokers

Multiplicative BEIR VII 0.44 0.41 0.37 0.15 0.15 0.14
UNSCEAR 0.57 0.57 0.54 0.15 0.15 0.14
RERF 0.55 0.61 0.66 0.14 0.15 0.16
Mixture BEIR VII 0.85 0.84 0.81 0.40 0.40 0.38
UNSCEAR 0.96 0.95 0.91 0.46 0.45 0.42
RERF 0.98 1.01 1.02 0.46 0.47 0.45
Generalized RERF, Generalized 0.39 0.47 0.53 0.16 0.17 0.20
Multiplicative Multiplicative for

never-smokers

A third type of uncertainty is due to the choice of reference population, which in the past was
assumed to be the average U.S. population. Alternative approaches could consider the use of a
military aviation population as the reference population for astronauts. However, incidence or
mortality rates for pilots have large statistical errors and there are limitations in data
collection.*®® To estimate the potential size of errors due to the choice of baseline rates, we
collected life-table and age-specific all-cancers data from each of the 50 states and the District
of Columbia in the U.S., all of which have a large range in life span and age-adjusted cancer
rates (Appendix B). We also compared, in Appendix B, these data to predictions by level of
urbanization. From these comparisons SDs for REID estimates for the average U.S. population
relative to the individual states or Washington DC were less than 5%, albeit there is substantial
variation in median life span or background cancer rates over the range of values for each state.
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Smoking habits and obesity are known to have a large influence on cancer rates and life span.
In this report, estimates for a never-smoker population are made and compared to radiation
risks for the average U.S. population. We have also made preliminary estimates for the
combined category of never-smokers of normal weight (denoted as NS-NW). Several new
research questions arise when considering cancer rates and competing risks for never-smokers
or NS-NW populations. First, their longer life span compared to the U.S. average population
makes the methods of extrapolation of cancer rates beyond age 89 more important. The so-
called beta-model (Fig. 3.11) where cancer rates decline at older ages **° would be more
favorable to these populations compared to a model where cancer rates either continue to rise
or level off at older
ages. Second, the
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3.7 Summary of Research Needs for Type | Uncertainties

1.

Models of incidence-to-mortality conversion can be investigated based on possibility of
early cancer detection and more aggressive tumor histology by HZE particles and
neutrons.

Epidemiology data for radiation cancer risks as it is reported by NCI, UNSCEAR, and
others should be considered for future integration into NASA risk models.

The extrapolation of cancer rates to older ages (> 85 yr) should be investigated.
Possible interactions between radiation and tobacco products should be investigated for
their potential role as confounders to human epidemiology data and for risk assessment
for astronauts that are former or current smokers.

Additional healthy worker effects should be investigated to define the optimal model
population to represent astronauts.
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4. Uncertainties in Low-linear-energy-transfer Risk Model Factors

NCRP Report No. 126" reviewed uncertainties for low-LET radiation risk assessments, and the
recommended PDFs were used by NASA for its previous space radiation risk assessments.**#
Several reports published since 1997, as noted above, provide new sources of information to

update uncertainty assessments. We first summarize NCRP Report No. 126 and then describe

other information to update the low-LET uncertainty PDFs. For Monte-Carlo sampling purposes,
the low-LET mortality rate per Sievert, 4., is written as

Ay (g, @) XpXgXg Xg X
A (E,ag,a) = [;DFiEF 2 SXT ey (4.1)
Dr

where 1y is the baseline mortality rate per Sievert and the x, are quantiles (random variables)
whose values are sampled from an associated PDF, P(x,). Note that the DDREF applies only to
the solid cancer risk and not to the leukemia risk under the given assumptions. NCRP Report
No. 126 defined the following subjective PDFs, P(x,), for each factor that contributes to the
low-LET-risk projection:

1) Puosimetry represents random and systematic errors in the estimation of doses received
by atomic-bomb blast survivors. It was assumed by the NCRP as a normally distributed
PDF for bias correction of random and systematic errors in the dosimetry (DS86) with a
mean of 0.84 and an SD of 0.11.

2) Psuaisical represents the distribution in uncertainty in the risk coefficient r. It is assumed
as a normally distributed PDF with a mean of 1 and an SD of 0.15.

3) Puiasrepresents any bias resulting for over-reporting or underreporting of cancer deaths.
Puias IS assumed as a normal distribution with a most probable value of 1.1 and a 90% CI
from 1.02 to 1.18 corresponding to an SD of 0.05.

4) Puanster represents the uncertainty in the transfer of cancer risk following radiation
exposure from the Japanese population to the U.S. population. Both additive and relative
risks models were considered by NCRP Report No. 126" in assessing the uncertainties
in such transfer. Pyanster iS l10g-normal with a mean of 1 and an SD of 0.26 (GSD
[geometric standard deviation]=1.3).

5) Py, represents the uncertainty in the knowledge of the extrapolation of risks to low dose
and dose-rates embodied in the DDREF. The NCRP assumed Py, to be a truncated
triangle distribution starting at 1 and ending at 5 with a peak at 2 and a relative value of
Yaor % at 1 or 5, respectively, compared to the peak values for the DDREF at 2. This
PDF is used to scale the low-LET risk coefficient (mortality rates) in our estimates for
space radiation.

6) Py represents unknown uncertainties. The NCRP assumed this uncertainty followed
a normal distribution with a central value of 1 and an SD of 0.3 with 90™-percentile sub-
jective Cls of [0.5, 1.5].

The NCRP also considered a PDF for bias correction in projection of cancer risks over a
lifetime, which is important for those exposed below age 30 y but not for astronauts. The lifetime
projection and NCRP-unknown uncertainties were ignored in the previous NASA model.

The analysis and data for updating low-LET cancer risk assessments and uncertainties since
NCRP Reports Nos. 126 and 132 are as follows:
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1) Publication of the revised atomic-bomb dosimetry assessment® for the LSS of survivor
called dosimetry system 2002 (DS02).

2) Longer follow-up and reanalysis of the LSS cancer incidence data by BEIR VI
UNSCEAR (see also Little et al'®), and Preston et al.%

3) Meta-analysis of other human epidemiology models for breast and thyroid cancer risks
(BEIR VII).

4) Development of EB and Bayesian models for tissue-specific cancer incidence data that
represent significantly reduced tissue-specific statistical errors,*>*** respectively.

5) Assessment of dose response models fitted to human data sets and in the evaluation of
DDREF values, including the BEIR VII analysis™® and analysis of radiation worker studies
that support a DDREF value near unity.®’

16
l,

4.1 Life-span Study Dosimetry Errors

Errors in dosimetry related to epidemiology data include random and systematic errors. The
completion of the revised dosimetry of the atomic-bomb survivors, called dosimetry system
2002, DS02,** led to minor reductions in the neutron dose estimates as well as modest changes
in estimates of the y-ray organ doses compared to the earlier DS86. Recent analysis by BEIR
VI, UNSCEAR, and Preston et al**? assume larger dosimetry errors than that of NCRP Report
No. 126." The DS86 evaluation was subjectively assessed in light of the anticipated dosimetry
reevaluation that cumulated in the newer DS02 system. The UNSCEAR report made a Bayesian
analysis of dosimetry errors.'®’ Preston et al®* assume an overall 35% error in DS02 estimates.
UNSCEAR assumed a log-normal distribution with a GSD of 30%. Other reports*?*** estimate
the impact of using a fixed-neutron RBE of 10 in fitting the A-bomb data and other errors. Here,
since a larger RBE value and a dose-dependent value are plausible, especially for solid cancers
based on radiobiology experiments with cells and small animals, an overall reduction in the y-ray-
derived risk coefficients would be expected. A dose-dependent RBE tested by Suzuki et al**?
indicated that reductions as high as 30% in the y-ray risks were plausible if the neutron RBE ac-
tually had a much higher value than the 10 that was assumed in recent reports. Another source
of error is the use of stratified dose groups instead of individualized dose estimates.™ Tissue sites
in which meta-analysis over several exposed cohorts is considered introduces other dosimetry
considerations. Cohorts exposed for medical conditions often involved x-ray exposures that have
RBEs of two or more compared to y-rays at low doses.**>**” Underreporting of doses from other
sources is also a potential bias. After considering these various descriptions and the previous
NCRP Report No. 126 assessment, we assume a log-normal PDF for the combined dosim-
etry uncertainties with a geometric mean of 0.9 and GSD of 1.3. This represents a signifi-
cant increase in dosimetry error compared to the NCRP Report No. 126 recommendation.

4.2 Statistical Errors

NCRP Report No. 126 represented statistical errors by a normal PDF with a mean of 1 and an
SD of 0.15. It would be expected that the SD would improve with continued analysis and longer
follow-up times. Pawel et al®® found, using so-called EB models, that tissue-specific statistical
errors are much better represented when all data are assumed to originate from a common
parent distribution. A result of this analysis is reproduced in Table 4.1. For our subjective PDF
representing statistical errors, we assume a normal distribution with a mean of 1 and an SD of
0.15 to represent the overall cancer risk estimate. Estimates of statistical uncertainties for
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individual sites can be made with the larger values suggested by the EB model; however, these
uncertainties would be small compared to DDREF or radiation quality uncertainties.

Table 4.1. Comparison of maximum likelihood estimates (MLESs) to EB method for gender-adjusted, site-specific
ERR from the LSS.*

ERR/Sv Estimate Standard Error
Tissue MLE EB MLE EB
Kidney 0.40 0.40 0.32 0.19
Esophagus 0.63 0.48 0.31 0.19
Prostate 0.18 0.32 0.30 0.19
Bladder 0.84 0.58 0.29 0.18
Pancreas 0.38 0.39 0.22 0.15
Remainder 1.15 0.85 0.19 0.15
Ovary 0.27 0.32 0.19 0.15
CNS 0.37 0.38 0.17 0.14
Oral Cavity 0.34 0.36 0.15 0.13
Lung 0.70 0.63 0.13 0.11
Gallbladder -0.01 0.08 0.13 0.11
Colon 0.49 0.47 0.11 0.10
Rectum 0.14 0.19 0.10 0.10
Liver 0.31 0.32 0.10 0.09
Breast 0.67 0.63 0.10 0.09
Stomach 0.32 0.32 0.06 0.06
Uterus 0.04 0.05 0.05 0.05

4.3  Errors from Reporting Bias

We estimated the REID probabilities based on the cancer incidence data in this report whereas
NCRP Report Nos. 132 and 126 used cancer mortality data. As noted by NCRP Report No. 126,
reporting errors in incidence data are expected to be smaller than those of mortality data. We
assumed a normal distribution with a mean of 1 and a standard error of 0.05 for the reporting
bias error.

4.4 Dose-rate Reduction Factor Uncertainties

Estimating dose-rate effect modifiers on risk estimates can be pursued by comparisons of acute
dose effects to chronic doses delivered over a few days or less, or comparisons to chronic
doses over weeks, months, or a significant proportion of a life span. The former case is related
to dose-rate dependent changes due to DNA repair, persistent oxidative stress, cell phase
sensitivity, and repopulation of cells. The latter case might also include changes due to
differences in susceptibility with age. Intermediate to these two cases would be the possibility of
adaptation whereby biochemical changes related to gene expression and signal transduction
alter cellular or tissue responses for chronic radiation exposure. The length of space missions of
interest will be short compared to the life span of humans; however, age-dependent changes
need to be considered in experimental models exposed to chronic radiation for the purpose of
estimating dose-rate effects. In the ideal case, the dose response as the dose-rate is lowered
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would reach a limiting linear response with a constant slope, independent of total dose over the
dose-range of interest.

The dose-rate factor used by NASA should apply to solid cancer risk estimates over the
appropriate range of equivalent organ doses and dose-rates to be expected in space. ISS
missions of a 4- to 7-month duration have led to crew doses between 0.02 to 0.06 Gy and
Effective doses of about 0.05 to 0.15 Sv. To date, the highest lifetime Effective dose for
astronauts has been about 0.3 Sv.” For exploration missions, Effective doses as high as 1.5 Sv
are projected. Dose-rates in interplanetary space range from about 0.3 to 0.6 mGy/d for GCR,
and values about 0.15 to 0.3 mGy/d on the moon or Mars surface. A large SPE would have
maximum dose-rates at deep tissues for modest spacecraft shielding amounts of about 0.3
Gy/hr and higher values possible if unprotected by shielding during extravehicular activity
These values suggest that experimental information for y-rays for estimating dose-rate effects
for doses from about 0.05 to 2 Gy are the most appropriate for the NASA risk estimates. This is
distinct from exposure to the public or terrestrial workers for whom exposures below 0.05 Gy are
the major concern. Also, the ICRP recommends the DDREF be applied for doses below 0.2 Gy.

Table 4.2 shows a summary of different DDREF recommendations and estimates in recent
years. A wide range of DDREF values from unity to approximately 10 can be found. NCRP
Report No. 98% recommends a dose-rate effectiveness factor (DREF) of 2.5. NCRP Report No.
132° recommends a DDREF of 2.0. The BEIR VII report'® recommended a DDREF of 1.5 based
on a Bayesian analysis of the LSS data and selected mouse tumor data. Reducing the DDREF
from 2.0 to 1.5 would increase the solid cancer risk estimates by 33% with all other factors the
same. The UNSCEAR (2008) best-fitting model to the LSS total solid cancer mortality data was
an LQ dose response model; however, differences between fits using linear and LQ response
models were consistent with the DDREF values reported by BEIR VII (Table 4.2). The NCI radio-
epidemiological assessment model®® considers a weighted discrete distribution of DDREF values
with a mean value from the distribution of about 1.75. A recent meta-analysis of 12 radiation worker
studies by Jacobs et al®’ suggests a DDREF of 0.83 [0.53, 1.96] based on comparison to the
LSS. However, other differences between the populations, and adjustments for dose protraction
and a photon RBE different than unity for different types of low-LET exposures are confounding
factors in a comparison of radiation worker data to the LSS data.

Table 4.2. Summary of estimates of the DDREF from human or experimental studies with cells and animals.

Estimate or Recommended Value DDREF Estimate
*NCRP Report No. 98 2.5

NCRP Report No. 132° 2

BEIR VII: selected mouse tumor studies 1.5[1.0,4.4]
BEIR VII: LSS data analysis 1.3[0.8, 2.6]
BEIR VII: Combined Bayesian Analysis 15[1.1, 2.3]
ICRP™’ 2

*UNSCEAR"’ 1.22

NCI” 1.75

Jacob et al’’ Radiation-Worker studies vs. LSS 0.83[0.53, 1.96]
Oncogenic changes in cell culture models ~1to0o>10
*Solid tumors in mice from NCRP Report No. 64 | 3.48

NASA 2010 model 1.75

*NCRP used the related quantity DREF instead of DDREF.**UNSCEAR did not make a DDREF recommendation;
however, a comparison of its fitted LQ and linear dose response models to LSS data leads to value shown.
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Cellular studies of biomarkers of cancer risk indicate a more robust range of dose-rate
modifiers. Of note are the studies by Loucas and Cornforth*'®'*° of chromosomal aberrations
using multicolor fluorescence in-situ hybridization (MFISH), which found a linear response for
acute effects and a dose-rate reduction factor for chronic irradiation of more than 5, albeit both
dose response curves were adequately described as linear.

4.4.1 Re-analysis of DDREF using BEIR VII Approach

We analyzed the BEIR VIl approach to the DDREF central estimate and its uncertainty
distribution. Estimating the value of a DDREF from human data would be preferred; however,
the limited available human data and the many other factors that enter into risk estimates make
such an estimate imprecise. BEIR VIl and others have used the estimated curvature in the LSS
data to estimate a DDREF. The use of LSS data to make DDREF estimates raises some
conceptual issues. It is well known that the curvature or the quadratic component of any dose
response in the LSS is small and, of course, there were no exposures at low dose-rate for a
similar population. The lack of curvature could be due to inherent uncertainties in the data or the
impact of pooling data from a heterogeneous population and various tissue sites. In addition,
there were social-economic differences in those exposed to different doses, and those exposed
at higher doses were likely susceptible to non-cancer risks. Data for individual tumor types have
larger statistical limitations than overall solid cancer mortality risk; however, and these data are
often represented by a linear dose response. Also, there is an inherent “noise” in such data at
the lowest doses. It is important to note that the more recent smaller estimates of the DDREF
from human epidemiology studies raise important issues as to the appropriateness of
experimental data in human cell culture models or strains of mice that often show a significant
guadratic dose response component and higher DDREF estimate.

Several concerns arise in the BEIR VIl choices for mouse tumor induction data. First, BEIR VII
did not consider all mouse tumor data available, but only a small set of such data. Second,
mouse leukemia and lymphoma data were pooled with solid tumor data in the BEIR VII analysis
of the DDREF; however, DDREFs apply only to solid cancer risk estimates. Certain mouse tumor
types included are also believed to be poor models of human cancers. A notable example of this
is ovarian tumors in mice, which seem to be inappropriate because the mechanisms for their
induction is believed to be cell killing. Furthermore, the BEIR VII report did not consider surrogate
endpoint data in human cells, which would show a large range of DDREF values, and often
suggest that biological responses are through distinct mechanisms at low doses (< 0.1 Gy)
compared to high doses of more than 1 Gy.

We performed Bayesian analysis similar to the BEIR VII report, including considerations of
varying assumptions on data sets included in the analysis. We compared results when various
combinations of prior distributions are assumed in estimating the posterior distribution. For prior
distributions, we used the BEIR VIl estimate from the LSS study and one based on the analysis
by Jacob et al,®” which compared reactor workers to the LSS. This assumption may over count
the weight given to the LSS data, but the results are useful for our purpose.

For mouse tumor data, we followed BEIR VII using the data from Ullrich et al**°; however, we
exclude several other experiments chosen by BEIR VII that we deemed inappropriate for
application to models of solid cancer risk in humans. We also considered the tumor data
published by Alpen et al*** for the Harderian gland because these are a key data set in the
selections for values of quality factors for HZE particles. Only experimental data for doses below
2 Gy were included in the analysis. We analyzed all the data jointly assuming that the curvature,
0, was the same for all tumor types similar to the model of BEIR VII. The model allows each
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type of cancer and type of mouse to have its own baseline cancer risk, linear increase, and
quadratic increase in cancer risk. However 4 is estimated instead of the quadratic, S term. We fit
the following model to the tumor risk data:

Risk = c +a[D+@DxI(D,.,)] (4.2)

where D is the dose, i is an indicator for each type of cancer and mouse and 1(Dacyee) is the
indicator function for acute doses. Note that each type of cancer and mouse has a unigue value
for f = 0;*0. The model assumes risks are normally distributed with variances that are
proportional to the reciprocal of the squared standard errors. The DDREF can be estimated as 1
+ 6 for the dose range of interest here. For the final likelihood function that we combined for the
posterior estimate, we assumed that the DDREF had a log-normal distribution with mean
In(1+6) and error determined using the delta method.

BEIR VII did not utilize the data from the chronically exposed mice from the large Argonne
National Lab studies reported by Grahn et al.”*° In this study, male and female B6CF; mice (F1
crosses of resistant C57BL/6 and sensitive BALB/c mouse strains) were exposed at 110+7 days
of age to single fraction (acute), 24 once-weekly or 60 once-weekly doses of y-rays or neutrons.
To support our Bayesian analysis of the DDREF, we considered the acute and 24 once-weekly
data (Table 4.3). We did not consider the 60 once-weekly data since it could also include a
dose protraction effect independent of dose-rate effects, such as a possible difference in cancer
susceptibility for difference mouse ages. We allowed the chronic data to contribute to the
estimation of the linear term in the model. Linear dose response, a values were published for
both the acute and chronic data. The data were divided into individual epithelial cancers that
included lung, liver, Harderian gland, and glandular/reproductive tumors. The data were further
divided by gender and into two intervals of ages, 600-799 days and 800-899. For each cancer
type, gender, and age interval, the DDREF can be estimated using the published a values as

follows:

DDREF = Zaute (4.3)

achronic

If again we assume that the DDREF follows a log-normal distribution, we can estimate the
variance of the natural log of the DDREF using the standard errors (SE) as:

Var[|n(DDREF)] — (SEchroniC)2+(S acute)z (44)

chronic aacute

E

The natural logarithm transformed DDREFs can be aggregated across the different cancer
types, genders, and age intervals using the generalized inverse variance method.

We estimated the effects of protraction due to the age of the mice in the acute exposure being
lower than mice at the end of the 24 week chronic exposure. Since ho mouse data over a
similar age range was available, we made an estimate of the influence of the dose protraction
using the UNSCEAR models for humans by comparing risks for an age of exposure of 20 years
to that of 35 years, which approximates the 24 wks of life span in the chronically exposed mice.
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Table 4.3. DDREF values and log-normal function parameter values estimated from Argonne Lab data for
tumor induction in B6CF1 mice comparing acute to 24 weekly fractions (Grahn et al ?°).

Tissue DDREF 95% ClI n c

All Epithelial 1.66 [1.47, 1.87] 0.507 0.061
Lung 1.54 [1.20, 1.98] 0.432 0.128
Live 1.78 [0.8, 3.96] 0.578 0.407
Harderian Gland 2.37 [1.55, 3.63] 0.864 0.217
Glandular/Reproductive 2.72 [1.79, 4.11] 0.999 0.212
All Sites combined 1.99 [1.52, 2.61] 0.688 0.138

Using this assumption the DDREF for all sites combined in Table 4.3 would be reduced by a
small amount to ~1.94.

There are also a large number of cell culture studies using surrogate endpoints for cancer risk
that have studied dose-rate effects, including mutation, transformation, and chromosomal
aberrations. For example recent studies for dose-rate reduction for HPRT mutations vary from
about 3 to 8 in studies by Vivek et al *** and Nakamura et al*®?, respectively. As an illustration of
how human cell culture cancer biomarker data might alter the Bayesian analysis we chose to
considered data for translocations measured in a population of 28 astronauts. Astronaut blood
samples were exposed to low doses of y-rays **#*and chromosomal aberrations scored with 3
color FISH (Figure 4.1). Each astronaut in the model had their own estimate for initial
translocation prevalence, c¢; and linear increase with dose, a; . The combined curvature, 6, in the
linear quaderatic fit for astronaut translocation could be determined as:

Risk = c +a[D+6D] (4.5)

The model assumes risk are normally distributed with variances that are proportional to the
reciprocal of the squared standard errors. The DDREF can be estimated as 1 + 6 for the dose
range of interest here. For the final likelihood function that we combined for the posterior
estimate, we assumed that the DDREF had a log-normal distribution with mean In(1+6) and
error determined using the delta method.

4.4.2 Combining the distributions using Bayesian methods

A log-normal distribution was fit using the reported LSS DDREF and confidence intervals. The
value of y was estimated as In(1.3). The upper 95% confidence limit was used to determine the
o value for the log-normal distribution with p = In(1.3) and the cumulative distribution at 2.6 =
0.975. This distribution has error at values below 1 for the DDREF. The log-normal distribution
adds slightly more uncertainty at these lower values of DDREF. Each prior distribution and
likelihood is assumed to be log-normal. Combining these distributions using a conjugate prior
determined by the log-normal distributions results in a posterior with a student’s t-distribution on
the log scale shown in Figure 4.2. The range of values based on varying choices of which
different distributions are combined was for the central estimate a range from 1.41 to 1.9, while
the upper 95% confidence interval has a range from 2.6 to 3.19 under different assumptions.
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Figure 4.1. Dose response data for translocations measured with 3-color FISH in 28 astronauts after exposure of
blood samples to gamma-rays.
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Table 4.3. Results for Bayesian analysis of DDREF and uncertainty intervals.

Study Estimated DDREF 95% ClI
Prior Estimates:

LSS Cohort (BEIR VII) 1.3 [0.8, 2.6]
Worker studies relative to LSS (Jacob et 0.82 [0.49, 1.96]
al)

Select Mouse Studies 1.84 [1.49, 2.27]
Argonne Mouse Studies 1.99 (1.94)* [1.52, 2.61]
Astronaut Translocations 2.65 [2.24, 3.13]
Posterior Estimates:

BEIR VII 1.5 [1.1, 2.6]
LSS+Mouse (all) 1.7 [1.0, 2.9]
LSS+Mouse+Astronaut Translocations 1.9 [1.2, 3.0]
LSS+Worker+Mouse 1.41 [0.72, 2.74]
LSS+Worker+Mouse+Translocations 1.79 [1.01, 3.19]

*Values in parenthesis includes an estimate of possible protraction effects due to the varying age of exposure in the chronic
exposure mice (over 24 weeks) compared to acute exposure mice.
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Figure. 4.2. Bayesian posterior probability densities resulting from combining different prior distributions for
DDREF estimates.

For the NSCR-2012 model, we considered these different estimates of the posterior
distribution. Based on the recommendations of the NRC 2012 Committee, we use the
BEIR VII central estimate of 1.5. for the DDREF. We used a subjective assessment based
on the composite of the different Bayesian results to select the PDF for the DDREF as a
Student’s t-distribution with 95% confidence intervals [1, 3.2] as shown in Figure 4.3. One
implication of the smaller DDREF is a shift in the overall space radiation uncertainty distribution
to be skewed toward higher DDREF values and lower risk although the central estimate is
increased.
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Figure 4.3. Subjective PDF and CDF representing the DDREF uncertainty in NSCR-2012 model.
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45 Transfer Models Uncertainties

Two models are often considered for transferring radiation-associated incidence or mortality
rates from other populations such as the Japanese to a U.S. population. The multiplicative
transfer model uses the fitted ERR functions and assumes radiation risks are proportional to
spontaneous or background cancer risks. The additive transfer model uses fitted EAR functions
to predict cancer risks in the U.S. population and assumes radiation acts independently of other
cancer risks. The NCRP recommends® a mixture model for solid cancers with equal additive
contributions from the multiplicative and the additive transfer models. For leukemia risk, the
additive transfer model was recommended.

There are several considerations with regard to which transfer model is appropriate, least
considered of which is the possibility of radiation quality dependence of the transfer model.
Additive risk transfer models suggest that radiation acts independently of promotional effects

in the population under study. Multiplicative risk transfer models suggest that radiation acts
independently of other cancer initiators in the population under study.'® Mouse tumor induction
studies with y-rays suggest the multiplicative transfer model is correct for solid cancers and addi-
tive transfer for leukemia.** The transfer model should depend on tissue type if distinct mecha-
nisms leading to cancer act in different tissues. There could also be transfer model dependences
on age at exposure since older persons compared to younger ones are presumed to have more
initiated cells, altered DNA repair capacity, a higher fraction of senescent cells, etc. The transfer
model assumption may also depend on radiation quality or become invalid if HZE nuclei and
neutrons produce tumors through different mechanisms than y-rays, or on dose if distinct
mechanisms of carcinogenesis occur at high vs. low doses.

The possibility to empirically decide on the choice of either multiplicative or additive transfer
through inter-comparisons of radiation data from different exposed human populations was
discussed by NCRP Report 126" for stomach, colon, and breast cancers. This analysis
suggested stomach cancer was consistent with multiplicative transfer, and results for colon
inconclusive. For breast cancer, an additive transfer model is supported but differences in the
age at first child birth also needs to be considered.

Lung cancer makes up the highest proportion of the overall cancer risks, and is highly influenced
by the use or exposure to tobacco products.?®* Thus, it is very important to have accurate transfer
model assumptions for the risk of lung cancer. The influence of cigarette smoke on radiation risks
for lung and other cancer enters into models in several ways:

1) In background cancer rates, especially important in the application of multiplicative risk models.
2) Competing risks for smokers, former-smokers, and never-smokers.
3) Possible synergistic interactions between smoking and radiation exposure.

Comparisons of radiation lung cancer risks across different cohorts is difficult because of the large
influence of primary and secondary tobacco use or exposure in different populations. These inter-
comparisons can include comparing the Atomic-bomb survivors to other studies, or comparisons
of never-smokers to former or current studies within studies. For example, more than 80% of
males and less than 20% of females in the A-bomb survivor study were smokers, but most
females were exposed to significant amounts of second-hand smoke. The U.S. Surgeon
General’s report 254 estimates an ERR for second-hand smoke of 0.31. The ERR for second-
hand smoke is comparable to a gamma-ray lung dose of ~0.4 Sv and is thus a large confounder
to deriving risk estimates from epidemiology data. For application at NASA, where most
astronauts are never-smokers and the remainder are former-smokers, modeling synergistic
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interactions is a minor concern, except for the possible confounding effect it might play in the data
from the Atomic-bomb survivors or other epidemiology data.

Several studies of humans exposed to different types and doses of radiation suggest radiation
risks are either proportional to background cancer rates or that a multiplicative interaction between
radiation and smoking occurs, thereby increasing radiation risks for smokers. Figure 4.4 shows
the most recent analysis of the joint effects of smoking and radiation on lung cancer risks in the
Atomic bomb survivors.?® The study of Darby et al**® (Figure 4.5) performed comparative
analysis of 13 European case-control studies of lung cancer risks from radon exposure, which
showed a significantly lower lung cancer risk in never-smokers compared to former or current
smokers. In a study of nearly 20,000 Hodgkin’s disease patients treated with radiation by Gilbert
et al,'® the ERR for never-smokers (0.15/Gy with 95% CI [-0.003, 0.29]) were less compared to
current smokers with greater than 32 pack-years (0.35/Gy with 95% CI [0.095, 1.19]), and not
significantly different compared to unirradiated patients. The study of nearly 4000 patients treated
for peptic ulcer by Carr et al®’ reported relative risks for non-smokers of 1.57 with 95% CI [0.42,
5.94] compared to smokers of 9.89 with 95% CI [3.54, 27.66].
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Figure 4.4. Excess relative risk (ERR) at 1 Gy versus smoking intensity for all lung cancers, not otherwise
specified (NOS) types, and the three major types of lung cancer in the A-bomb survivors (Egawa et al *®). The top
panels show results for ERR relative to non-exposed to radiation persons with similar smoking histories. The lower
panels show gender-average and gender specific results. Various models are fit to data described in the report with
the generalized multiplicative model (GMM) providing the optimal fits.
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Figure 4.5. Cumulative absolute risk of death from lung cancer by age 75
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lifelong non-smokers Darby et al. 2*®

BEIR VII'® assumed a transfer weight of 0.3 for lung cancer, implying that the risk was more likely to
be additive based on the observation of approximately additive interactions between smoking and
radiation in an older study of the Atomic bomb survivors from Pierce et al.?** However in more
recent analysis of data from the Atomic bomb survivors a multiplicative interaction model was more
likely,'**?*® especially at low to moderate cigarette use, which indicates never-smokers have
reduced lung cancer risks from radiation. These suggests NS risks are proportional to their lower
background rates for lung cancer compared to former or current smokers. BEIR VI,'? in assessing
the interaction between smoking and workers exposed to high-LET a-patrticles from radon, found a
more than additive interaction or consistent with a sub-multiplicative model.

Very little information has been reported for contributions for different lung cancer histologies to
radiation risk, such as the fraction from small cell lung carcinoma (SCLC) vs. non-small cell lung
carcinoma (NSCLC), in part due to statistical limitations. Much more is known for the histology’s of
lung cancers associated with tobacco use.’” Land et al'® reported that radiation lung cancer
mortality risks were mostly associated with SCLC in the A-bomb survivors and uranium miners who
received doses from a-particles. A study of Hodgkin’s disease patients treated with high doses of
radiation in Europe and the U.S. indicated that NSCLC was associated with radiation exposure, and
no significant risks for never-smokers.'®® For high-LET a-particles, the BEIR VI committee found
sub-multiplicative models fit data for uranium miners the best, and ruled out additive risk models.
The choice of risk transfer model is a major uncertainty because never-smokers have a very small
incidence of SCLC in the U.S., suggesting that additive risk transfer should be used to transfer the
LSS data to the U.S. for SCLC risk, or else no risk of SCLC cancer would be predicted for never-
smokers.

110

Table 4.4 compares transfer weights in different reports and the present report choices. From
the existing evidence, the multiplicative transfer model is found to be more likely than the
additive transfer model for solid cancer risks estimates. BEIR VII made the choice of v=0.7 for
most solid cancer except for lung cancer. For breast and thyroid, the results from meta-analysis
are used. The NCRP has assumed v;=0.5. For the NSCR-2012 model; we follow the BEIR VII
for all cancers except lung and leukemia, where we use a value of v;=0.5 for these cancers.
There is evidence both for and against the multiplicative and additive transfer models. For lung,
the use of a higher value (lower) would increase (decrease) risk estimates for the U.S. average
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population, and decrease (increase) risk estimates for the never-smokers population. For
uncertainty assessments, we follow the NIH approach®® to sample over a uniform distribution
centered on the central estimates of the transfer weights. The results of Tables 3.4 and 3.5
imply that gaining the knowledge to decide which risk transfer model is correct po-
tentially impacts space radiation protection to a larger extent than many other considera-
tions, including improved forecasting of SPEs or adding large amounts of radiation
shielding to spacecraft. It is important that NASA support radiobiological research to reduce
the uncertainties in the area of transfer weights.

Table 4.4. Tissue-specific transfer weight v for multiplicative risk transfer. Additive risk transfer weight is 1-vr.

Tissue NCRP No. 132 BEIR VII NASA 2012
Lung 0.5 0.3 0.5
Breast 0.5 0* o*
Thyroid 0.5 1.0* 1.0*
Digestive system (stomach, 0.5 0.7 0.7
colon, kidney, esophagus)

Leukemia 0.0 0.7 0.5

All Others 0.5 0.7 0.7

*Based on meta-analysis results described in BEIR VII.™

4.6 Summary of Past Uncertainty Analysis for Low-linear Energy Transfer
Radiation

In Table 4.5, we compare the NCRP Report No. 126 Cls'® to the more recent reports from BEIR
VIl and UNSCEAR. The results are for an average adult population. Although several differences
in the assumptions of the different models occur, the comparison indicates about a 2-fold
uncertainty at the 95% CL for low doses of low-LET radiation in each of the models. The
UNSCEAR models do not include a DDREF or related uncertainty estimate.

Table 4.5. Comparison of model uncertainties from past reports on low-LET radiation cancer risks.

Analysis %Risk for 0.1 Sv Comment

NCRP Report No. 126 0.37 [0.115, 0.808] Gender avg. with 90% CI

BEIR VII Males 0.48 [0.24, 0.98] 95% Cl

BEIR VII Females 0.74[0.37, 1.5] 95% ClI

UNSCEAR Solid Cancer 0.502 [0.28, 0.735] Gender avg. with 90% ClI;
DDREF uncert. not considered

UNSCEAR Leukemia 0.061 [0.014, 0.118] Gender avg. with 90% CI

4.7 Summary of Research Needs on Type Il Uncertainties and Human DDREF
Data

Priority research needs in these areas include:
1. Integration of new meta-analysis results from human studies as they become available.
2. Improved understanding and related computations methods of risk transport including
the use of biophysics models of cancer risk that contain accurate descriptions of
radiation dependent initiation, promotion, and progression.
3. Understanding the effects of dose-rate from human studies and comparative analysis to
experimental data from mice, and cell culture studies of cancer risk biomarkers.
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5. Cancer Risks and Radiation Quality

The quality factor (QF) multiplies the absorbed dose to define a dose equivalent for particles
relative to a reference radiation, which is y—rays.>* NASA currently uses the LET, L-dependent
radiation QF function, Q(L) that was recommended by the ICRP? to estimate organ dose
equivalents for space missions.®?>" Organ doses are evaluated by a mass average of fluence
spectra weighted by LET and QFs, Q(L) over each tissue contributing to solid cancer risks. For
estimating leukemia risk, organ dose equivalents averaged over bone marrow sites as
distributed in adults are used. As described by the NCRP,?> NASA does not use the ICRP
radiation weighting factors, which are defined for external fields at the surface of the human
body, because of their imprecision and the complex nature of the radiation fields in space. The
approach developed at NASA is supported by recommendations by the NCRP in its Report Nos.
132° and142.%®

The ICRP? definition of the LET-dependent quality function is given by:

1 L>10 keV/um
Q(L) = {0.32L-2.2 10-100
300/JL L>100

The ICRP and NCRP have noted that the use of Q(L) or the alternative radiation weighting
factors are simplifications because of lack of knowledge to assign a more precise relationship.

QFs are based on a subjective assessment of maximum RBE values, RBE,« for relevant
endpoints from radiobiology experimentation. RBE . is defined as the ratio of initial slopes for
the radiation of interest to a reference radiation assuming that both radiation types have linear
dose response curves at low dose and dose-rates. It is important to note that it is implicitly as-
sumed that DDREFs are not used for particles because RBE . values are the basis to assign
QFs. The reference radiation should be taken as Cs or Co y-rays to accurately represent LSS
exposures. RBEs for ions can be underestimated if x rays with energies below about 300 kVp
are used as the reference radiation because the RBE for x rays relative to y-rays is greater
than unity and observed to exceed 3 at low dose for some endpoints.** The ICRP and NCRP
have noted limitations in radiobiology data to assess radiation QFs.>%" Other reports have
discusslesd qualitative differences that might preclude the usage of QFs for estimating heavy ion
effects.™

In this section, we review available radiobiology data for RBEs and discuss biophysical models
of radiation quality effects. We will discuss a rationale for defining new radiation quality functions
that will:
1) Introduce distinct QFs for solid cancer and leukemia risk estimates.
2) Replace the QF LET dependence with a differential dependence on Z?/p? for light (Z<4)
and heavy (Z>4) charged patrticles.
3) Discuss an alternative risk calculation using track-structure-based risk coefficients.
4) Revise the uncertainty assessment of QFs.
5) Provide an additional uncertainty assessment that considers a nonlinear dose response
at low doses as suggested by NTE models of cancer risk.

Uncertainty analysis of radiation quality effects need to address several questions that arise with
regard to the radiation quality function including:
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1) Use of LET as a single parameter to describe the biological effectiveness of all particles
in space, which includes charge numbers from Z=1 to 28, and energies corresponding to
low-energy recoil nuclei and stopping patrticles (<5 MeV/u) to relativistic ions with energies
of 10 GeV/u or more.

2) The maximum value of Q to be used.

3) The shape of the Q function, including the slope in the rise to the maximum taken as
linear by the ICRP, and the value of descending slope at high-LET or ionization density,
which is taken as the power p=-1/2 by the ICRP.

4) Problems related to deviation from linearity and qualitative differences between HZE
nuclei and low-LET radiation.

Experimental models of human cancer risks should be used to estimate the most meaningful
RBE for risk assessment. The relevance of experimental models for human risks should be based
on a small number of criteria,*****® including:

1) The model should represent tissues of interest for human risks.

2) The cell of origin for cancer risks in humans is considered.

3) Possible mechanisms of cancer risk are addressed.

4) Host factors that modify the expression of cancer in humans must be addressed.

Unfortunately, very few of the existing data sets on radiation quality fulfill one or more of these
criteria, and very circumstantial endpoints have been used in the past to estimate RBEs for
assessing cancer risks. NASA is supporting new studies at the NSRL with new approaches;
however, few data have been reported at this time.

Because of the large number of radiation types and energies in space, a theoretical approach is
needed to extrapolate limited data to other doses and particle types. There are also limitations
as to how many patrticles can be studied in experiments due to both economical and time con-
straints. LET, which is a measure of energy loss, is known to provide a poor descriptor of track-
structure and energy deposition in biomolecules, cells, or tissues. Biologically based methods
are needed that are founded on fluence and track-structure rather than dose and LET, and that
consider differences in biophysical events between HZE nuclei and y-rays. Accurate QFs are
not only important for improved risk calculations, but also to guide the design and evaluation of
mitigation approaches such as radiation shielding and biological countermeasures. Shielding eval-
uations depend critically on the relative contributions of primary and secondary radiation***® that
depend on the definition of QFs. Other questions that have received little attention in the past are
possible correlations between DDREF and RBE., variations of RBEs for different types of
cancer, and approaches to estimate the impact of qualitative differences between heavy ions
and y-rays. The role of differences in the types of initial biological damage, processing of dam-
age, and subsequent signal transduction cascades in relation to aberrant tissue changes
leading to tumorigenesis are also poorly understood, and the ongoing focus of research.

5.1 Radiobiology Data for Relative Biological Effectiveness

5.1.1 Relative biological effectiveness from human epidemiology studies

Human data for high-LET-induced carcinogenesis are extremely sparse. Limited insights
are provided from analysis of the neutron contributions to the LSS data from Hiroshima and
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Nagasaki, or from radon daughter exposures to miners and medical patients exposed to a-
emitters. Beyond statistical limitations in such data, there are important differences in the dose
distribution among tissues and track-structure between the protons, helium, and HZE nuclei in
space, and low-energy (<10-MeV) neutrons and a-particles in terrestrial high-LET exposures.
The neutron contributions to the A-bomb survivors’ data are usually treated with an RBE of 10;
however, alternative approaches suggest higher dose-dependent values are plausible.****** The
BEIR VI report'® made a thorough examination of a-particle risks of lung cancer. However, the
local deposition of the dose in the lung from radon is quite different from the low-energy helium
ions that are produced largely by high-energy GCR protons in all tissues, thus making any infer-
ences from these data for space radiation risks quite difficult. ICRP Publication 92! noted that
studies with a-emitters have estimated a low RBE compared to human studies for leukemia with
y-rays and x rays. Boice'*® estimates, from a study of 1003 patients exposed to thorostrast re-
sulting in a-particle exposure to the bone marrow, an effectiveness of a-particles 1.33 times
greater than that of y-rays in the LSS of A-bomb survivors. In contrast, analysis of studies of liver
cancer in thorostrast patients suggests RBEs of about 20 relative to the LSS results.*’ These
estimates carry large uncertainties. For space radiation, the only epidemiology study reported
was the increased risk of cataracts found at low doses (<100 mSv),”® which suggests a large
RBE (>10) for this endpoint.

5.1.2 Animal carcinogenesis studies with heavy ions

Animal studies generally demonstrate that HZE nuclei have higher carcinogenic effectiveness
than low-LET radiation. However, the number of studies of animal carcinogenesis made with
HZE nuclei is extremely limited, as summarized in Table 5.1. Dose response studies comparing
tumor induction by y-rays or electrons to HZE ions were measured for rat skin,?*?° mouse
Harderian gland,**** rat mammary gland,™** and mouse leukemia and liver."** These studies
used one or only a few ion types, providing little information on the possible radiation quality
dependence on RBE. The exception is the Harderian gland experiments, which consisted of
seven particles of differing LET*°*32 and other particle exposures in a spread-out Bragg peak.®
Figure 5.1 shows that a similar dose response for solid tumor induction is observed for high-
energy Fe nuclei in different murine models at low doses with an absolute excess risk of
approximately 25% at 0.2 Gy. Differences in cell sterilization effects or competing risks in the
different models lead to different responses at higher doses. No data have been reported for
murine models of lung, colon, and several other tumor types important for human
radiation risk assessments.

Table 5.1. Tumor induction studies with HZE nuclei.

Tumor Model Tumor type HZE type Reference

Mice (B6CF1) Life-shortening C, Ar, Fe Ainsworth et al*®
Mice (B6CF1) Harderian Gland He, C, Ar, Fe Fry et al**

Mice (B6CF1) Harderian Gland p, He, Ne, Fe, Nb, La  Alpen et al*****
Rat (Sprague-Dawley) | Skin tumors Ne, Ar, Fe Burns et al*****’
Rat (Sprague-Dawley) Mammary tumors Fe Dicello et al***
Mice (CBA) Leukemia, Liver Fe Weil et al'**
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Figure 5.1. Excess tumors following iron irradiation for rat mammary**® at 1.0 GeV/u, mouse
Harderian gland®® at 0.6 GeV/u, and mouse liver at 1.0 GeV/u (LET=150 keV/um).***

RBEs for Harderian gland tumors were estimated in the range from 20 to 40 for HZE nuclei at
low doses.**3! An experiment was also performed to compare six weekly fractions of 0.07 Gy
of Fe nuclei to an acute dose of 0.4 Gy; this experiment showed the fractionated exposure leads
to about a 50% increase in tumor prevalence compared to acute exposure.™? This suggests
that even higher RBE values than estimated from acute dose response data are possible.

Weil et al *** reported the RBE for Fe nuclei at 1 GeV/u for hepatocellular carcinoma (liver
tumors) was 50.9 + 9.9 in CBA [carcinoma-bearing animal] mice. In contrast, the RBE for AML
for Fe nuclei was 0.48 £ 0.007 (Figure 5.2). The small RBE found for Fe-induced leukemia is
similar to the values for a-particles suggested by the thorostrast patient data and with neutron
RBE studies of AML in mice that showed maximum RBEs of about 3.*%% |n considering
leukemia risks, the congruence of modest RBEs from human data, heavy ion, and neutron
leukemogenesis studies along with studies of cell killing for progenitor cells for leukemias'*® or
loss of deletions with time after exposure'** lends support to a much lower QF assignment for
leukemia compared to solid cancers.

RBEs for rat skin and mammary tumor induction by HZE nuclei are difficult to estimate because
the low-LET reference radiation employed in these studies has zero initial slope. On one hand,
an infinite RBE is estimated if the low-LET initial slope is taken as zero. On the other hand, a
modest RBE value of about 10 is found if the higher dose points for the low-LET radiation are
forced to intersect the zero dose point using a linear fit. Dicello et al'*® observed mammary
tumors in Sprague-Dawley (SD) rats with 1 GeV/u Fe patrticles with LET=150 keV/um, 250 MeV
protons, and y-rays (Figure 5.3). RBE estimates are not easily made from their results because
no increase in tumors are observed at the lowest dose of y-rays (0.5 Gy).
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However, an approximately equivalent excess incidence at the lowest Fe particle dose tested of
0.05 Gy to a y-ray dose of 1.6 Gy indicates an RBE of about 32 against acute y-rays and likely a

higher RBE if the y-ray doses were chronic. Burns et al*** **

measured the dose response for

skin tumors in rats with Ne, Ar, and Fe particles of LET of 25, 125, and 150 keV/um. The dose
response for Ar and Fe were nearly identical and studies with dose-fractionation with these
particles showed no sparring or a potential enhancement of effect for Ar. The dose response for
low LET radiation in these studies reflected no linear component at low dose. RBEs increased
with increasing particle dose, and very high RBE values (>50) would be estimated for doses

below 1 Gy.
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Figure 5.3. Cumulative excess incidence of mammary tumors for y-rays, 250 MeV protons, and 1 GeV/u iron

particles from Dicello et al.*®
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RBE estimates for HZE particle and neutron-induced tumors are confounded by the bending

of the response curves at modest doses. Alpen et al**! arbitrarily ignored the higher-dose data
to estimate an RBE using a non-weighted regression model. Edwards** used a weighted re-
gression model to fit the same data sets while also ighoring the higher dose points in an attempt
to avoid contributions from the downward curvature as the higher doses in the dose response.
Edwards'*? notes the problems with this approach in determining the initial slope for y-rays as
well as the heavy ions. Both Edwards** and Alpen et al**! considered each ion individually in
their fits to these data. Cucinotta and Chappell* applied functional forms motivated by TE or
NTE models, which included a cell sterilization term, and made a global fit to all available data.
In the NTE model, RBE estimates depend on dose below about 0.2 Gy (described below).
Estimates for 600 MeV/u Fe nuclei range from about 25 in the TE model to as high as 80 in the
NTE model at 0.05 Gy. The decline in RBE at high LET suggests a more negative power than
p<-1/2, as embodied in the ICRP QF definition. Peak effectiveness was also near 200 keV/um
instead of 100 keV/um as in the ICRP model. LETs in the range from between 30 and 180
keV/um were not measured. The lack of data at these LET values likely influences estimates of
which LET value would lead to the largest RBE. It is not known whether the 600 MeV/u Fe is the
most effective GCR nuclei, but its carcinogenic power is similar to fission neutrons for this
system. The La and Nb nuclei studied are high LET, but dissimilar Z from the GCR of interest.

Fission neutrons are often said to have a higher biological effectiveness compared to the HZE
nuclei based on past experiments. However, for Harderian gland tumors**° and cell
transformation studies comparing Argon particles to fission neutrons®*® similar effectiveness is
found. It is likely that the observation of a higher effectiveness for fission neutrons depends on
which energy was tested for the HZE particle. For the Harderian gland study, tumor response
for fission neutrons were dependent on pituitary implants in a manner similar to y-rays,**®
whereas Fe nuclei showed a largely independent response to the pituitary implants.™*! A peak in
the QF of 30 or higher for HZE nuclei is supported by the Harderian gland experiment, and an
even higher value in the recent report on Fe-nuclei-induced liver tumors.*** However, more
information is needed, especially in the LET range from 50 to 250 keV/um and at low doses, to
understand whether a linear or nonlinear dose response occurs.

The most extensive data sets for high LET radiation tumor induction in animals were the studies
with fission neutrons by several groups from before 1960 into the 1990s (Table 5.2). Fission
neutrons have kinetic energies from thermal to a few MeV, and induce biological damage
largely through the action of low energy protons of kinetic energy of about a MeV and lower,
with additional dose components from y-rays and heavier recoil nuclei. The mean energies of
the proton component produced from fission neutrons in the range from about 0.2 to 0.5 MeV,
and are therefore high LET radiation. Table 5.2 lists representative RBEs from low dose fission
neutrons compiled by the ICRP Report 92°" relative to either y-rays or x rays. In many cases,
very high RBEs are found (>40). Depending on the study, results for life-shortening may include
contributions from leukemia or non-cancer diseases, which likely have lower RBEs compared to
solid cancer.®* From these studies, RBE . for the most potent proton energy would be
expected to be in the range from 30 to 50. This assumption is based on the observation that the
measured RBE is an average over the proton spectrum produced by the neutron, which would
include higher energy protons above 1 MeV with lower LET, and doses from y-rays and recoil
particles. Thus, we would expect this to lead to an average RBE,x sSmaller compared to the
ideal case of an exposure to most effective proton energy. The 95% confidence intervals for the
RBE.x of mono-energetic protons could be as low as 20 and higher than 50. Higher RBE 4«
estimates could reflect the possibilities of an inverse-dose rate effects or non-targeted effects, or
a weak tumor induction from the reference radiation.
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In contrast to low energy protons (< 1 MeV), RBE studies for tumors induced by high-energy
protons in animals are generally close to 1, with reports lower than 1,°® and as high as 2."*' The
higher values could reflect the secondary target fragments produced by the protons in tissue,
which could have much higher LET compared to the primary particle. In the NASA approach to
risk assessment, the contributions from secondaries produced in tissue are counted separately
from the primary particle using radiation transport models and the additivity assumption applied
at low dose and dose-rate. Thus, when considering radiobiological data for high-energy protons
(and neutrons), a careful assessment of the secondary radiation in tissue is made.

Table 5.2. Estimates of RBEs for life-shortening and tumors for fission neutrons.

With 0.7 MeV average
neutron energy

Model Endpoint RBE max Reference
B6CF, mice (F) Life-shortening 43+6 Carnes et al*™
B6CF; mice (M) Life-shortening 24+4

B6CF; mice (M) Life-shortening 42+7

Several mouse strains Life-Shortening 11 to 30 Neary et al*®°

CBAJ/CNE mice (M)

Life-Shortening

24 10 47 (X-rays)

Dimajo et al®*

CBAJ/CNE mice (F)

Life-Shortening

7 to 9 (X-rays)

€699

SD rats Life-Shortening 35 (1 Gy Gamma) | Wolf et al*®
Tumors:

BALB/c mice (F) Lung tumors 20 (12 to 30) Ullrich et al**®

BALB/c mice (F) Mammary tumors 27 (13t0 41)

B6CF; mice (M) Lung 25+4 Grahn et al*®°

B6CF; mice (M) All Epithelial tumors 26 +4

B6CF; mice (M) Vascular tumors 15+3

SD rats (M) Lethal Tumors >50 Wolf et al*®?

SD rats (M) Lung tumors >50 Lafuma et al*®®

SD rats (F) Mammary tumors >50 Shellabarger et al**

5.1.3 Cellular studies on chromosomal aberrations and mutation

Because of their smaller costs, cellular studies for endpoint presumed to be involved in cancer
risks have been used more extensively compare to animal studies for the purpose of
understanding radiation quality effects. These studies show that for a large majority of biological
endpoints, RBE peaks around 100 to 200 keV/um, and then decreases at higher LET values.
HZE nuclei are very effective at producing chromosomal exchanges with RBE values exceeding
30 in interphase (as visualized using premature chromosome condensation)*** and 10 at the
first post-irradiation mitosis for HZE nuclei.’®® Table 5.3 shows RBE,,, for chromosomal
aberrations (CA) human lymphocytes estimates for several energies of Si, Ti, and Fe nuclei.
Figure 5.4 compares Si and Fe data to data for neoplastic transformation of mouse
C3H10T1/2 cells.** A sharp peak in the RBE curve appears at specific LET values similar to
those of the ICRP model. However, through use of more energies in the CA study, the LET
value in which the peak occurs is shown to increase with increasing Z. Individual curves for
each Z are not observed if LET is varied with limited E resolution. A smaller RBE,.« is found for
the transformation experiments because the RBEs are based on acute dose of 225-kVp x rays
not y-rays, and are the RBEs at 50% cell survival levels, which lead to smaller values of RBEax
compared to low doses (eg, higher survival levels) of y-rays.
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Table 5.3. RBEs for chromosomal aberrations in human lymphocytes exposed to HZE nuclei at NSRL
(George and Cucinotta, unpublished).***

lon Type (E (MeV/u)) LET (keV/pm) Z7p? RBE .o for Total
exchanges
Si (93) 158 1133 22.1+1.8
Si (170) 99 689 31.6+3.8
Si (250) 77 519 30.1+ 2.4
Si (490) 55 344 18.5+1.6
Si (600) 48 311 11.8+1 .0
Ti (240) 195 1318 21.4+1.7
Ti (376) 152 984 23.0+1.8
Ti (988) 107 633 28.2+2.4
Fe (150) 440 2700 4.4+0.4
Fe (380) 220 1368 11.8+1.1
Fe (450) 197 1242 27.642.2
Fe (600) 178 1074 31.5+2.6
Fe (750) 170 976 29.9+2.4
Fe (1000) 151 881 28.0+2.1
Fe (5000) 145 693 23.3+1.9
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Figure 5.4. LET dependence of RBE. Left panel is RBE s« for chromosomal aberrations (total exchanges) in
human lymphocyte cells for Si, Ti, and Fe nuclei relative to low-dose and dose-rate y-rays.*** Right panel is
RBE at 50% survival relative to 225 kVp x rays for neoplastic transformation of C3H10T1/2 mouse
fibroblast cells.**® Solid circles are for delayed plating conditions, and open squares are for immediate
plating.

The RBE vs. LET relationship found for total exchanges is similar to earlier studies of gene
mutation.”**® For HPRT mutations, Kiefer found maximum RBEs of about 20 to 25 for He and
O nuclei compared to 300 kVp x rays where the lowest x ray dose tested was 1 Gy.**® Therefore,
after considering possible differences in biological effectiveness between x rays and y-rays for
lower doses and dose-rates than those tested, RBEax for HPRT mutations would likely exceed
values of 30 for nuclei of the most effective Z and E. The CA and gene mutation data, as well as
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other data for cell inactivation, imply a larger RBE at the peak for lower Z and fixed values of
LET, which is consistent with the predictions of track-structure models. These data also suggest
the slope, p, of the falloff with LET on the low-energy side of the RBE peak is more negative
than in the ICRP Q. On the high-energy side of the peak, the RBE appears to decline in a
manner underrepresented by LET. Here, the LET is nearly constant at these energies as nuclei
approach or exceed minimum ionization (~2 GeV/u). A single experimental campaign was made
at the Brookhaven National Laboratory (BNL) alternating gradient synchrotron (AGS) using ions
of 5 GeV/u, allowing for a comparison to results for Fe from NSRL or other facilities. George and
Cucinotta™** compared CAs for Fe at 0.6, 1, and 5 GeV/u with LEs of 178, 150, and 145
keV/um. Results suggest the decline in RBE with increasing E was greater than a LET
dependence would predict. In fact, the ICRP Q(LET) model estimates an increased
effectiveness for Fe nuclei as the energy is increased above 600 MeV/u. Track structure models
that take into account the broadening of a track as velocity is increased predict RBE declines as
energy is increased above 600 MeV/u.'*

5.2 Qualitative Differences of HZE Particles with Low LET Radiation

A growing number of studies report qualitative differences observed in radiobiology experiments
when comparing HZE particles and other high LET radiation to low LET radiation. These
observations originate from the much higher and distinct patterns of energy depaosition in
biomolecules, cells and tissues — ie, track structure — for HZE patrticles, as described below.
Distinct contributions from various reactive oxygen species and their clustering along the
particle track in cells and tissues also occurs, which are described below.

HZE particles and other high LET radiation cause increased clustering of DNA damage leading
to more complex DSB’s and other complex DNA damage types,*®*?°®?®” and which leads
inhibition of the non-homologous end-joining (NHEJ) repair pathway?°®%*° or higher levels of
residual DNA damages.?’>%"? The patterns of DSB foci are qualitatively different for HZE
particles,?*"*?"* and cell cycle differences occur as revealed using flow cytometry.?’? Differences
between the kinetics of loss of DNA repair foci measured in two-dimensional versus three-
dimensional cell cultures are observed comparing HZE patrticles to low LET radiation. These
differences are suggestive of qualitative differences.””> New imaging techniques are being
developed to observe repair foci in vivo®”® and could be applied to HZE particle irradiation and
other radiation types.

The quality of chromosome damage or the mutation spectra has been noted to be different
when heavy ions are compared to sparsely ionizing radiation.**’ Novel multicolor fluorescence
painting techniques of human chromosomes have clearly demonstrated that a-particles and iron
ions induce many more complex-type chromosomal exchanges in human cells than low-LET radi-
ation.®***! Most of these complex chromosomal rearrangements will ultimately lead to cell death.
In fact, only a small fraction of the initial damage is transmitted in mice 2 to 4 months after expo-
sure to energetic Fe ions. A low RBE for induction of late chromosomal damage was observed
in the progeny of human lymphocytes exposed in vitro to energetic Fe particle, with the
interesting exception of terminal deletions; this occurred with much higher frequency with heavy
ions compared to y-rays, leading to a very large RBE value.™ Qualitative differences related to
telomere dysfunction have been report for Fe particles.?”’

Qualitative differences in gene expression®’®?% between high and low LET, high and low dose,
and tissue type have been studied (Figure 5.5) and provide insights into differences in
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biological networks that are modulated by radiation. Both qualitative and quantitative differences
in protein response kinetics including signaling in important DNA damage response and tissue
control pathways such as ATM, TGFB-Smad, and others.?’*?? The ATM signaling pathway may
play a reduced role for high LET radiation compared to low LET radiation,?”* and its influence on
formation of chromosomal aberrations.*
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Figure 5.5. Gene expression for different radiation qualities and time-
points in lung epithelial cell cultures showing qualitative different
patterns of expression and clustering (J. Minna and M. Story, private
communication, 2009).

More aggressive tumors observed in mouse and rat models including some observations of
increased metastasis,?*® and increased tumor grade and number®® reflect experiments
documenting genomic instability and epithelial-mesenchymal transition at low doses.?®*?%® |n the
Harderian gland tumor experiments,*****%3! pjtuitary gland implants were used to promote the
earlier appearance of tumors, and observed tumor prevalence in mice of age 600 days prior to
the appearance of most other tumors. Tumor prevalence was small at 600 days with y-rays.
However, results for Iron particles were statistically identical with or without the usage of
implants.*®* This suggests that Fe particles are capable of producing tumors through
gualitatively distinct mechanisms compared to low LET radiation, possibly modifying several
stages in the carcinogenesis process, which could contribute to the very high RBEs observed.

An additional radiation quality uncertainty is caused by the scaling assumption used when
applying ERR and EAR functions from low-LET studies. Here, time-dependent factors such as
time to tumor appearance are assumed to be independent of radiation quality. Data on tumors or
genomic instability in mice with neutrons'*>***!%° and the studies of rat or mammary carcinogen-
esis with HZE nuclei'****® suggest that the latency time is reduced for high-LET radiation com-
pared to low-LET radiation. Few data are available to estimate the impact of these differences
on risk estimates; however, those that do exist suggest RBEs are likely to depend on time after
exposure. The so-called initiation-promotion models of cancer risk suggest that ERRs will decline
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with time after exposure®® and RBEs that depend on time after exposure are predicted from
these models.**

Genomic instability in the form of delayed chromosomal aberrations or micronuclei has been
measured in mice or rats by several groups,*****?" two-dimensional cell culture models,**" and
more recently three-dimensional cell culture models have also been studied for genomic insta-
bility.**®?%® These studies are typically undertaken to understand mechanisms and verify effects,
and are often limited by the number of radiation qualities and doses studied. The relationship
between delayed micronuclei appearance or chromosomal aberrations and cancer risk is also
poorly understood. In general, high-LET radiation is more effective in producing chromosomal
instability and delayed micronuclei than low-LET radiation and, in some cases, no effect is ob-
served for low-LET radiation. However, RBE or dose-response curves have not been studied

in any detail for these endpoints.

For proton and HZE nuclei exposures at a low dose-rate of more than a few months, new
biological factors may influence risk assessments, including redistribution in the cell cycle,
repopulation, or promotional effects, especially when particle fluence is large enough to lead to
multiple hits of target cells or surrounding cells and tissue. Very few experimental data are at
low dose-rates for HZE nuclei. Burns et al** found split doses of Ar ions separated by from a few
hours up to 1 day increased the risk of skin cancer in rats. Alpen et al*** found using seven 2-
week fractions of 0.07 Gy of iron increased risk to 50% compared to a single acute dose of

0.4 Gy for Harderian gland tumors in mice. The Skyhook study of Ainsworth®** considered life
shortening in mice, comparing single acute with weekly fractions of several ions; however, the
results were unclear with regard to any increase or decrease in risk as dose-rate is decreased.
For y-rays and neutrons, a number of studies for cancer induction or life shortening in mice were
made, showing that the sparring effects for y-rays and neutron effects may be increased due to
protraction under certain conditions in some tissues.*****° Important questions related to the dif-
ferences in life span, cell turnover rates, the role of cell killing, and mechanisms of initiation or
promotion in humans and mice make difficult the estimates of the effects of protraction on risk.
Elucidating possible differences in inflammation®® and immune responses at high vs. low or
chronic doses is also needed to improve risk estimates. If protraction effects do increase the risk
from high-LET radiation, such effects would be more important for a Mars mission than for the
shorter lunar missions.

More recent studies of epigenetic mechanisms are investigating the role of methylation changes
and mirco-RNA modifications for irradiation of mice or tissue culture models with HZE
particles.?**?%® These studies have begun to elucidate possible qualitative differences of GCR
with low LET radiation, suggesting differences in epigenetic reprogramming mechanisms. Other
studies are detailing micro-RNA controls on ROS responses,”* and the relationship between
persistent ROS and mitochondria dysregulation.?*®

5.3 Biophysical Considerations

The term “track-structure” refers to the description of the position of excitations and ionization of
target molecules from the passage of ions through DNA, cells, or tissues. It is these initial insults
from particles interacting with biomolecules that lead to all biological damage from radiation. Two
types of initial damage are considered: DNA damage through direct ionization or oxidative rad-
icals; and oxidative damage to non-DNA structures (water molecules, proteins, etc.) leading to
changes in signaling or tissue status and function. Track structure descriptions are used in
theoretical models of biological responses to understand and extrapolate limited radiobiology
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data to other radiation qualities and doses.*®? Monte-Carlo track-structure simulation codes
have been used to study the distribution and types of initial DNA damage, including models of
single-strand breaks (SSBs) and DSBs, base damage and clusters of different types of DNA
damage'®® and in the description of the oxidative damage.*®*

lonization and excitation processes caused by the track of the ion and the electrons liberated

by an ion lead to a stochastic cascade of biological events. Originating from the primary track
are the energetic secondary electrons, denoted as &-rays, which can traverse many cell layers
from the track. Figure 5.6 illustrates the stochastic nature of the energy deposition, showing a
Monte-Carlo simulation of the radioloytic species produced by ions with an identical LET of 150
keV/um but a differing charge number.*®* The ICRP and NCRP approach to describe radiation
guality assumes that the ions shown in Figure 5.6 produce the same cancer risk, although the
initial physical-chemical stages are quite distinct.
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Figure 5.6. Projections over the XY plane of simulated tracks segments (calculated at ~10™2 s)
for the following impact ions: “He (0.45 MeV/u), **C (10 MeV/u), %Si (90 MeV/u), and **Fe (1
GeV/u). lons are generated at the origin along the Y axis in liquid water at 25°C under identical
LET conditions (~150 keV um™). Each dot represents a radioloytic species.*®

Because of the complexity of particle tracks and biological systems and their response to
radiation, a simplification scheme is always used to describe biological effects of radiation. The
most commonly used approach is to introduce the concept of energy deposition as an empirical
description of atomic collisions and ionization and excitation reactions by a given number of radi-
ation tracks (or fluence). Several biophysical models describe how energy deposition changes
with particle charge and energy at the molecular and cellular level. However, the simplest ap-
proach is to assume that energy loss by particles (or LET) is approximately the same as the
empirical quantity, energy deposited in the volume of interest.

Values of LET are normally evaluated using the Bethe-Bloch formula or similar expression.*
LET can also be calculated in terms of the radial distribution of dose as a function of impact
parameter; denoted as the radial distance, t, about the track of the ion. The radial dose is the
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energy density distribution in a cylindrical shell of radius, t, about the path of the ion.'®® Integra-
tion of the radial dose distribution over all values of t up to the maximum allowable value, ty, is a
measure of the LET:

LET = Zﬂ'“ftdt[Dd(t) +Dexc(t)] (5.1)
0

In Eq(5.1), contributions to the radial dose from ionization are denoted as D, and excitations
by De.. The value of ty, which defines the track width, is a function of particle velocity that corre-
sponds to the range of electrons with maximum energy ejected by the passing particle. At suffi-
ciently low energies (<0.1 MeV/u), nuclear stopping also contributes to the LET. At very high
energy and charge number two-photon emission processes contribute to the LET.*®® The track
width can extend well beyond 100 um as the velocity of the ions approaches the speed of light.
The primary electron spectrum from ion interactions with target atoms is folded with average
transmission properties of electrons to obtain the spatial distribution of electron dose as a

function of radial distance from the path of the ion (Kobetich and Katz, 1968):'®

dni
dadQ

Do(t) = —izj deda)g[E(t,a))n(t,a))] (5.2)

In Eq(5.2) wis the initial electron energy, E is the residual energy of an electron with energy @
after traveling distance t, and 7(t, ) is the transmission probability that an electron with starting
energy, o, penetrates a depth, t. Equation (5.2) includes an angular distribution for the number
of primary electrons produced from target atom i, n;, with energy, @, and solid angle, 2. The cross
sections for electron production from protons are typically scaled to heavy ions using the effective
charge number, Z*, which includes a velocity-dependent screening correction at low energies.
The accuracy of the angular distribution is found to substantially modify the radial distribution
both at large and small radial distances, and to play only a minor role at intermediate values
where a 1/t* behavior holds.

An ansatz'® can be used for the radial dependence of the excitation term, De,(t), which is
important at small values of t (<10 nm),

exp(—t/2d)

Dexc(t) = Cexc(A,Z,ﬂ) t2 (53)

where d=£/2 hc/(2z@), c is the speed of light, g is the ion velocity scaled by c, h is Plank’s
constant, o= 13 eV for water, and C,, is a normalization parameter. In Eq(5.3), the radial
extension of excitations is confined to very small distances (<10 nm) as characterized by the
parameter d.*®® Characteristics of the two components of the radial dose are illustrated in Figure
5.7 for nuclei of LET close to 30 keV/um (1 MeV protons and 300 MeV/u Ne).'® The radial dose
for Ne extends for many microns, whereas low-energy protons deposit all of their energy within
0.1 micron of the track. The model of Chatterjee et al'’® incorrectly assumes that energy
deposition in so-called track core and penumbra make equal contributions (50% each); in truth,
less than 20% of energy deposition is in the so-called “core” (see reviews by Kraft et al;*"*
Cucinotta et al'®).
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The frequency distribution of energy imparted to a volume of biomolecular dimensions*® is
more closely related to stochastic aspects of radiation tracks described by Monte-Carlo methods
than it is to the radial dose. For high-energy ions, frequency distribution can be described using
the impact parameter of the ion and distinguishing events in which the ion passes through a vol-
ume (primary-ion or 8-ray events) and outside a volume (8-ray events).!”? The two components
can be weighted by considering the number of events as a function of impact parameter. The
frequency distributions demonstrate energy deposition events in biomolecular targets that occur
for high-LET radiation that are not possible with low-LET radiation, even at high doses (up to
100 Gy of low-LET radiation).'®® These higher-energy deposition events are usually confined to
close to the track of the ion, often called the “track core,” and events similar to low-LET radiation
at larger distances, often called the “track penumbra.” The distinction is somewhat arbitrary
because deposition will vary with dimension considered, and because 5-rays dominate energy
deposition in both regions.
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Figure 5.7. Calculations of radial dose distributions to experiments for *H at 1 MeV (LET=27
keV/um) (left panel) and *’Ne at 377 MeV/u (LET= 31 keV/um) (right panel).*®®

Goodhead et al'”® reviewed energy deposition models and noted that using the probability of
producing >9 ionizations in small volumes (<5 nm diameter), corresponding to a short segment
of DNA, provided the best description of increased biological effectiveness at high LET in the
experiments of that time. This number of ionizations is related to energy deposition >300 eV in
this volume. Microdosimetry approaches, which use micron-size volumes, were shown to be
inadequate for describing heavy ion effects or the effects of ultra-soft x rays. Ultra-soft x rays
produce only low-energy electrons with short ranges (typically <20 nm), and are a useful probe
of mechanisms or radiation action. Ultra-soft x rays were used in several defining experiments
to demonstrate failed arguments in microdosimetry-based models. These arguments extend to
the use of microdosimetry models of radiation quality, which are often motivated by detector con-
siderations rather than radiobiology and are often difficult to interpret due to artifacts such as
wall composition, anode wires, and electronic noise inherent in the measurement.

The spatial distribution of 3-rays plays an important role in describing RBE. Observations by
Goodhead et al'”® and earlier arguments from Katz,*™ predict that biological effects would be
highly influenced by s-ray effects rather than by LET alone. Figure 5.8 shows such a description
comparing the frequency of energy deposition above 300 eV in a volume the size of the nucleo-
some. The comparisons illustrate that the parameter Z "%/ provides an improved descriptor of
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energy deposition in small volumes compared to LET. Deviations from a unique Z#/p* depen-
dence occur at low energy where the curves branch for distinct charge numbers. For identical
LET values, the ion with the lowest charge is predicted to be more effective at energies above
a few MeV/u.

Research at the NSRL is making new estimates of radiation quality effects for a variety of
endpoints with the focus on approaches to mechanistic understanding of biological effectiveness.
However, very few comprehensive studies have been completed at this time. Here we note that,
in the past, very detailed studies of radiation quality were made for DNA breaks, as well as for cell
inactivation and mutation for a large number of ion types. Such extensive studies would be dif-
ficult to repeat today because of the higher costs of many current experimental approaches,

and certainly would take many years to complete. These older studies are useful to consider in
terms of track-structure models.
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Figure 5.8. Number of nucleosomes per cell receiving 300 eV or more as a function of LET
(left panel) or Z"?/p? (right panel). Calculations are shown for H, He, Si, and Fe nuclei using
methods of Cucinotta et al.'"

Figure 5.9, from Thacker et al,*” illustrates such track-structure effects for cell inactivation with

several ions at a variety of LET values. The upper panel shows the RBE diverging for ions with
similar LET values but differing charge numbers, whereas the lower panel shows much
improved convergence when radiation quality is described by the parameter Z?/B*. Similar
observations by Belli et al'’®'"" suggested that protons were significantly more damaging than
helium at the same LET for V79 cell inactivation and HPRT mutation. More expansive studies of
diverging biological effectiveness for particles of identical LET, but differential Z and E, were
made with heavy ions with energies from about 1 to 20 MeV/u. Figure 5.10 shows results
expressed as an action cross section for inactivation of E. coli Bs-1,*"® Bacillus subtilus (rec),
and V79 mammalian cells.*®1">'% These experiments were compared to the Katz track-
structure model by Cucinotta et al,****®! which is also shown in Figure 5.10. Good agreement is
found in comparing the model to experiments. In these comparisons, LET is a poor predictor of
biological effectiveness, which was established by the use of many ion types and energies.
Track structure models of DNA damage endpoints show similar deviation of LET response for
nuclei with different Z. Figure 5.11 shows predictions from Holley and Chatterjee'®* for the
production of small DNA fragments (0.02 to 20 kbp [kilobase pairs]) by several HZE nuclei. The
model shows that for two nuclei with the same LET, the one with the lower Z has a larger
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biological effectiveness. It is also known that the production of the initial oxidative species varies
by Z and E, and not by LET alone as shown in Figure 5.11 (right panel).

The existing evidence therefore suggests that the radiation quality dependence of both the initial
DNA damage and the non-DNA damage, such as the production of various oxidative species, is
dependent on Z and LET or alternatively Z and E, and is not well described by LET alone.
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Figure 5.10. Cross sections for inactivation of E. coli (panel A), Bacterial spores (panel B), and V79 mammalian
cells (panel C) showing charge number branching in the LET dependence of biological responses (see Cucinotta et
al'® for details).
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Figure 5.11. Panel A shows calculations of total yields of fragments of double-stranded DNA with sizes from 0.02
to 20 kbp for He, N, and Fe nuclei (for details see Holley and Chatterjee®) showing that lower Z nuclei have
greater biological effectiveness at identical LET values than higher Z nuclei. Panel B shows results for Laverne®
of ferric ion yields in the Fricke dosimetry illustrating charge branching with LET for oxidative damage effects.

Although commonly used endpoints (eg, DNA breaks, cell death, mutation, and chromosomal
aberrations used to investigate track-structure effects) are limited as surrogate markers to
cancer risks, they are used under the assumption that cancer risks would follow similar relative
changes as a function of radiation quality. HPRT mutations are clearly related to the deletion of
segments of DNA in surviving cells; however, the role of mutations and genomic instability that
might evolve from deletions in cancer risk is still debated. While chromosomal aberrations are
found in almost all human tumors, they can be both an initiating event or the result of genomic
instability from an independent event. The NRC* recommends that endpoints, such as
chromosomal aberrations or cell inactivation, could be studied to evaluate track-structure and
shielding effectiveness. However, it would be more useful for track-structure studies to be made
with endpoints clearly related to cancer risk.

5.4 Biophysical Models of Relative Biological Effectiveness

Dose responses for tumor induction by HZE particles and neutrons often appear to increase
linearly at low doses and then bend over at moderate doses of 0.5 Gy or lower due to cell steri-
lization effects or competing risks.*®® This bending in the dose response makes determination of
RBEax values difficult unless large sample sizes for multiple low doses are used. For describing
tumor dose-response data in which cell killing or competing risks modifies the dose response at
higher doses, a commonly used functional form, which we denote as the TE model, is given by:

Pe = R+[a(L)D+A(L)D’e" " (5.4)

where the dose is denoted, D, and P, is the background tumor probability. The a, 3, and
A coefficients are parameters that will depend on radiation quality. The dose-squared term (with
coefficient B) in Eq(5.4) is normally only considered for y-rays or other forms of low-LET radiation
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such as high-energy protons or helium ions. Equation (5.4) can be thought of as a Taylor series
expansion with higher-order terms typically ignored.

It is a common assumption to represent radiation quality dependence in terms of LET with the
o or linear induction term rising with increasing LET to a peak and then decreasing at higher LET:

a(ll) = a,+alexp(-a,l) (5.5)

And, similarly for the cell sterilization factor:
ML) = Ao+AiLlexp(-4L) (5.6)
The D, value for cell killing, which varies by LET, is given by 1/A(L).

In the TE model, the RBE becomes independent of dose at a sufficiently low dose in which the
cell sterilization term and the pB-term can be ignored. RBE,. is defined as a low dose-limit given
by the ratio of linear-induction coefficients for y-rays and ions:

RBE, = =t (5.7)

At low fluence, where less than one particle intersects the biological target under study, the
biological action cross section, which is defined as the probability per unit fluence for the end-
point considered (eg, cell inactivation, mutation, or tumor induction), is a very useful quantity for
discussing particle effects. This concept holds rigorously when exponential or linear dose
response curves occur such that the simple relationship applies:

aD = oF (5.8)
Using a conversion factor to have units of pm2 for o, keV/um for LET, and Gy for dose leads to:

o = alLl6.24 (5.9)

The RBE is expressed in terms of the linear slope for y-rays and the action cross section as:

RBE = 024 (5.10)
a L

v

A complication occurs if the dose response curve for particles contains nonlinear terms. The
initial slope in a dose response curve will then be distinct from the final slope or a slope estimated
at higher doses. In this case, models of nonlinear terms must be constructed to infer the action
cross section from dose response data.'®* The use of fluence is problematic for y-rays, because
of the complication of the distribution of electrons of varying LET that mediate y-ray effects, and
because a “low electron fluence” regime is difficult to observe experimentally for biological
endpoints of interest (eg, doses of ~0.01 Gy or less).

98



Because of the large number of particle types and energies in space, parametric
representations will be quite limited if no underlying biophysical model is used to describe track-
structure and dose response curves. Instead, a parametric approach built on an underlying track-
structure model would be very useful for extrapolation of experimental data. Biophysical models
can describe how RBEs vary with radiation quality, and can be compared to the assumption of
the QF function dependence on LET alone. One consideration is the assumed decline in effec-
tiveness at high LET by the power, p=-1/2, in the ICRP definition of Q(L). Katz and Cucinotta'®*
studied the case in which a multi-target model represents the y-ray biological response data. In
the Katz model,*®? the action cross section is calculated in terms of the radial dose distribution

averaged over the target volume 5(t), and y-ray dose response function, P(D), integrating over
all distances from the ions track to the target as:

o =2z[tdtP(D(t)) (5.11a)

For ions above about 5 MeV/u with Z<30, the cross section model of Katz et al'®? is accurately
described by the function:

o =o,(l—e 2 ) (5.11b)

where m can be interpreted to represent a target number or hit number, o is the saturation area
of the sensitive part of biological system under consideration, and « is a measure of the value of
Z?|# where ¢ approaches c,. These constants are fitted to radiobiological data sets. Equation
(5.11) predicts the action cross section above energies of about 5 MeV/u for Z<30, which then
increases with Z"%/p? until reaching a maximum dependent on the value of k. If an ion has a charge
and speed such that Z%/p® > k, saturation occurs. Values of k ranging from 500 to 2000 were
found in fits to a large number of radiobiology experiments with heavy ions.'® The action cross
section deviates from this form at lower E where thin-down occurs (narrowing of the track relative
to the biological target size) or for very high Z where 6>c,. At low fluence, the RBE is found to

follow the following relationship (Katz and Cucinotta, 1991):*%

Gl/m DO}/

where Dy, is a radiosensitivity parameter for the y-ray data being considered. Equation (5.12)
predicts that the RBE declines once the cross section saturates to its asymptotic value, oo, as
higher LET values are reached with a power, p=-1. Katz has also described a “final slope” cross
section for high doses that shows a distinct dependence on Z%/p* and LET rather than Eq(5.12).
At high dose, LET is shown to be a reasonable predictor of radiation quality effects, as should
be expected because here 5-rays from many overlapping particle tracks occur.

Of the biophysical models developed to describe heavy ion effects, the Katz model provides the
most robust description of heavy ion dose responses and radiation quality. Mechanistically, the
model contains several deficiencies,®**® including neglect of stochastic aspects of radiation
tracks and ignoring differences in biological effectiveness of electrons of different energies. In
many applications, the multi-target model is also used, which ignores a linear response term for
y-rays and a time-dependent description of damage repair. The idea of an effective target size
continues to be debated in radiobiology.'®’ There appear to be several important dimensions.
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These are target sizes on the order of: (1) small segments of DNA (<10 nm) leading to DNA
breaks including complex DSB, gene mutation, and also leading to chromosomal aberrations
through a one-hit mechanism involving DNA mis-repair; (2) a micron related to the interaction
between DSBs as a second mechanism for chromosomal aberrations; and (3) one to a few cells
related to distributed oxidative damage leading to signal transduction processes and perhaps to
NTE. The Katz model, which did not assume any specific ideas on target size, allowed fits to
radiobiology data to determine characteristic size — perhaps one of the reasons for its
parametric efficiency.

A linear kinetics repair/mis-repair model'®®*®® that uses the Katz model track-structure model,
but allows for a linear term in the y-ray dose response that leads to an RBE model at low fluence
given by:

D
RBE,, = (l-o/o,)+k, G—LW (5.13)

max

where ks is a constant representing the fraction of initial damage that is mis-repaired. The
inclusion of the linear term for y-rays does not reduce the accuracy of fits of the cross section as
long as a multi-hit or multi-targeted term is dominant. This result predicts the same characteristic
of declining RBE at high LET or Z'%/? as Eq(5.12), which is due to saturation; however, it differs
by reaching a maximum RBE at sufficiently low fluence, which is not true for Eq(5.12) when m>1.
The RBE is predicted to decline like p=-1 at high ionization density. We note biophysical models
and radiobiology experiments suggest that for identical LET values, the ion with the lowest charge
will have the highest RBE as predicted by Eq(5.12) or Eq(5.13), at least for velocities above where
the track is wider than the characteristic size of the biological target. Whether stochastic track-
structure models would alter these observations has not been studied in sufficient detail. In
contrast, the ICRP model assumes p=-1/2, and the ICRP report states that ions with larger Z
would have the higher RBE for a fixed value of LET.*

5.4.1 Relative biological effectiveness in the non-targeted effects model

We next consider an alternative to the linear dose response assumed by the TE model. A
model that considers deviations from linearity at low doses is motivated by studies of NTE. Non-
targeted effects, including bystander effects and genomic instability in the progeny of irradiated
cells, have been shown to lead to nonlinear dose responses at a low dose (<0.1 Gy). Evidence
for NTE effects are more extensive for high-LET than for low-LET radiation; however, this has
largely been observed in cell culture models. More recently, the Harderian gland tumor study
with heavy ions was found to be better described by an NTE model as compared to a TE
model.** The BEIR VII'*® and UNSCEAR" reports reviewed recent scientific literature on NTE for
low-LET radiation. Other research suggests that for high-LET radiation at low doses, NTE are
clearly important and lead to nonlinear responses. Figure 5.12 illustrates? the potential impor-
tance of NTE to NASA. NTEs would lead to different expectations for mission length, radiation
shielding, and mechanisms of risk compared to TEs; therefore, understanding their role in risk
assessment is of major importance to NASA.
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Figure 5.12. Schematic of importance of uncovering basic mechanisms of cancer induction by
space radiation.” Determining the role of DNA damage vs. non-targeted effects has large
implications for radiation shielding and mission duration, and in approaches to the design of
biological countermeasures. In a DNA model, a linear response is expected with research focus
on slope of response as function of radiation quality and radiation sensitivity. In the non-
targeted model, shielding is ineffective and distinct targets for biological countermeasures are
pursued.

Many bystander experiments have focused on establishing effects and possible mecha-

nisms using cell culture models such as medium transfer from irradiated cells to un-irradiated
cells.”***** A second approach is the use of low-energy H and He micro-beams of relatively high
LET that target a fixed number of cell traversals of hit cells with concurrent identification of non-
hit cells that receive bystander signals.’®> These experiments are not able to provide data on the
shape of the dose response curve at low doses. Other experiments have used low doses of a-
particles of high LET (90 to 120 keV/um) in which the average fraction of cell hits can be estimated
based on the cell area. Data for sister chromatid exchanges,'***** chromosomal aberrations,*®
and neoplastic transformation*®**" suggest that dose responses for high-LET radiation deviate
from linearity at low doses, which is defined as less than one track per cell nuclei in which a flat
or shallow dose response is observed. These experiments, under broad-beam irradiation condi-
tions, mimic conditions for exposures of interest for radiation protection on Earth or in space
travel.

The functional form of an NTE model includes a constant (dose-independent) term above a
certain dose threshold. It can be assumed that the NTE term saturates as LET is increased for
the radiation quality dependence of the NTE term. The NTE dose response model is written:

Pre = P +[a(L)D+A(L)D*le*"P +x(L)e*P°O(D,,) (5.14)
In the model, NTE are reduced as the dose is increased and all cells are hit. Because high-
energy ions deposit energy through 6-rays in many cells adjacent to cells directly traversed by

a particle, Cucinotta and Chappell®* reasoned that it was more useful to reduce the NTE term by
the cell survival probability as dose is increased rather than by the probability of cell traversal by
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ions. The different choices should have only a minor effect since the TE term in Eq(5.14) is
expected to dominate at higher doses.

The dependence of NTE on LET can be described by a term that increases linearly with LET
with an exponentially decreasing modifying factor at high LET as given by:

k(L) = xLexp(—x,L) (5.15)

where the parameter «, represents the strength of the non-targeted effect, «; is a saturation of
NTE at high LET, and the step function © represents a likely threshold dose for the NTE, which
is ignored in the data analysis and arbitrarily set at 0.01 Gy as it is assumed to occur at a dose
lower than the experiments considered. The addition of the nonlinear induction term motivated
by the NTE model was found by Cucinotta and Chappell* to provide an improved fit compared
to the TE model to the Harderian gland tumor data of Alpen et al.*** These results are modified
here to consider the additional data for lanthanum nuclei from Alpen et al."** Results in Table
5.4 include statistical tests of quality of fit with the NTE fits providing an improved fit compared
to the TE model for each test considered.

Table 5.4. Parameters that result from global fits to all ions for Harderian gland tumor
dose-response data in the TE and NTE models as described. Also shown are test statistics
for the goodness of fits of the models, including the Bayesian information criteria (BIC),
Akaiki information criteria (AIC), and adjusted R? test. Each test resulted in the NTE
model providing an improved fit compared to the TE model.

Parameter TE Model NTE
Model
Po 2.93+0.47 2.54+0.4
ag, Gy 7.53+3.96 10.02+2.07
a; Gy (keV/um)™ 1.261+0.213 0.679+0.187
o, Gy (keV/um)* 0.0037+0.00058 0.0033+.0006
B, Gy? 6.3+3.41 5.08+3.0
Ao, Gy 0.25+0.065 0.231%0.016
L. Gy (keV/um)™* 0.0051+0.0029 0.0033+0.0042
L, Gy (keV/um)™* 0.0034+0.0027 0.005+0.0064
k1, (keV/pm)™ - 0.12+0.06
i, (keV/pm)™ - 0.0053+0.002
Adjusted R 0.933 0.954
AIC 208.52 193.6
BIC 222.42 209.24

The diameter of the epithelial cell nucleus transformed in mouse Harderian gland tumors is
about 5.5 pm with a cell nucleus area, A, of about 24 um?. Using the relationship between dose,
D (in units of Gy), and fluence, F (in units of um?), as D = F x L / 6.24, the number of ion hits per
Gy per cell nucleus, H, is given by:

by _ 6:24DA (5.16)

L
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Figure 5.13 shows the model fit to the Harderian gland experiment. The comparison shows
that less than 1 Fe ion per 100 cells, which is more than double the tumor prevalence. The
response curves for the heavy ions display a characteristic change in slope from a low-fluence
region, in which NTE effects dominate, to intermediate regions, in which TE dominate and then
bend and decrease as cell sterilization contributes at even higher fluence.
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Figure 5.13. Comparison of NTE2 model® to experiments**! for prevalence of Harderian
gland tumors vs. the number of radiation tracks per cell nuclei (diameter of 5.5 um). Error
bars represent standard errors. A mean LET of 0.23 keV/um is used to convert dose to
number of radiation tracks for y-rays.

The RBE can be estimated near the crossover dose in which the linear induction term is equal
to the nontarget term. The crossover dose can be found, for example, from Eq(5.14) as:

_ kL)
= D) (5.17)

A dose-dependent RBE in then found for the NTE model given for ions of LET, L, at dose, D, by:

RBE,, = B A _ pee qy B‘"), (5.18)

a, a,D L

which is assumed to hold down to a possible threshold dose for the non-targeted effect. The
RBE is thus seen to be dose dependent, even at doses below where cell sterilization and the -
term no longer contribute. For chronic irradiation at low fluence as occurs in space, the lower
limit or a threshold dose for NTEs becomes an important consideration, and little is known in
this regard. Many other considerations need to be addressed including the role of protective
NTEs such as the induction of apoptosis, the tissue specificity of NTEs, and temporal aspects.
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5.4.2 Saturation mechanisms in biological responses

The declining biological effectiveness at the high ionization density observed in radiobiology
experiments can be due to several mechanisms, as described in Table 5.5. The first mechanism
is what is termed “overkill effects,” which occur due to energy deposition exceeding a value that
is needed to cause an effect. In terms of an action cross section, saturation occurs when the
cross section reaches a nearly constant value for increasing ionization densities. A second
mechanism is denoted as “thindown,” which results when the spatial distribution of the &-ray
brush from an ion becomes limited by kinematics to a size smaller than the biological target
size, although the ionization density is still large, often occurring at a velocity at which the Bragg
ionization peak occurs. Since thindown depends only on the velocity of the ion and not on Z, it is
determined by kinematics. A third mechanism may occur for endpoints such as mutation, neoplas-
tic transformation, or perhaps cancer induction when a significant cell killing probability reduces
the viability of mutant or carcinogenic cells. Each of these mechanisms needs to be considered
when describing the dependence of RBE or QFs with energy and charge as well as dose. A
further consideration for cancer data is the role of competing risks from other causes of death,
which also may vary with dose and radiation quality.

Table 5.5. Summary of mechanisms for decline in biological effectiveness at high-energy densities.

Mechanism Impact on RBE Impact on Cross Section, o
Overkill RBE declines like 1/LET o constant

Thindown RBE declines >1/LET o decreases rapidly
Competing risks from cell Dose dependent decrease at o does not apply at H>1
death or other tumors higher doses

H = number of cell hits per particle.
55 Risk Cross Sections and Coefficients

Descriptions of radiobiology data in terms of action cross sections lead naturally to the idea of

a risk cross section, which originates in the ideas of Katz***'®'%® and is considered by Hoffman
et al'®® and Curtis et al.?®® Such an approach was also discussed in NCRP Report No. 137.%%*
In this approach, the form for a risk calculation as R = Ry x D x Q/DDREF is replaced by R = Rq
x X x F were X denotes a risk cross section. Parametric forms for X, as dependent on LET or
Z?/p? fit to available experimental data or to the ICRP quality function, were considered in NCRP
Report No. 137.%°* At first glance, it appears that the risk cross section is merely an alternative
algebraic representation of the existing calculation replacing dose and Q by fluence and

¥, respectively. What was lacking in NCRP Report No. 137?°* was a description of particle
track-structure and biophysical considerations on the extrapolation to low dose. We hypothesize
that risk cross sections would be useful to NASA if placed in the context of using track-structure
and biophysical models to extrapolate experimental observations to other particle types and
from acute responses at relatively high doses or fluences to chronic exposures of interest.

Another approach was developed by which to consider the neutron components of the Atomic-
bomb exposures in Japan. Here, Kellerer and Walsh'** made a direct estimate of a neutron risk
coefficient for a typical fission neutron spectrum. Using LSS data to estimate the neutron risk
directly avoids the need for the use of the DDREF and its associated uncertainties. The method
would not be applicable to space radiation or even other neutron energies, however, because no
human data is available to fit a risk coefficient for these radiation types. One idea is that a
neutron risk coefficient would represent the maximum value to be expected for any cosmic ray.
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However, the uncertainties associated with the neutron risk coefficient — especially with its
smaller contribution in the dose estimates from DS02 compared to the earlier DS86 estimates
as well as the complex mixture of particles in space — make knowledge of such a maximum
estimate of limited value. Estimates of tissue specific neutron risk coefficients would have even
larger uncertainties. Furthermore, the space radiation environment is variable, including solar
cycle modulation of the GCR energies, random SPE occurrences with variable energies and
total fluence, and shielding modifications to the proportion of secondary radiation. Therefore, as
in the NCRP Report No. 137 description of a risk cross section, the lack of an underlying track-
structure description and dose response model of proton and heavy ion radiobiology limits the
applicability of such an approach for describing space radiation risks.

Related to the above considerations is the idea to compare proton and HZE particles directly to
high dose-rate y-ray data in humans and thereby bypass the need for DDREF estimates and its
uncertainties. This approach would be a trade of the DDREF uncertainty and estimates of
RBEax for a model where dose and perhaps dose-rate dependencies of RBEs for particles
would need to be estimated. Therefore, re-analysis of the various data sets from the
publications described above would be needed to be made for an alternative RBE model
replacing RBE.x. We compared the two approaches for the Harderian gland tumor experiment
in Figure 5.14. Using the BEIR VIl approach, the DDREF estimate for the Harderian gland y-ray
data was found as 2.17+1.1. Comparing different approaches, the largest RBE is reduced to
~18 in the model comparing to high dose-rate y—rays, as compared to ~28 in the model leading
to RBEn.x in the TE model described above. Therefore, in a model without a DDREF, a scaling
factor of 18 would be used. Using the model with a DDREF, a scaling value of 14 is found using
a DDREF estimate for the Harderian gland tumor data, whereas a scaling of 21 is found using
the BEIR VII DDREF of 1.5. Therefore, the alternative approach falls between possible
estimates using a DDREF. However, the uncertainties in the assessment are not likely reduced,
and much additional radiobiology data for particles would be needed to implement the
approach. We conclude that attempts at a new risk assessment algebra does not necessarily
reduce uncertainties and, more importantly, does not alleviate the need to improve the
understanding the radiobiology of HZE particles.
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Figure 5.14. Comparison of “high dose” model for y-ray dose response and RBEs to RBE.x approach. In the left
panel, the dose response for y-rays is re-fit using a linear or linear-exponential response model and compared to a
linear-quadratic with exponential response model. The right panel shows the previous result for RBE ,, with RBES
estimated from the “high dose” model for gamma-rays. The lower RBE estimates compared to the estimates of
RBE . are largely in balance with the estimate of RBE without application of a DDREF.
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5.6 NASA Radiation Quality Factors

The ideas discussed above on track-structure models and the extrapolation to low dose can be

used to allow us to recommend a parametric model for a risk cross section, which is written
188,189
as ot

a LET
X(Z,E) = Z,P(Z,E)+ L @-P(Z,E)) (5.19)
6.24
with
P(Z,E) = (1—e)<p(—Z*2/1c,82))m (5.20)

where the parameters, 2, m, and x should be based on subjective estimates from radiobiology
experiments, and the low-LET slope, a,, estimated from human epidemiology data for y-rays.
Using Eqs(5.19) and (5.10), a NASA defined QF function is then written:

Quasa = (=P(Z,E))+

6.24(%, /at,)
—— e P (5.21)

ET

The interpretation of the parameters is quite general, and is not tied to a particular track-
structure models per se, but rather is an efficient parameterization of radiobiology data for
particles. The parameters can be described as follows: 25 is the maximum value of the cross
section, which is related to RBE.x for the most biologically effective particle types. m is the
slope of the cross section for increasing ionization density, with values m>1 necessary to have
RBE>1. x determines the saturation value of the cross section, where the RBE begins to decline.
Eq(5.21) provides the central estimate; however, the NASA approach places a higher
importance on the overall PDF for Quasa @and not the central estimates because of the
uncertainties. The overall PDF is estimated by considering possible parameter values that enter
into Eq(5.21).

5.6.1. Parameter estimation for NASA quality factors and uncertainties

Estimate of 2, /a, or Qmax: For solid cancer risks, radiobiology data are sparse. However, the
largest RBEax estimates for HZE nuclei is in the range from 20 to 50 for solid tumors in rodents,
and for chromosomal aberrations and mutations in human cells (Figure 5.15). Similarly the
largest RBEax 0bserved for fission neutrons should reflect the values possible for high LET
protons with energies below 1 MeV, and fall in the range from 20 to more than 50. Lower value for
RBEax are found for leukemia. These estimates assume a linear dose response at low particle
dose, ignoring NTEs or other possible mechanisms, leading to deviation from linearity. Thus, for
example, if a peak RBE value of approximately 40 is assumed for Si at 100 keV/um where
P(Z,E)~1, X, /a, can be estimated as 40x100/6.24 or described by Qmna=40. Only the ratio, %,
/o, is considered here to simplify parameter estimates. The uncertainty distribution of Z, /a,
corresponds to that of the maximum Q value for the most effective particle. Alternative choices
for the monoenergetic particle in which the peak occurs would not change numerical estimates
appreciably, and calculations should include uncertainty analysis through the use of PDFs to
represent subjective assessments of ranges for each parameter. We assume this
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uncertainty to be represented for solid cancers by a log-normal PDF with GSD=1.4, and a
GM=0.9. A GM<1 is assumed because we expect some bias in the existing data due to several
factors including the inefficiency of y-rays in certain models which lead to high RBEs. Values
that fall above the 95% CI would be possible due to non-targeted effects under some conditions,
or below if tissues not considered in existing experimental data were dissimilar. For leukemia
risk, a log-normal PDF is also assumed with GM=1.0, and GSD =1.6. Here we do not expect a
downward bias and allow for a larger right-side tail for the QF based on the limited available
data.
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Figure 5.15. Comparison of estimates of RBE .« derived from experiments for protons and Fe particles to 95%
confidence intervals using the NSCR-2012 model. For low energy protons, results for possible ranges of fission
neutrons (fn) RBE .« are shown. For HPRT mutations, RBE estimates are multiplied by 2 from experiments
because the reference radiation was x rays not Cs or Co y-rays and exposures were acute doses of 1Gy or more,
and Ni data is used since Fe data was not available. Higher energy proton data include refs 131, 265, and 296.

Slope parameter m: Based on studies of past radiobiology experiments, values of m are
narrowly defined over the interval from >1 to <4 with m=2 and 3 occurring most
frequently.16%185188.209297 Fitq t9 Harderian gland tumor data, and neoplastic transformation as well
as gene mutation or chromosomal aberrations in mammalian cells with heavy ion beams all
were best fit with m=3 in this approach. The ICRP LET dependent quality factor would suggest
m=2, however, did not consider the effects of RBE branching for different Z. When considering
both the Z and E dependence of RBE, a higher value of m=3 occurred more often in past fits to
various radiobiology data set with heavy ions (Figure 5.16 and references cited). We assume
the central estimate of m=3 has a 40% weight and smaller weights around this value as
described in Table 6.5. In analysis made since NSCR-2010 report, it became apparent that
inclusion of the choice of m=1.5 in the PDF led to QF for intermediate energy protons of about 5
to 20 MeV that were much larger than observed in any experiments. Therefore, in the NSCR-
2012 model PDF for m, this choice is eliminated with increased weights for m=2 assumed.
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HPRT Mutations in Human Cells
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HPRT Mutations in V79 Cells
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Figure 5.16. Action cross sections vs. Z%/p? for several biological endpoints in mammalian
cells. Experimental data for total exchanges (George and Cucinotta, unpublished),**
dicentrics,*?® HPRT mutations in human fibroblasts,?****® human lymphoid cells,**® HPRT
mutations in /79 Chinese hamster cells,***>*" and C3H10T1/2 neoplastic
transformation,146:196:207.208

Track structure parameter x: Making an estimate of ranges of possible values of « requires
studies of particles of varying E and Z to identify the most effective E or similarly value of Z**/
where Qmnax 0ccurs. We made estimates based on existing radiobiology experiments for the
choice of m=3 and consider other values of m below. Table 5.6 illustrates how E changes for
different Z for fixed values of Z'%/#. The maximum biological effectiveness for protons and He is
expected near 0.5 MeV and 1 MeV/u, respectively. Considering Eq(5.21) for m=3, we find the
peak in the quality factor occurs at a value of Z*%/#=2 . This suggests to ensure the peak in QF
is near a proton energy of 0.5 MeV, requires the value of k near 1000. Also the range of k allowed
for uncertainty analysis for light particles should be constrained not to be less than ¥=500 or the
proton peak RBE would occur above 1 MeV, which is not found in experiments or predicted by
track structure models. Data for gene mutation and transformation for He particles overlap
significantly with this choice for k. We therefore assumed that values for the « parameter below
500 or above 1500 for low Z particles should be excluded.
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Experiments with Fe nuclei suggest the peak biological effectiveness in the region of kinetic
energy of 600 MeV/u, with experiments performed at lower or higher E showing a reduced
effectiveness (Figures 5.3 and 5.15). A reasonable range for the RBE peak for Fe is energies
of 500 to 1000 MeV/u, which corresponds to Z*/p? between 900 and 1300 (see Table 5.6 and
Figure 5.17). This implies the value of k for m=3 would be in the range of k¥ = 450 and 600.
Several studies show the peak for Si to be at about 100 to 300 MeV/u for CA (George and
Cucinotta, unpublished),’* gene mutation,?®® and neoplastic transformation.”*?'? There is a
clear reduction in the RBE for Si at 600 MeV/u and higher energies, but less known below 100
MeV/u. The absence of animal tumor data for Si nuclei is an important issue. However, the
value of k based on experiments for Fe particles is largely consistent with the existing data for Si
particles. Studies with other particle types, energies and model systems are sparse, and are
clearly needed to improve estimates, including studies with O, Ne, Ca, and Ti nuclei.
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Figure 5.17. Z™/p? versus kinetic energy for several GCR particles.
Calculations made using the Barkas formula for effective charger number.

Because there is little information to make more precise estimates of the value of «, the
approach of the NSCR-2012 models simplifies the calculation of uncertainties to two
distributions of particles at each tissue site as a function of Z*Z/BZ: F., for Z<4, and Fy, for Z>4.
This approach provides flexibility in uncertainty analysis. Future studies can aim to improve
descriptions of particle track structure and perhaps consider uncertainty analysis for each
charge group. An alternative approach would assume a LET dependent QF function similar to
the form used by the ICRP, but with the peak value (currently 100 keV/um) shifting with
increasing Z to higher values. Such an approach would require LET spectra for each Z to be
determined, whereas the approach used here allows a simplification into just two spectra for
light and heavy particles, and includes considerations of the uncertainty in the rising and falling
slope of Q with changing ionization density. The NASA approach has the advantage of
simplicity and its relationships to track structure models that consider 8-ray effects.

109



Table 5.6. Kinetic energy values for different charge number, Z, corresponding to fixed Z*?*/p?. Calculations use the
Barkas model*™° of the effective charge number.

Kinetic Energy (MeV/u) for Charge Number (Z) at fixed Z*Z/B2
Z?/p’ 1 2 6 10 14 20 26
100 4.7 19.3 234 >10 000 NA NA NA
250 1.85 7.5 75.5 272 1070 NA NA
500 0.93 3.75 35.5 110 264 1155 NA
750 0.61 2.5 23.3 69.4 153 424 2042
1000 0.45 1.85 17.2 50.5 108 272 707
1250 0.35 1.46 13.7 39.8 83.2 199 445
1500 0.28 1.2 113 31.6 65.4 157 326
1750 0.24 1.01 9.7 27.8 57.1 130 258
2000 0.2 0.88 8.4 24.2 49.4 110 214

By analysis, we found that the slope, m, is correlated with the position of the maximum value of
Q for varying Z?/p? as determined by the value of k. After studying the functional dependence of
the parameters of Eq(5.21), we find that the position of the maximum Q is held fixed for different
values of m if the following constraint is used:

4x,

xk(m) = D (5.22)

where «; is the estimated value for m=3. In extensive computer analysis, we found that ignoring
the condition of Eq(6.7) led to values where the peak value of the QF as kinetic energy is
changed for different Z falls outside of what is expected from existing data or basic
consideration of track structure models. The uncertainty analysis described below is applied
using conditional Monte-Carlo sampling, where a random value of m is selected from its PDF
prior to sampling for the x value with central estimate defined by Eq(5.22). This central estimate
of k for a given value of m is then allowed to vary with a normal PDF with M=1 and SD=1/3.

Describing radiation quality effects in terms of Z'?/4 is consistent with radial dose models

of track-structure, and describes some aspects of stochastic track-structure models. Both LET
and the ionization cross section for §-ray production are proportional to Z?/*; however, LET has
other important Z- and S-dependent terms at low energy due to atomic shell structure and nuclear
stopping corrections, and at high energies due to the Fermi density effect. The use of Z"?/p* does
not take into account differences in track-width between two particles with identical Z'*/g*. This
effect will be most important at low energy (<10 MeV/u). Only light ions make important contribu-
tions at these energies for GCR because of their longer ranges and the large nuclear production
cross sections for hydrogen and helium in tissue. We also assume a description of “thindown” at
low energies. Here Eq(5.19) accounts for the saturation, but not for the thindown, mechanism
where the track width becomes smaller than the biological target. For low energies, we modify
the cross section by the factor Pe=1-exp(-E/Etp) to account for thindown. The value of E+5=0.2
is based on experimental data for H and He. This factor has a very small impact for heavy ions
since at low E they make a very small contribution for GCR or SPEs. We did not include a PDF
describing the possible variation in the ETD parameter since the its influence would overlap with
the other parameters in the model such that the model became over-parameterized. Possible
deficiencies of radial dose in describing track-structure include the absence of a description of
differences in biological effectiveness of different 5-rays energies, especially below 10 keV.
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Tracks of low-energy hydrogen and helium nuclei will contain a higher fraction of 5-rays of these
energies compared to HZE particles possibly increasing their biological effectiveness compared to
higher Z nuclei of the same Z%/p?. Stochastic track-structure models have not been applied to
any great extent in describing HZE particle effects, except for modeling DNA damage. It will be
important to extend these models to endpoints that are more closely related to cancer risk to
understand any shortcomings in using Z?/p? in the description of risk cross sections.

High Energy Proton Correction: Lastly, we consider high-energy protons of about 150 MeV,
which have an LET similar to y-rays as well as a kinetic energy below where nuclear reactions
become important. Experiments have shown a biological effectiveness for protons of this energy
similar to y-rays. For this energy proton, we have P(Z,E)<<1, and QF ~1. Because experiments
with high energy protons have also shown RBESs less than 1 relative either to X rays or y-rays,
we introduce a random deviate to multiply the first term in Eq(5.21) for Monte-Carlo sampling,
and assume in the limit of Quasa When P(Z,E) approaches 0, that the uncertainty is represented
by a normal PDF with M=1 and SD=0.15.

In Table 5.7, we summarize the parameter values used for the solid cancer and leukemia QFs

in the NASA model. Only the Xo/a, parameter is allowed to vary between solid cancers and
leukemia at this time.

Table 5.7. Cancer risk cross section or QF parameters for solid cancer and leukemia risks.*

Parameter Solid Cancer Leukemia
m 3 3

K 550 (1000) 550 (1000)
Zoloy, um2 Gy 7000/6.24 1750/6.24
Emp 0.2 MeV/u 0.2 MeV/u

*Values in parenthesis for when distinct values for light ions (Z <'4) are to be used.

Uncertainty Assessment for QF: For Monte-Carlo sampling to obtain the overall PDF we use the
following functional form for each trial, j, which contains four random deviates (X, Xm, X5, /4

and Xp):

6.24(2, /)X

e P,(Z,E)(X. %) (5.23)

QNASA(j) = [1_Pj(Z’E)(XI(j’ij)]ij+

A similar approach is used for Monte-Carlo sampling is from the cancer risk cross section. The
trial function P(Z,E) contains the thindown correction and two random deviates describing the
uncertainties in the values for k and m. Figures 5.18 and 5.19 shows results for several particle
types illustrating the median and 95% confidence intervals versus Kkinetic energy. The largest
uncertainties for HZE particles occur at high energies, which strongly overlaps with their largest
fluence contributions. For light particles the largest uncertainties occur at low energy, which is
the greatest contributor to secondary radiation from GCR. The magnitude of the uncertainty is
similar for different particles because they are coupled by the parameters that enter into the
Qnasa model. The distribution of values from uncertainty analysis for the QF play a larger role in
the NASA approach compared to the central estimate of the QF. The propagation of the QF
uncertainties with other uncertainties is described in Chapter 6.
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Figure 5.18. Results from Monte-Carlo analysis for the overall PDF of the NASA QF function for solid cancers versus kinetic energy for p, He, O, Si, Ca, and Fe
particles. The graphs display the median value and 95% confidence intervals.
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Fig. 5.19. Results from Monte-Carlo analysis for the overall PDF of the NASA QF function for leukemia versus kinetic energy for p, and Fe particles. The
graphs display the median value and 95% confidence intervals.
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5.7

Recommendations for Research Needs on Radiation Quality

Future research on radiation quality effects should include:

1.

2.

3.

Improving estimates of the maximum QF for several tissues including lung, colorectal, and
liver cancers.

Assessing the role of NTEs and other mechanisms that could lead to deviation from linear
responses. This research should consider chronic radiation with protons and HZE particles
Understanding the potential impacts of correlations between DDREF and RBEs from
experimental results, and possible variation of experimentally derived values with DDREF’s
estimates from human epidemiology data.

Determining reliable biomarkers to improve the assessment of the k and m parameters in
the NASA QF or risk cross section.

Improving track structure based biophysics models of radiation quality, including the
development of alternative cancer risk models, and systems biology approaches.

The NASA QF adequately describes the variation of biological effectiveness based on
models of track structure and intra-cellular effects. However, the role of correlations in inter-
cellular damage for single HZE particles should be investigated as it relates to RBE in order
to understand if increased biological effectiveness might result for HZE particles compared
to protons and helium particles at similar values of Z?/p?,

The radiobiology of pions and high energy photons, muons, and electrons (>1 MeV) could
be considered in the future, especially for understanding GCR risks on the Mars surface or
behind heavy spacecraft shielding.

Other research is vitally needed on radiation quality and dose-rate effects for non-cancer
risks including central nervous system effects and circulatory disease. Comparisons of
radiation quality effects between cancer and non-cancer experimental studies should be
made.
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6. Revised NASA Model for Cancer Risks and Uncertainties

In this section, we integrate the new findings and observations described in this report to introduce
a revised NASA assessment model of space radiation cancer risk. Figure 6.1 shows a flow chart
of the major components of the calculation. In using the BEIR VII approach, we recommend a
departure from NCRP Report No. 132° whereby we transfer incidence rates from exposed cohorts
to the U.S. rather than use mortality rate transport. The ratio of U.S. background rates for mortality
to incidence are then used to convert REIC to REID estimates. Arithmetic weighting of multiplicative
and additive risk transfer models are used to transfer to the U.S. population in the same manner
as NCRP Report No. 132.° The preferred multiplicative transfer weights, v, are listed in the last
column of Table 4.4. An alternative calculation for lifetime never-smokers is also described by the
revised NASA model using the adjusted rates for never-smokers for lung, esophagus, oral cavity,
and several other cancers described in Section 3 of this report. For the ERR and EAR functions,
we prefer the UNSCEAR model fitted to the LSS data. The BEIR VII report assumes no age at
exposure dependence of cancer rates above age 30 y, and uses LAR instead of REID in fitting the
LSS data. Furthermore, Appendix D of the UNSCEAR report'’ showed an improved fit to the LSS
data for Eq(3.11) used by UNSCEAR as compared to Eq(3.9) with ¢=0 used by BEIR VII.
Therefore, the UNSCEAR'" models are recommended for most tissue sites. For several tissues
that UNSCEAR did not consider, we use the results from Preston et al,*> however, and the
remainder term adjusted accordingly. For breast?*® and thyroid®®® cancers, we follow the BEIR VII
recommended models based on meta-analysis of several exposed cohorts. Table 6.1 summarizes
the sources of ERR and EAR functions used in the recommended NASA model. We assume a
DDREF value of 1.5 for solid cancer risks as used by BEIR VII, and a PDF for its uncertainty based
on our Bayesian analysis (Chapter 4).

LSS Incidence Rates
(ag a, Gender)

Assumption:
HZE nuclei effects
can be scaled

Excess Relative or
Additive Risk (ERR/EAR)

to y-rays?

Us avg. and NS
Cancerl, M and

All Causes Mortality

Dose & Dose-Rate
Effectiveness factor,
DDREF

Tissue Specific Cancer Rate
(Mortality/Incidence)
Rate = f(ERR, EAR, DDREF,F(E,Z), Z(E.Z))

=/ L

Radiation Quality
(Solid/Leukemia)
Track Structure Risk
Cross Section, Z(E,Z)

Tissue specific particle
spectra, F(E,Z)
and organ dose eq, H;

REID or REIC
US Ave/NS (age/gender)

Mission/Astronaut
Specific Cancer Risk
and Uncertainties

Individual Sensitivity
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Figure 6.1. Flow chart for REID and REIC calculations.
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In calculating leukemia risk, no DDREF value is used. The quadratic dose response term in fits to
the LSS data are to be ignored; however, they should be considered as SPEs with dose-rates >0.1
Gy/hr. The minimal latency assumed in calculations is 2 years for leukemia and 5 years for solid
cancers.

The tissue-specific cancer incidence rate for an organ dose equivalent, Hr, is written:

hn(Hrac,8) = [MERR(ac a)dy () + (v JEAR (e )] = 1 6.1)

where ERR and EAR are the excess relative risk and excess additive risk per Sievert, respectively.
The tissue-specific cancer mortality rate for each tissue site is written:

_ 3 Zou (@) H,
fu(Hr2e2) = [0 ERR@e, @) () + (1) 22 DEARG @)l poos (62

The rates for each tissue using Eq(6.2) are summed to estimate the REID using Eq(3.4). A
comparison of Effective doses that lead to REID=3%, under the assumption of equal organ dose
equivalents for each tissue, can be made to the current dose limits at NASA. These comparisons
are shown in Table 6.2 where we also show a similar calculation using the BEIR VII model. All
calculations used recent cancer incidence and life-table data for the U.S. population, which is for
2008 (SEER, 2011).?** In the recommended NASA model, dose limits are slightly less restrictive at
younger crew ages (<40 y), but become more restrictive above age 40 y and older. We also show
in Table 6.2a and 6.2b the dose limits that are recommended for lifetime never-smokers based on
the analysis described in Chapter 3. The recommended never-smoker limits are more than 20%
less restrictive for males and females than the model based on the average U.S. population with
larger differences at older ages of exposure. However, estimates for never-smokers are more
restrictive than those for the NCRP model at older ages due largely to the DDREF changes and
revised methods for use of epidemiology data.
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Table 6.1. Tissue-specific cancer risks considered in recent studies that are used in the NASA revised model.

Tissue BEIR VII UNSCEAR Preston et al NASA 2010
Stomach X X X UNSCEAR
Colon X X X UNSCEAR
Liver X X X UNSCEAR
Lung X X X UNSCEAR
Breast X X X BEIR VII
Prostate - - X Preston et al
Uterus X - X Preston et al
Ovary X - X Preston et al
Bladder X X X UNSCEAR
Esophagus - X X UNSCEAR
Brain-CNS - X X UNSCEAR
Thyroid X X X BEIR VII
Oral Cavity - - X Preston et al
Remainder X X X Preston et al
Leukemia X X - UNSCEAR (Little
et al'®)
Nonmelanoma X X X Preston et al
Skin
Bone Cancer - X X Future work

Table 6.2a. Effective dose limits for females on 1-y missions for a 3%REID assuming an ideal case of equal

organ dose equivalents for all tissues.

Age, y NASA 2005 BEIR VII NASA 2012 NASA 2012
Avg. U.S. Never-smokers
30 0.5 Sv 0.55 Sv 0.44 Sv 0.60 Sv
40 0.6 0.59 0.48 0.70
50 0.9 0.64 0.54 0.82
60 1.6 0.73 0.64 0.98
Table 6.2b. Same at Table 6.2.a but for males.
Age, y NASA 2005 BEIR VII NASA 2012 NASA 2012
Avg. U.S. Never-smokers
30 0.6 Sv 0.79 Sv 0.63 Sv 0.78 Sv
40 0.8 0.80 0.70 0.88
50 1.15 0.83 0.77 1.00
60 2.0 0.94 0.90 1.17
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6.1 Track-structure-based Risk Model

As described in Chapter 5, calculations with radiation QFs and a risk cross section are related
to each other through a simple algebraic formula. However, the approach of Eq(5.19) more
naturally aligns with track-structure descriptions of radiation quality, including models for the
extrapolation of experimental data from acute to low dose and dose-rates and other radiation
gualities. In the track-structure-based model for a mono-energetic particle with energy,E and
charge number, Z, Eq(6.1), or similarly Eq(6.2), is replaced by:

A, (8g, ) {

ﬂZI(FT’aEia) = DDREE

D; (Z,E)1- P(Z,E))-i-EP(Z,E)FT (Z,E)} (6.3)
a

/4

where A, is the inner-bracketed term in Eq(6.1) that contains the ERR and EAR functions.

Recommended parameters for the risk cross section are shown in Table 5.7. The model contains
the three parameters (m, x, and X¢/a.,) that describe variations with particle type as well as the y-ray
slope (o). The values for Zg/a, correspond to maximum Q values of 40 and 10 for solid cancer and
leukemia, respectively. We assume the parameter k has distinct values for light and heavy particles
(Table 5.7). Equation (5.19) was suggested by radial dose models of track structure. Radial dose
models do not account for some aspects of track structure, as discussed in Chapter 5, which
suggests that the models do not allow us to describe light and heavy particles with a single
parameter set.

The model represents several changes from the ICRP QF: First, we assume a smaller maximum Q
for leukemia than for solid cancer based on existing animal and human data. The RBE value for
leukemia for fission neutrons is reported in the range of 3 to 5 for AML.*****° However, there is little
data for other types of leukemia. Data for heavy ions are sparse but also suggest a value below 10
and perhaps as low as 1. We assume the maximum Q is 10 for low-energy protons (~0.5 MeV).
For projecting solid cancer risk, a maximum Q value of 40 is used. This value is about the average
of the different values of RBE,.« for the most effective particle found in animal tumor induction
studies or cellular endpoints, such as chromosomal aberrations or gene mutation, and is consistent
with values for neutrons for similar endpoints. Second, the NASA QF accounts for experimental
and theoretical observations that radiation quality is a function of Z and E. The cancer risk cross
section is expressed in terms of the track structure parameter, X,= Z%//, and the QF has an
additional LET dependence. We assume the Barkas form for the effective charge function.?’® The
QF has an additional dependence on LET in the denominator of Eq(5.21), which relates the
particle track structure to the absorbed dose. Figure 6.2 compares the NASA QF to the ICRP
model used at NASA in the past for p, C, Si, and Fe nuclei vs. LET, thus illustrating the differences
as described. The preferred slope on the rising side with increasing ionization density of m=3 is
different than the ICRP Q(LET), which rises approximately as m=2. Our expectation is that the
NASA QFs will not modify point estimates, except for smaller GCR-induced leukemia risk.
However, the current approach, with its improved model of the uncertainty distribution, leads to
different assessments of shielding effectiveness compared to use of Q(LET) with no consideration
of uncertainties.
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Figure 6.2. Comparison of LET dependence for H, C, Si, and Fe nuclei in the proposed NASA
QFs for solid cancer and leukemia risk estimation to QFs from ICRP.*®

6.2 Updates to Radiation Transport Codes
Using the HZETRN code or similar radiation transport codes, the fluence spectra, F(X;), can be

found by transforming the energy spectra, ¢(E), for each particle, j of mass number, and charge
number A; and Z;, respectively, as:

Fox) = X[ %] 4@ 64

where we evaluate the Jacobian in Eq(6.4) using the Barkas?'® form for the effective charge
number given by:

*

2" = Z(l-e®HT7y (6.5)

The tissue-specific cancer incidence rate for GCR or SPEs can be written as:
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A~ DDREF{ZjdE;zﬁJT(E)s (E)L—P(X,))+ deXt,F(Xt,)P(Xtr)} (6.6)

The first term on the right side of Eq(6.6) can be well approximated by the tissue-averaged
absorbed dose times the low-LET risk coefficient. This approximation can be shown to lead

to <10% overestimation of its true value. However, in the REID calculation, the error is even
smaller because the second term of the right side of Eq(6.6) is dominant. We modified the
HZETRN and BRYNTRN codes to perform the exact calculation but for the Monte-Carlo un-
certainty analysis, we can use the following form for the radiation cancer rate for the mixed particle
and energy fields in space:

/1| ~ m{DOSE%——UdX" Fu (Xtr)PLI (Xtr) +J.dxtr FHI (Xtr)PHI (Xtr)]} 6 6’)

where we separate out spectra for light ions with Z<4, F, from heavy ions, and Fy, with higher
charges as described above. A summation of all cancer types is made for the radiation contribution
to the survivor function that enters into the REID or REIC formula in evaluating specific tissue risks,
and to evaluate the overall cancer risk. Fluence spectra are averaged over each tissue using body-
shielding models. Previous versions of HZETRN and BRYNTRN had included Z=1 and Z=2 target
fragments as part of the transported particle energy spectra. However, the Z=3 to Z=8 target
fragments in tissues that are of low energy (<10 MeV/u) and have very small ranges were modeled
using parametric dose functions. To more readily include their contributions to the revised risk
model and associated error analysis, we modified these codes by adding the target fragment
spectra into the Z=3 to Z=8 energy spectra for primaries and projectile fragments on entry to the
existing DMETRIC and the new cancer risk cross-section subroutines in these codes.

We show the resulting differential REID spectra vs. X, at solar minimum behind increasing
amounts of aluminum shielding in Figure 6.3. Calculations are made with the HZETRN code using
the Badhwar and O’Neill GCR model** and QMSFRG nuclear cross-section database.**’? Results
are shown on a linear-log plot such that the area under the curve for each decade of Xy is equally
weighted. Leukemia risk shows a reduced maximum Q-value compared to solid cancer risks,
resulting in particles at lower values of X, with larger contributions compared to solid cancer risks.
Figure 6.3 shows sharp spikes at the integer value of Z? corresponding to different GCR charge
groups. For example, at small values of X, we see peaks at 1 and 4 corresponding to protons and
He nuclei. At large values of X, we observe a prominent peak near 626 (or 26°), which
corresponds to Fe nuclei. These sharp peaks correspond to the contributions from relativistic
particles because at high energy, p —1 and Z*—Z, and high energy particles have similar QFs and
dependent only on Z. For increasing shielding depths, the contributions from lower velocity
particles increases and higher Z deceases. The peaks become broader as more lower E patrticles
contribute to the REID. Figure 6.4 shows similar calculations for the Mars surface where the CO,
atmosphere is treated in the transport model, and for the 1972 SPE. Broader peaks at different Z"
in each case due to the energy spectra of solar protons or shielding of the martian atmosphere.
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Figure 6.3. Leukemia and solid cancer risk distribution vs. Z"%/p? for increasing amounts of
aluminum shielding (5, 20, 40, and 100 g/cm?) for 1y in deep space at deep solar minimum.
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6.3 NASA Effective Dose and Tissue Weights

In the approach described above, tissue weights, wr, do not appear in the calculation of REID or
REIC; however, because Effective dose is still a useful summary variable for mission operations,
we estimated gender-specific wy values (Table 6.3) averaged over typical astronaut ages (30 to 60
y). The use of the terminology “Effective dose” refers specifically to the ICRP definition. However,
NASA continues to make adjustments to methods from the ICRP and NCRP based on the unique
circumstances of space radiation protection. The use of this methodology with modified values is
intended strictly for internal NASA usage and should be denoted “NASA Effective Dose”. Several
differences in values for the tissue weights estimated here compared to the ICRP values. First, the
ICRP includes hereditary risk and nonlethal cancer in its considerations of radiation detriment in
recommending wy values. In comparison, NASA uses cancer-mortality-based risk limits (REID)
based on NCRP recommendations.® The ICRP averages tissue weights over age and gender,
including values for pre-adults because its simplified methods are intended for use in both
occupational and public exposures. Comparison of the ICRP values to gender-specific estimates in
the NASA model for adults (30 to 60 y) are shown in Table 6.4. Distinct values would occur for
different radiation fields because of the different QF used for the leukemia risk estimate. Never-
smokers also have different tissue weights than the average U.S. population due to lower
contributions from smoking-attributable cancers. The ICRP wy values for skin, gonad, and thyroid,
which make negligible contributions to the REID, can lead to very high estimates of Effective doses
for SPEs in which steep dose gradients occur, especially for extravehicular activity risk assessments.
The values in Table 6.3 are good approximations for SPEs or trapped protons; however, for GCR,
the leukemia weights are reduced and solid cancer weights are increased as indicated by values in
parentheses.

We compare calculations of annual Effective dose in the ICRP model to the NASA-recommended
model for ISS missions at solar minimum and maximum in Figure 6.5. Comparisons for aluminum
and polyethylene shielding are shown. The AP8 model of trapped protons is used, as is the
Badhwar and O’Neill 2011 model of the GCR environment with quiet-time geomagnetic cutoffs.
The CAM [computerized anatomical man] and CAF [computerized anatomical female] models of
tissue self-shielding®® are used to evaluate of organ dose equivalents. The steep dose gradient at
shallow depths for the ISS orbit is due to the trapped proton dose attenuation. Figure 6.6 shows
similar comparisons for 1 y in deep space. The ICRP model, due largely to its higher estimation of
contributions for relativistic particles than described here, provides higher estimates at shallow
shielding depth. At deep shielding depths, the NASA model is larger due to its assignment of
higher biological effectiveness to low-energy proton and helium nuclei produced by neutrons and
other particles and from atomic slowing down of primaries. For the various mission scenarios,
differences in Effective doses are on the order of 10% to 30%; however, the NASA model allows
for a more precise uncertainty assessment to be made than the ICRP Q function, whose
parameters are difficult to relate to biophysical interpretation. Figure 6.7 shows predictions of the
Effective dose map on the surface of Mars using the MOLA [Mars orbiter laser altimeter] data to
determine the vertical height of the carbon dioxide atmosphere and assuming a 10 g/cm? aluminum
habitat. Shown are results for the 1972 SPE using the King spectra (and the annual GCR at solar
minimum). GCR Effective doses will be much larger than SPEs on the martian surface due to the
attenuation of the SPEs by the martian atmosphere. Comparisons of Figure 6.7 will be useful for
the selection of future crew landing sites on the Mars surface to minimize crew risks. Figure 6.8
compares the spectrum average QFs for the NASA and ICRP models for each charge group. The
less attenuation at deep shielding depths in the NASA model is largely attributed to the increased
biological effectiveness of low energy protons and helium particles produced in shielding and
tissue.
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Table 6.3. Tissue weights from past ICRP reports, which are gender-average and gender-specific values estimated
from the NASA 2010 model for the average U.S. population and a population of never-smokers.

Tissue ICRP 1991 ICRP NASA NASA NASA NS NASA NS
2007 Avg. U.S. Avg. U.S. Males Females
Males Females
Colon 0.12 0.12 0.098 0.057 0.107 0.093
Stomach 0.12 0.12 0.085 0.061 0.125 0.086
Liver 0.05 0.04 0.067 0.047 0.076 0.053
Lung 0.12 0.12 0.289 0.495 0.192 0.322
Bladder 0.05 0.04 0.075 0.033 0.062 0.045
Breast or Prostate 0.05 0.12 0.021 0.053 0.035 0.083
Ovary/Uterus or 0.2 0.08 0 0.044 0 0.067
Testis
Brain - 0.01 0.016 0.01 0.022 0.016
Esophagus 0.05 0.04 0.048 0.01 0.019 0.007
Salivary Gland or - 0.01 0.015 0.006 0.003 0.003
Oral Cavity
Skin 0.01 0.01 0 0 0 0
Thyroid 0.05 0.04 0.002 0.003 0.002 0.004
Bone Marrow 0.12 0.12 0.194(0.15)# 0.10(0.07)#  0.284 (0.21) 0.138(0.1)
Bone Surface 0.01 0.01 0 0 0 0
Remainder 0.05** 0.12** 0.089 0.079 0.073 0.083
Total Solid 0.88 0.88 0.806 (0.85)#  0.90 (0.93)# 0.716(0.79) 0.862(0.9)
cancers

*Remainder organ/tissue defined in ICRP 60: adrenals, brain, trachea, small intestine, kidneys, muscle, pancreas, spleen,
thymus, and uterus.

**Remainder organ/tissue defined in ICRP 103: adrenals, extra-thoracic (ET) region, gallbladder, heart, kidneys, lymphatic
nodes, muscle, oral mucosa, pancreas, prostate, small intestine, spleen, thymus, and uterus/cervix.

# Bone marrow weights in parenthesis are appropriate for GCR where impact of lower Q for leukemia becomes important. The
resulting adjustment for over solid cancer weight is shown, and individual tissue weights should then be adjusted accordingly.

123



600

E(NASA)_Al
——— E(ICRP)_Al
500 (ICRP)_
E(NASA)_PE
e E(ICRP)_PE
400 1 === E(NASA)_AI
> — = = E(ICRP)_Al
(E 300 = = = E(NASA)_PE
- \\ =« = E(ICRP)_PE
[V H]
100
0 T T T T 1
0 20 40 60 80 100

X, g/cm?

Figure 6.5. Comparison of annual Effective dose or NASA Effective for males in ISS orbit (51.6 deg
x 400 km) vs. depth of shielding. Values for solar minimum and maximum are shown.
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Figure 6.8. Spectra-tissue averaged central estimate of QF in the NASA model or ICRP QF for each charge group,
Z shown for 5 and 20 g/cm? aluminum shielding. Calculations are made for the average solar minimum.

6.4  Overall Uncertainty Assessment

PDFs describing the uncertainties to the quantiles, x;, for the various parameters in the model are
described in Table 6.4. Space physics uncertainties were described in Chapter 2, low-LET
uncertainties were described in Chapter 4, and radiation quality uncertainties were described in
Chapter 5. The subjective PDFs are then employed in Monte-Carlo calculations to describe a
given space radiation scenario, as described previously.******?° Figures 5.18 and 5.19 illustrates
the uncertainties in the Q value for solid cancer and leukemia, respectively vs. kinetic energy. The
median values and 95% Cls are shown. The largest contributor to the Q-uncertainty is the
maximum value, Qnax, Or the value of Zi/a,. The point (central) estimates for Qmax of 40 or 10 for
solid cancers or leukemia, respectively, occur for the most effective proton energy (~0.5 MeV).
Values assigned give more weight to the animal model solid tumor data and are influenced by
fractionation studies that suggest that higher RBEs are possible. These values are also consistent
with RBEs for gene mutation and chromosomal aberrations in human cells. Possible contributions
to uncertainties from NTE are discussed below. We did not consider uncertainty quantiles for the
characteristic energy for thindown, E;, in Eq(5.19). Estimates of values for this parameter is likely
correlated with the values of m, x, and 2/, and the addition of quantiles with small influence
would not add to the analysis.”** The addition of a quantile for Ey, would also create the
complication of performing uncertainty analysis for each charge group, rather than the light and
heavy charge groups considered here. The possible correlations between DDREF and Qpax (0Or
Xola,) are difficult to estimate with existing data; however, they should be considered in future
work.

126



Table 6.4. Summary of PDFs for different uncertainty components in NSCR-2012 model.

Uncertainty Contribution

PDF form for Quantile, x;

Comment

Low-LET Model:
Statistical Errors

Bias in Incidence Data
Dosimetry Errors

Transfer Model Weights
DDREF

Risk Cross Section or O:

20/0(,,

m

Q(high E/low Z)
Physics Uncertainties:
F(Z%IB?) for z<5

F(Z /B for z>5

Non-targeted Effects:
XNTE

Normal (M=1.0; SD=0.15)

Normal (M=1.0; SD=0.05)
Log-normal (GM=0.9, GSD=1.3)

Uniform distribution about
preferred weight

Students t-distribution with central
estimate of 1.5

Solid cancer Log-normal(GM=0.9;
GSD=1.4)

Leukemia (GM=1; GSD=1.6)
Normal (M=1, SD=1/3)

Discrete m=[2,2.5,3,3.5,4] with
weights [0.15,0.2, 0.4,0.2.,0.05]
Normal (M=1, SD=0.15)

Normal (M=1.05; SD=1/3)

Normal (M=1.0; SD=1/4)

Uniform over [0,0.5]

Revised since NCRP Report No.
126

Based on NCRP Report No. 126
Based on Preston et al;”
UNSCEAR*

Ignored for breast and thyroid
cancers

Based on Bayesian analysis of
Chapter 4.

GM<1 assumes existing data are
biased to higher values

Position of peak estimates suggests
variation on sensitivity, target
size/distributed targets

Values restricted over (2,4)

Uncertainty for low LET particles

HZETRN does not account for
mesons, e-rays, and y-rays that are
low charge and high velocity; may
underestimate neutron recoils of low
charge

HZETRN accurate at high Z

Maximum probability of occurrence
of 0.5; used only for exploratory
calculations

The cancer risk projection for space missions is found by folding predictions of the tissue-weighted
Xy spectra behind spacecraft shielding, F(X), with the radiation cancer probability to form a Monte-
Carlo trial & Results from each trial are binned to form the overall PDF function after a sufficient
number of trials (on the order of 50 000) are made. Table 6.5a breaks down the contributors to the
uncertainty at solar minimum. The low-LET uncertainties from epidemiology data and transfer
models lead to an upper 95% CI approaching 1.5 times the point estimate, and can be compared
to the estimates made in the past listed in Table 4.5. In contrast to our earlier NSCR-2010 model,
the addition of the DDREF uncertainty using the BEIR VII central estimates shifts the uncertainty to
lower REID values. This is because the PDF describing the uncertainty in the DDREF is skewed to
higher values and hence lower risks. The Q uncertainties make up the largest fraction of the
uncertainty with a fold-uncertainty of more than 3-fold. However, the combined Q and DDREF
uncertainties leads to the 95% confidence interval of 2.44 in this example. The overall uncertainty
will increase modestly as mission length is shortened because competition with other risks is
smaller at lower risk levels. Uncertainties for the U.S. average population are modestly higher
compared to a NS population because of the large contribution from transfer model uncertainties.
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Table 6.5b shows comparisons near solar maximum, assuming the 1972 SPE occurred during a 1-
y deep-space mission. Overall uncertainties are reduced compared to those of the GCR. In
summary, these uncertainty estimates are reduced compared to the NSCR-2010 model, largely
due to the smaller uncertainty in the Q-distribution and the skewness of the DDREF uncertainty to
lower risk (higher DDREF).

Table 6.6a shows estimates of the number of “safe days” to be within the NASA limits at a 95%
confidence level for NS and the average US population. Calculations are for 20 g/cm? of aluminum
shielding at the average solar minimum as described in Chapter 2 and in parenthesis for the
recent 2009 deep solar minimum. The differences between the average and deep solar minima are
small because the reduced solar modulation that occurs largely effects lower energy particles that
are stopped by shielding or tissue. The gain in the number of safe days for never- smokers
compared to the average U.S. population can be contrasted with the results of Figure 6.6 for large
amounts of aluminum or polyethylene shielding. Results are improved compared to the NSCR-
2010 model due to the improved BO11 model and changes that resulted from the NCR Report
leading to the NSCR-2012 model as described above. Table 6.6b shows a similar comparison for
the average solar maximum with or without exposure to the large 1972 SPE. The result without the
SPE are reflective of a well-designed storm shelter that would eliminate most SPE exposure. Such
storm shelter solutions have been known for many years and are practically implemented into
spacecraft designs. Exploration missions near solar maximum are clearly favorable if sufficient
SPE protection is provided, compared to missions near solar minimum. For both solar minimum
and solar maximum conditions, gaining knowledge to improve risk assessments has the potential
to lead to more substantial reductions in risk projections than the addition of costly radiation
shielding or the use of alternative radiation shielding materials.

Table. 6.5a. Contributions of various uncertainties for 40-y females on a 1-y mission at solar minimum in deep space
with a 2-g/cm? aluminum shield.

Uncertainties Expected Mean Median STD Lower Upper Fold
considered 95% 95% Uncert.
Epidemiology, 2.60 2.24 2.09 0.82 0.62 4.0 1.53
Transfer

Epidemiology, 2.60 1.59 1.36 0.76 0.40 3.37 1.30
Transfer, DDREF

Q only 2.60 2.85 2.24 2.22 0.92 7.96 3.06
Q and Physics 2.60 2.89 2.26 2.22 0.92 8.10 3.12
All uncertainties 2.60 2.03 1.50 1.92 0.40 6.34 2.44

Table. 6.5b. Contributions of various uncertainties for 40-y females for the August 1972 SPE (King Spectra) in deep
space with a 10-g/cm? aluminum shield.

Uncertainties Expected Mean Median STD Lower Upper Fold
considered 95% 95% Uncert.
Epidemiology, 1.12 0.87 0.81 0.32 0.27 1.56 1.39
Transfer

Epidemiology, 1.12 0.63 0.55 0.3 0.16 1.27 1.14
Transfer, DDREF

Q only 1.12 1.15 0.91 0.92 0.41 2.99 2.68
Q and Physics 1.12 1.17 0.91 0.95 0.45 3.10 2.77
All uncertainties 1.12 0.83 0.62 0.82 0.16 2.42 2.16
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Table 6.6a. Solar Minimum Safe Days in deep space, which are defined as the maximum
number of days with 95% CL [confidence level] to be below the NASA 3%REID limit.
Calculations are for average solar minimum with 20 g/cm? aluminum shielding. Values in
parenthesis are the case of the deep solar minimum of 2009.

ag, Y NASA 2005 NASA 2012 NASA 2012
U.S. Avg. Population Never-smokers
Males
35 158 209 (205) 271 (256)
45 207 232 (227) 308 (291)
55 302 274 (256) 351 (335)
Females
35 129 106 (95) 187 (180)
45 173 139 (125) 227 (212)
55 259 161 (159) 277 (246)

Table 6.6b. Solar Maximum Safe Days in deep space, which are defined as the maximum
number of days with 95% CL to be below the NASA 3%REID limit. Calculations are for
average solar maximum assuming large August 1972 SPE with 20 g/cm? aluminum
shielding. Values in parenthesis are the case without SPE that also represents the case of an
ideal storm shelter that reduce SPE doses to a negligible amount.

ag, Y NASA 2012 NASA 2012
U.S. Avg. Population Never-smokers
Males
35 306 (357) 395 (458)
45 344 (397) 456 (526)
55 367 (460) 500 (615)
Females
35 144 (187) 276 (325)
45 187 (232) 319 (394)
55 227 (282) 383 (472)
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6.4.1 Uncertainties due to Non-targeted effects

To estimate the uncertainty contribution from NTEs, we introduced a dose-dependent QF trial
function and an additional quantile representing the probability that NTEs contribute to cancer
risks. Using the Harderian gland data as a basis for parameters for the uncertainty assessment, we
assume, for a Monte-Carlo trial, the modified QF function:

D
sNTE = sTE (1+ X\re — ) (6.8)
DT

where the quantile, xyte represents the uncertain contribution of NTEs to space radiation

cancer risk. We assumed a uniform PDF for this quantile, but with a limited maximum probability of
0.5. We chose not to vary the parametric dependence of D¢,ss and used the Harderian gland
estimates with no modifications. Figure 6.9 shows results for risks and uncertainties for absorbed
doses of 0.01 and 0.1 Gy of 600 MeV/u Fe. Further comparisons are shown in Table 6.9. These
results show that about a 2-fold increase in uncertainties compared to TEs alone occurs at low
dose (<0.1 Gy) representative of GCR exposures. Extension of the calculations for mixed-patrticle
space environment will depend not only on the NTE probability, but also on information on
temporal aspects and likely lower dose or fluence (threshold) for NTE occurrence. Results could
be higher or lower depending on these assumptions. The current recommendation is that research
using chronic exposures to simulate GCR studying cancer-related processes should be prioritized
because of the large impact of the results for NASA. Efforts to validate or refute the importance of
NTEs should consider in-vivo experiments with representative tissues of human cancer risks, as
well as differences between chronic and acute irradiation for small total absorbed doses (<0.3 Gy).

20 ————F—————— 77— 2.0

Epidem/DDREF Uncertainties Ep?dEm/DDREF Uncertainti_es_
— — —  Epi/DDREF/QF-TE Uncertainties — — —  Epi/DDREF/QF-TE Uncertainties
With NTE Uncertainties With NTE Uncertainties

(%) Frequency

4 6 8 10
(%)REID per 0.01 Gy (%)REID per 0.1 Gy

Figure 6.9. Uncertainty assessment for REID distribution for 600 MeV/u Fe nuclei at 0.01 or 0.1 Gy for 40-y males
with a limit of 0.5 for maximum probability that NTE occur and average probability of 0.25.

130



Table 6.9. Influence of NTE on average and upper 95% CL REID for 40-y males exposed to 0.01 Gy (1 rad) of
HZE nuclei for different average probability of NTE occurrence, Pyre.

Pnte %REID for 0.01 Gy of Fe (600 MeV/u) %REID for 0.01 Gy of Si (1000 MeV/u)
Avg. Upper 95% CL Avg. Upper 95% CL
0 1.02 4.41 0.50 2.29
0.1 1.19 5.39 0.56 2.48
0.2 1.58 7.27 0.67 2.74
0.25 1.81 7.84 0.73 2.86
0.35 2.34 8.44 0.89 3.02
0.5 3.31 8.83 1.19 3.18

6.5 Considerations for Implementation of New Methods

Implementation of the recommendations made in this report should consider several areas,
including dosimetry requirements, application for the ISS Program, historical records or future
epidemiology studies, and new or ongoing NASA trade studies for exploration mission planning.
The NCRP recommends updating radiation worker records when revised assessments exceed
potential changes of more than 30%.?°> Our recommendations for Effective doses and REID pro-
jections would include instances in which assessments would be above or below a 30% difference.
Exposure records at NASA include mission dosimetry values, Effective dose and organ dose
equivalents using the HZETRN/QMSFRG and CAM/CAF models,” and projections of REID and
REIC. It will be a small undertaking to reassess past ISS exposures and risk levels using the
revised approach, but a much larger effort for past shuttle missions. Effective doses on shuttle
missions were small — typically below 10 mSv. We recommend that exposures for the past and
future ISS missions be updated using the new methods. For space shuttle and other past
missions, there is no strong rationale to update organ dose equivalent records; however, REID and
REID values could easily be updated using existing databases. For NASA trade studies, the
approaches here are recommended for future mission analysis. Models of radiation risks and
uncertainty analysis are subjective when applied to human risk estimates from space radiation.
Nevertheless, it continues to be a reasonable approach to carry acceptable levels of risk as
specific REID values, and to make uncertainty assessments of the upper 95% CL as an additional
safety consideration. Trade studies can explore the value of potential mitigation measures to
reduce uncertainty factors and REID projections, but radiobiological research remains the primary
method to reduce uncertainties for all space missions.

Dosimetry in space flight is complex because of the many types of particles and energies
comprising space radiation. Mission dosimetry includes area and crew personnel dosimetry. Area
dosimetry used in the past includes TEPCs, charged-particle hodoscopes to measure Z and E
spectra over a limited range, and passive dosimeters made up of TLDs and CR-39 nuclear track
detectors. Typically, passive dosimeters used as area detectors are also carried by crew members
as their dosimeter of record. Each of these dosimeters can measure various aspects of the
radiation environment in space, but none can measure all radiation components. Furthermore,
cancer risks are evaluated at sensitive tissue sites, which, of course, are not directly measured and
must be estimated with computer models. NASA thus uses area and crew dosimetry in conjunction
with the HZETRN/QMSFRG code to make estimates of organ dose equivalents in which mission-
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specific predictions are normalized to the dosimetry of record.?® The recommendations of this
report would not change this approach; however, the new NASA QFs and REID/ REIC calculations
would be employed. Biodosimetry results from the ISS crew would be unchanged, and these
results already include track structure effects described in this report.

Implementation of the recommendation made in this report to estimate cancer risks and Effective
dose limits for never-smokers should consider several factors. Ensuring continued never-smoker
status for the remainder of a lifetime should be a minor concern because most individuals make a
decision on tobacco usage at a young age. The influence of secondhand smoke and risks for
former smokers also needs to be considered. The CDC has estimated the number of secondhand
smoke-attributable cancers,'®* which indicates that the number is a much smaller fraction of cancer
risks than the corrections considered in this report. The potential impact of secondhand smoke
should be emphasized in occupational health programs at NASA, however. The genetic basis for
individual radiation sensitivity is an active research area, although there is no consensus on
whether or how to use such information at this time. Other non-genetic factors besides tobacco
usage that could modify cancer risks from space radiation are: the age of first pregnancy for breast
cancer risks, and skin pigment and history of ultraviolet exposures for skin cancer risks. Possible
interactions between these factors and space radiation exposures should be considered in future
research.

132



7. Conclusions

Important changes to the calculation of cancer risks from space radiation were proposed in this
report. Several of these changes are based on recent reports from international committees on
low-LET radiation effects, or reanalysis of older heavy ion data sets with the notable exception of
new data on leukemia and liver tumors induced by Fe nuclei.*** In addition, the recommendations of
the 2012 NRC report?*® reviewing the NASA model were considered. Several reviews?*® summarize
more recent radiobiology findings on the qualitative and quantitative differences between space
radiation and terrestrial low-LET radiation. However, very few comprehensive data sets related to
radiation quality or dose-rate modifiers from space radiation have been reported in recent years,
although many new studies are in progress. Uncertainties, described as the ratio of the upper 95%
CL to the point projection, were slightly improved from our earlier estimates, with improvements
partially negated by higher assessments of LSS dosimetry errors in recent reports compared to the
earlier NCRP assessment.> GCR uncertainties estimates at solar minimum were about 2.4 to 2.6
fold in our revised assessment. The uncertainties in the DDREF and QF offset each other, with the
DDREF uncertainty reducing the upper 95% CI, and the uncertainties in QF increasing the upper
95% Cl in the NSCR-2012 model. The goal of the NASA Space Radiation Program (SRP) is to
achieve less than a 50% error for risk projections for a Mars mission, which is estimated to be the
necessary tolerance level because of the higher radiation risks associated with Mars exploration.
The underlying scaling approach to the LSS and other human radio-epidemiology data used to
estimate space radiation risks has an inherent uncertainty of approaching 2-fold, which is a severe
limitation to the current approach to space radiation risk estimates. Thus, the current approach will
need to be replaced in future to achieve the SRP goal for a Mars mission.

Changes recommended, based on the available new information, include:
o Revisions to low-LET risk coefficients to scale space radiation cancer risks, based largely

on the UNSCEAR?’ fits to the most recent LSS incidence data.

e Use of incidence-based risk transfer from the LSS to an average U.S. population as
recommended by the BEIR VII report.

e Development of an alternative risk calculation for never-smokers that reduces radiation
risks for lung, esophagus, oral cavity, and bladder cancers compared to calculations for the
average U.S. population.

e Revisions to PDFs for uncertainties from low-LET radiation, including a revised PDF for the
solid-cancer-risk DDREF with a point estimate of DDREF=1.5, based on the BEIR VII
report'® and NRC-2012 review,?*® compared to the NCRP value of 2, A Bayesian analysis
was performed in this report to describe the DDREF uncertainty.

o Development of a track-structure-based model of radiation QFs and an alternative risk
cross-section approach, which rely on both E and Z and not LET alone.

o Recommendation of a lower QF for leukemia risk compared to solid cancer risks.

¢ Revisions to uncertainty assessment for space physics and radiation QFs.

e Use of probabilistic models of SPE size, frequency, and spectral parameters for mission
design for a given set of mission parameters (solar cycle, mission length, and shielding).

The RERF in Hiroshima, Japan, made important updates to the LSS data within the last decade,
including longer follow-up time and implementation of the DS02 dosimetry system.® The BEIR VI,
UNSCEAR, and RERF®? reported on models of incidence or mortality rates for these data sets.
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The BEIR VII report™® ignored the age at exposure dependence in EAR and ERR functions above
age 30y, while arguing that the effects were small or the data lacked significant power to detect
this effect. The UNSCEAR report?’ used more general functions of age as well as age at exposure
dependences of ERR and EAR functions to describe temporal effects, and also used a Bayesian
model of dosimetry errors. UNSCEAR showed that its approach provided improved fits to the LSS
incidence data in comparison to the mathematical functions used in the BEIR VII report. Because
the UNSCEAR report did not consider several minor tissues that may be of interest for future
attributable risk calculations for ISS crew and exploration planning, we used the RERF model® for
these tissues (esophagus, oral cavity, ovary, and uterus) and adjusted the remainder calculation
accordingly. We used the BEIR VII recommended rates from meta-analysis of several
populations, including the LSS data, for radiation risks of breast and thyroid cancer.

The most significant change compared to the NCRP model® is the use of incidence rates from the
LSS to project mortality risks for astronauts. When using incidence-based transfer, cancer rates
from the LSS are transferred to the current U.S. population and then converted to mortality risks
using ratios of mortality-to-incidence in the U.S. for each tissue site. Mortality-based risk transfer
was shown to lead to a much larger decrease in risk with increasing age at exposure compared to
incidence-based risk transfer, while yielding similar results around ages 40 to 45 y. We prefer
incidence-based risk transfer because these rates are more stable with time compared to mortality
rates. Mortality rates have changed appreciably over time since 1945, and are likely to continue to
change in future. Tissue-specific estimates also are needed for attributable risk calculations, which
will be described in a future report. The role of early detection of cancers, including lung, colon
and breast cancer, could lead to a significant reduction in REID estimates, however requires
further understanding of the possible histological differences in HZE particle induced tumors
compared to others. The EPA considered an alternative approach to converting incidence to
mortality for breast cancer risk, which was considered in this report. The role of early detection of
cancer, future changes in cure rates, and possible differences in histology of space radiation
cancers with backgrounds cancers will be important considerations for the future.

Tissue-specific incidence calculations offer improved representation of cancer risks from SPE
exposures. In the past, Effective dose calculations were made by averaging organ dose
equivalents using tissue weights, wr, recommended by the ICRP that are age and gender
averaged. In the NSCR-2013 approach, Effective doses do not enter into risk calculations; instead,
tissue-specific organ dose equivalents are used. For operational radiation protection purposes,
Effective doses are useful summary variables, and NSCR-2012 describes of gender-specific tissue
weights for an average population of ages 30 to 60 y representative of NASA crew ages, and
alternative weights for never-smokers. The recommended w+ values are important for SPE risk
estimates, in which large dose gradients occur, often leading to high skin, thyroid, an gonad dose
equivalents. Therefore, an overestimate of SPE fatal cancer risks occurs when calculated using
the ICRP-defined Effective dose. In the recommended w+ values, skin dose equivalent is absent
and the values for the thyroid and gonad are reduced.

Because astronauts and many other individuals should be considered as healthy workers,
including never-smokers (lifetime use of tobacco below 100 cigarettes), we considered a possible
variation in risks and dose limits that would occur due to the reference population used for estimates.
After adjusting U.S. average cancer rates to remove smoking effects, radiation risks for lung, and
other smoking-attributable cancers including esophagus, oral cavity, stomach, and bladder cancer,
estimates were made using a mixture model. Competing risks were considered through
adjustments for cancer, circulatory disease, and pulmonary diseases for NS, which modestly
increases risks due to longer life span. Overall cancer risks were found to be more than 20% and
30% lower for males and females, respectively, for never-smokers compared to the average U.S.
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population. NSCR-2012 calculates age- and gender-specific dose limits, based on incidence-
based risk transfer for never-smokers. Other healthy work effects, including normal BMI, could
modify these results by increasing risk probabilities at very advanced ages (>85 y); however, data
on cancer rates at these ages carry large uncertainties. This analysis illustrates that gaining
knowledge to improve risk transfer models, which entails knowledge of cancer initiation and
promotion effects, could significantly reduce uncertainties in risk projections. Larger reductions than
were estimated in this report could occur if higher weight is given to multiplicative risk transfer
compared to the transfer weights used herein. The effects of secondhand smoke and post-mission
use of tobacco need to be taken into account when considering distinct radiation limits based on
never-smoker risk estimates.

A large number of radiobiology experiments show that biological effects depend on both particle
charge number and velocity (or kinetic energy) and not on LET alone. For many years,
theoretically based track structure models have predicted this effect. In this report, we developed a
simple approach to take into account track structure effects using the improved physical descriptor
of Z"%/p? and breaking risk calculations into distinct response models for light (Z< 4) and heavy

(Z2>4) charged nuclei. Finer groupings into individual charge spectra can be made in future as more
data become available. The revised approach to QFs described here corrects an important
shortcoming in the ICRP definition of QF. Deficiencies in the ICRP model included that: the LET
value of the maximum Q was independent of Z, and the slope of the Q function with varying E is
incorrect both on the ascending and the descending side of a peak value. The resulting NASA
model evaluates risks using particle spectra dependent on Z?/p? for light and heavy nuclei groups,
and the total absorbed dose at sensitive tissue sites. We recommended QFs for leukemia risks
with much smaller values than for solid cancer risks, based on limited but important data from
human, animal, and cellular studies. Although the revised calculations of NASA Effective doses
differ by about 10% to 30% from the ICRP-recommended QFs for varying shielding thicknesses,
these calculations lead to distinct conclusions on the effectiveness of radiation shielding, and
improved methods to assess uncertainties and target critical experiments to further reduced
uncertainties.

As described in Chapter I, uncertainties in radiation cancer risk estimates can be classified into
Type | to IV type uncertainties. For Type | uncertainties, there was an increased estimate of the
LSS dosimetry errors in recent reports compared to the NCRP description in 1997.* There are
uncertainties related to estimating the fraction of the U.S. population that are current or former
smokers, and the types of cancers attributable to tobacco usage and related relative risk factors.
Models of these uncertainties should be the focus of future work. The area of individual sensitivity
is not considered in current risk models, but is certainly an important goal of future research and
radiation protection methods.

Type Il uncertainties include space physics, DDREF, and radiation quality uncertainties. Space
physics uncertainties continue to be a minor component of the overall uncertainty. For very thick
shielding, there is a need for continued analysis of particle production processes that produce
largely low-LET radiation (eg, mesons, electrons, and photons) that are less well studied by space
transport codes than are protons, neutrons, and heavy nuclei. QFs with values below unity may be
appropriate at sufficiently high energy for electrons and photons, and should be considered in
uncertainty assessments.

DDREF values are based on subjective assessment of dose and dose-rate responses across

available data sets (human epidemiology, animal studies, and cell culture studies). The ICRP''" and
NCRP® recommend DDREF values of 2. However, the recent BEIR VII report recommended a
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DDREF of 1.5. The impact of a wide range of DDREF values can be evaluated through error
assessment methods for uncertainty assessments. Based on the NRC recommendation,**® we
used a central estimate from the BEIR VIl report,'® and a PDF based on Bayesian analysis of
select data described in this report.

The ICRP QF is not informed by existing radiobiology data for HZE nuclei. Uncertainty analysis is
improved in the revised approach as the underlying QF parameters are more readily related to
results from radiobiology experiments than to an LET-based approach such as the ICRP model.
An alternative uncertainty assessment was described that assumes that the energy where the
maximum QF occurs for each Z is highly constrained. Existing experimental data for Fe nuclei
were used to estimate the most likely value and its standard deviation, whereas the underlying track
structure model was used to predict the position for other nuclei with lower Z. Our overall uncertainty
assessment led to ratios of the upper 95% CL to central estimates varying from about 2.4 to 2.7
GCR behind 20-g/cm? aluminum shielding dependent on gender and smoking status. Uncertainties
for the DDREF and QF were toward lower or higher values of REID, respectively, thereby reducing
the overall uncertainty. These results suggest research strategies to improve parameter
uncertainties with well-defined particle choices can be made. Tissue-specific estimates of the
parameters %, and «, using validated experimental models such as transgenic tumor models of
human cancers and a human cell culture model of cancer processes would be optimal in estimating
these parameters. Such data would narrow uncertainty factors substantially from current estimates.
Alternative uncertainty assessment approaches such as Bayesian methods should be used in the
design and analysis of such experiments.

Our revised approach allows for REIC and REID estimates in terms of track-structure-dependent
risk cross sections. Risk cross sections, which have been suggested by several biophysical
models of heavy ion effects, are useful for considering the extrapolation of radiobiology data to low
doses. The changes recommended replacing LET with Z%/g? for different charge groups, but do not
lead to any inconsistencies with current space dosimetry approaches, which scale transport code
prediction or organ exposure to crew dosimeters and area monitors. However, the recommended
approach places more emphasis on measurements of Z and E spectra, which can be estimated
using CR-39 plastic track detectors worn by crew, and area detectors such as particle hodoscopes
that resolve charge and energy. These methods can also be used to validate the accuracy of
radiation transport code predictions as has been described in the past.”

Uncertainties not addressed are the “unknown” uncertainties discussed by the NCRP, and
uncertainty factors related to the distinct time after exposure dependence of cancer risks with
radiation quality. Very little information is available to understand how an earlier time of appearance
of tumors would impact risk assessments. Uncertainties due to deviation from linearity at low
doses of heavy ions were explored with calculations motivated by nontargeted effects. NTEs or
gualitative differences between HZE patrticles and low LER radiation could increase uncertainties
by more than 2-fold for HZE nuclei, and may also depend on mission length. NTEs are a potential
“‘game-changer” for NASA because they may impact radiation protection paradigms with regard to
mission length and shielding. Research with chronic exposures at low doses in appropriate models
is needed to better understand the importance of NTE in cancer risks. No recommendation to use
NTEs for mission requirements is made at this time; however, NTEs should be considered when
deciding on research emphasis.

Several other concerns arise to the current risk projections for a exploration missions. These
additional concerns clearly substantiate the NASA approach to protect against the upper 95%
confidence level in the cancer risk model. First, the uncertainty estimates made in this report did
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not consider inter-dependencies of the various uncertainties (Type IV uncertainties). These are
partially accounted for using the method of Monte-Carlo propagation of errors described in this
report. However other possible inter-dependencies could occur, and therefore the current
estimates could under-estimate the overall uncertainty. Furthermore the role of individual radiation
sensitivity is not included in current risk estimates. Finally, the additional mortality and morbidity
risks for non-cancer diseases such as central nervous system risks and circulatory diseases are
major concerns because that could substantially increase REID values above the current central
estimates.>*% It is important to note that the risks to the central nervous system include both
during mission risks and possible late effects that could confer significant morbidity and mortality
on returning crew from deep space missions. These additional risks are highly uncertain at this
time, and will require substantial research efforts including life span studies in animal models to
determine their significance. Overall these additional concerns demonstrate that the NASA
approach to protect against the upper 95% confidence level is by no means conservative and is
prudent until these additional concerns are fully addressed.
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Appendix A
The following tables list REIC and REID values for 1-y missions in deep space at the average solar minimum for 20
g/cm? of aluminum shielding. Calculations for the average U.S. and never-smoker populations are listed.

Table Al. %REIC for NS males vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Aged5 Age60 Age65
Leukemia 0.405 0397 039 0391 0378 0355 0324 0.291 0.256 0.219
Stomach 0.405 0.399 039 0377 0359 0337 0312 0.282 0.248 0.209
Colon 0872 0.773 0689 0.616 0547 0482 0419 035 0.291 0.227
Liver 0.155 0.5 0.156 0.155 0.153 0.148 0.14 0.13 0.117 0.101
Bladder 0.65 0.655 0.659 0.663 0.664 0.662 0.656 0.641 0.61 0.557
Lung 0416 0.419 0.42 042 0417 0411 0402 0.388 0.367 0.336
Esophagus 0.048 0.047 0.047 0.046 0.045 0.044 0.042 0.039 0.035 0.03
Oral Cavity 0.075 0.075 0.074 0.071 0.068 0.063 0.057 0.051 0.043 0.035
Brain-CNS 0.097 0.081 0.068 0.059 0.051 0.043 0.037 0.031 0.025 0.02
Thyroid 0.017 0.014 0.011 0.009 0.006 0.005 0.003 0.002 0.001 0.001
Skin 0.112 0.068 0.041 0.025 0.015 0.009 0.005 0.003 0.002 0.001
Remainder 1117 0.902 0.716 0.557 0.423 0.312 0.223 0.153 0.1 0.061
Prostate 0.528 0532 0.536 0538 0.533 0.515 0481 0425 0.351 0.267
Total Solid 4494 4122 3.809 3.534 3.28 3.032 2777 25 2189 1845

Total(sol+leuk) 4.899 4518 4203 3.925 3658 3.387 3102 2791 2445 2.064

Table A2. %REIC for U.S. average males vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Ageb5 Age60 Age65
Leukemia 0.382 0.363 0.352 0.34 0.322 0.299 0.272 0.244 0.215 0.184
Stomach 039 0.383 0374 0359 0341 0319 0.292 0.263 0.229 0.192
Colon 0.857 0.766 0.687 0.616 055 0485 0421 0.356 0.291 0.225
Liver 0.167 0.168 0.168 0.166 0.163 0.157 0.148 0.135 0.12 0.103
Bladder 0929 0936 0942 0946 0947 0944 0933 0.908 0.858 0.777
Lung 0.792 0.797 0.801 0.802 0.799 0.79 0.771 0.737 0.682 0.601
Esophagus 0.123 0.123 0.123 0.122 0.121 0.118 0.113 0.105 0.093 0.079
Oral Cavity 0.205 0.204 0.2 0.193 0.181 0.165 0.144 0.121 0.097 0.074
Brain-CNS 0.09 0.075 0.063 0.054 0.046 0.04 0.033 0.028 0.022 0.017
Thyroid 0.017 0.014 0.011 0.008 0.006 0.004 0.003 0.002 0.001 0.001
Skin 0.097 0.059 0.036 0.022 0.013 0.008 0.005 0.003 0.002 0.001
Remainder 1.208 0.97 0.765 0.59 0444 0324 0.229 0.155 0.1 0.061
Prostate 0487 0491 0494 049 0491 0473 0.44 0.387 0.318 0.239
Total Solid 5362 4985 4663 4376 4.103 3.827 3.532 3.2 2812 2369

Total(sol+leuk) 5.744 5348 5.015 4717 4425 4125 3.804 3443 3.027 2.553
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Table A3. %REID for never-smoker males vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Age55 Age60  Age65
Leukemia 0.183 0.179 0.175 0.17 0.166 0.161 0.155 0.147 0.138 0.126
Stomach 0.215 0.213 0.208 0.202 0.194 0.184 0.173 0.16 0.145 0.127
Colon 0.366 0.326 0.293 0.263 0.236 0.211 0.187 0.163 0.138 0.113
Liver 0.122 0122 0.123 0.122 0.121 0.119 0.115 0.109 0.101 0.091
Bladder 0.15 0.151 0.152 0.153 0.154 0.155 0.155 0.155 0.153 0.147
Lung 0.38 0.382 0.383 0.382 0379 0.373 0.363 0.348 0.327 0.296
Esophagus 0.043 0.043 0.042 0.042 0.041 0.04 0.039 0.036 0.033 0.029
Oral Cavity 0.018 0.018 0.018 0.018 0.018 0.017 0.016 0.015 0.013 0.011
Brain-CNS 0.073 0.061 0.053 0.047 0.041 0.036 0.031 0.027 0.022 0.017
Thyroid 0.001 0.001 0.001 0 0 0 0 0 0 0
Skin 0.085 0.052 0.032 0.019 0.012 0.007 0.004 0.003 0.001 0.001
Remainder 0418 0.347 0.283 0.226 0.176 0.134 0.098 0.07 0.047 0.03
Prostate 0.08 0.08 0.08 0.081 0.082 0.082 0.083 0.082 0.08 0.076
Total Solid 195 179 1.668 1557 1455 1359 1.265 1.168 1.061 0.939
Total(sol+leuk) 2.133 1.975 1.843 1727 1.621 1.52 142 1315 1199 1.064
Table A4. %REID for U.S. average males vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Ageb5 Age60 Age65
Leukemia 0.209 0.206 0.202 0.199 0.194 0.189 0.183 0.175 0.165 0.151
Stomach 0.204 0.201 0.197 0.19 0.182 0.172 0.16 0.147 0.132 0.115
Colon 0.351 0.316 0.285 0.258 0.233 0.209 0.185 0.161 0.137 0.111
Liver 0.127 0.128 0.128 0.128 0.127 0.123 0.118 0.111 0.102 0.091
Bladder 0.204 0.206 0.208 0.209 021 0.212 0.212 0.212 0.209 0.2
Lung 0.645 0.65 0.654 0.656 0.655 0.65 0.638 0.617 0.579 0.521
Esophagus 0.11 0.11 0.111 0.11 0.109 0.107 0.103 0.097 0.088 0.076
Oral Cavity 0.047 0.047 0.047 0.046 0.044 0.042 0.038 0.034 0.029 0.024
Brain-CNS 0.066 0.056 0.049 0.043 0.037 0.033 0.028 0.024 0.019 0.015
Thyroid 0.001 0.001 0.001 0 0 0 0 0 0 0
Skin 0.072 0.044 0.027 0.016 0.01 0.006 0.004 0.002 0.001 0.001
Remainder 0.432 0.357 0.29 0.23 0.178 0.134 0.097 0.068 0.046 0.029
Prostate 0.068 0.068 0.068 0.069 0.069 0.07 0.07 0.07 0.068 0.065
Total Solid 2327 2183 2063 1955 1855 1.757 1.655 1.543 141 1.248
Total(sol+leuk) 2537 2389 2265 2154 2049 1946 1838 1.718 1575 1.4
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Table A5. %REIC for average never-smoker females vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Age55 Age60  Age65
Leukemia 0.25 024 0233 0.226 0.216 0.204 0.189 0.172 0.153 0.133
Stomach 0435 0427 0416 0401 0.382 0.36 0.335 0.304 0.27 0.231
Colon 0.888 0.772 0.674 0589 0513 0446 0385 0.327 0.271 0.215
Liver 0.134 0.134 0.133 0.132 0.13 0.127 0.123 0.116 0.108 0.097
Bladder 0.313 0315 0315 0.316 0.315 0.313 0.308 0.299 0.283 0.259
Lung 0.902 0904 0905 0903 0.896 0.881 0.859 0.826 0.775 0.705
Esophagus 0.023 0.023 0.022 0.021 0.021 0.02 0.019 0.017 0.016 0.014
Oral Cavity 0.072 0.071 0.069 0.066 0.063 0.059 0.055 0.049 0.043 0.036
Brain-CNS 0.086 0.071 0.061 0.053 0.046 0.04 0.034 0.029 0.024 0.019
Thyroid 0.152 0.117 0.085 0.058 0.039 0.025 0.015 0.009 0.005 0.003
Skin 0.043 0.026 0.015 0.009 0.005 0.003 0.002 0.001 0.001 0
Remainder 1.061 0.851 0.671 0519 0.393 0.29 0.207 0.143 0.094 0.058
Breast 2.766 213 1.627 1.228 0.91 0.657 0462 0318 0.214 0.138
Ovarian 0.271 0.262 0.252 0.239 0.223 0.204 0.182 0.157 0.131 0.105
Uterian 0.246 0.243 0.237 0.229 0.216 0.198 0.174 0.145 0.115 0.086
Total Solid 7.393 6.344 5482 4763 4152 3.622 3.158 2.741 2348 1.966
Total(sol+leuk) 7.643 6.585 5.716 4989 4368 3.826 3.347 2913 2501 2.099
Table A6. %REIC for U.S. average females vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Age55 Age60 Age65
Leukemia 0.251 0235 0.224 0.213 0.201 0.187 0.171 0.155 0.137 0.118
Stomach 0.415 0407 0395 0.381 0.362 0.34 0314 0.285 0.251 0.215
Colon 0.888 0.778 0.683 0.601 0.526 0.458 0.396 0.336 0.278 0.221
Liver 0.132 0132 0.132 0.131 0.129 0.125 0.121 0.114 0.105 0.094
Bladder 0.362 0.363 0.364 0.364 0.363 0.361 0.355 0.343 0.324 0.295
Lung 2339 2.346 235 2346 2331 2297 2232 2117 1935 1.682
Esophagus 0.04 0039 0.039 0.038 0.037 0.036 0.035 0.032 0.029 0.026
Oral Cavity 0.111 0.108 0.105 0.101 0.095 0.088 0.08 0.07 0.06 0.049
Brain-CNS 0.081 0.068 0.058 0.05 0.043 0.037 0.032 0.027 0.022 0.017
Thyroid 0.152 0.116 0.084 0.058 0.038 0.024 0.015 0.009 0.005 0.003
Skin 0.039 0.024 0.014 0.008 0.005 0.003 0.002 0.001 0.001 0
Remainder 1.092 0.87 0.682 0525 0.394 0.289 0.205 0.14 0.091 0.056
Breast 2,618 2.015 1537 1158 0.856 0.616 0431 0.295 0.197 0.127
Ovarian 0.26 0.251 0.241 0.228 0.212 0.193 0.171 0.148 0.122 0.097
Uterian 0.237 0.234 0.228 0.22 0.207 0.189 0.165 0.137 0.108 0.08
Total Solid 8.767 7.752 6.913 6.208 5599 5.056 4.553 4.055 3529 2.962
Total(sol+leuk) 9.017 7.987 7.137 6.42 5.8 5243 4.724 421 3.666 3.081
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Table A7. %REID for never-smoker females vs. age at exposure (y).

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Age55 Age60  Age65
Leukemia 0.115 0.112 0.11 0.107 0.104 0.101 0.097 0.092 0.085 0.078
Stomach 0.245 0.242 0.236 0.229 0.22 021 0.197 0.184 0.167 0.148
Colon 0.346 0303 0.265 0.233 0.205 0.181 0.158 0.138 0.118 0.098
Liver 0.112 0.112 0.112 0.112 0.111 0.109 0.107 0.104 0.099 0.092
Bladder 0.091 0.091 0.092 0.092 0.092 0.093 0.092 0.092 0.09 0.087
Lung 0.766 0.768 0.769 0.768 0.765 0.758 0.744 0.722 0.689 0.642
Esophagus 0.02 0.02 0.019 0.018 0.018 0.017 0.017 0.016 0.015 0.013
Oral Cavity 0.018 0.018 0.018 0.017 0.017 0.017 0.016 0.015 0.014 0.012
Brain-CNS 0.06 0.052 0.045 0.04 0.036 0.032 0.028 0.024 0.02 0.016
Thyroid 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0
Skin 0.021 0.012 0.008 0.005 0.003 0.002 0.001 0.001 0 0
Remainder 0464 0385 0314 0.251 0.197 0.15 0.111 0.079 0.054 0.035
Breast 0.609 0472 0364 0.279 0.212 0.158 0.116 0.084 0.06 0.042
Ovarian 0.177 0.176 0.175 0.172 0.167 0.159 0.149 0.136 0.119 0.099
Uterian 0.021 0.021 0.021 0.021 0.021 0.02 0.019 0.017 0.015 0.013
Total Solid 2951 2673 2438 2238 2064 1906 1758 1.612 1.461 1.298
Total(sol+leuk) 3.067 2.785 2548 2346 2168 2.006 1854 1.704 1547 1375
Table A8. %REID for average U.S. females vs. age at exposure ().

Organ Age20 Age25 Age30 Age35 Aged0 Aged5 Age50 Ageb5 Age60 Age65
Leukemia 0.132 0.13 0.128 0.125 0.122 0.119 0.115 0.11 0.103 0.094
Stomach 0.231 0.228 0.223 0.215 0.206 0.196 0.184 0.17 0.155 0.137
Colon 0.339 0.299 0.264 0.234 0.207 0.183 0.161 0.14 0.12 0.1
Liver 0.109 0.109 0.109 0.109 0.108 0.107 0.104 0.101 0.096 0.089
Bladder 0.102 0.02 0.102 0.103 0.103 0.103 0.103 0.103 0.101 0.097
Lung 1754 1.761 1766 1.767 1.76 1.743 1.707 1.64 1526 1.36
Esophagus 0.035 0.034 0.033 0.033 0.032 0.032 0.031 0.029 0.027 0.024
Oral Cavity 0.026 0.025 0.025 0.025 0.024 0.023 0.022 0.021 0.019 0.017
Brain-CNS 0.057 0.049 0.043 0.038 0.034 0.03 0.026 0.022 0.019 0.015
Thyroid 0.002 0.001 0.001 0.001 0.001 0.001 0.001 0.001 0 0
Skin 0.018 0.011 0.007 0.004 0.002 0.002 0.001 0.001 0 0
Remainder 0475 0393 0.319 0.254 0.198 0.15 0.11 0.078 0.053 0.034
Breast 0563 0436 0336 0.258 0.195 0.145 0.106 0.077 0.054 0.038
Ovarian 0.167 0.166 0.164 0.161 0.156 0.149 0.139 0.126 0.11 0.092
Uterian 0.02 0.02 0.02 0.019 0.019 0.019 0.018 0.016 0.014 0.012
Total Solid 3.897 3.635 3413 3221 3.047 2882 2714 2525 2295 2.015
Total(sol+leuk) 4.029 3.765 3541 3346 3.169 3.001 2829 2.634 2398 2109
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Appendix B

Using the methods described in the text, risk calculations were made for each U.S. state and
the District of Columbia using the NCRP No. 132 Model (as described in the text) and the BEIR
VII model. The following tables show REID results for females and males at ages of exposure of
35, 45, and 55 y. The median life span and age-adjusted cancer mortality rate are also shown
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Table B1. REID per Sv for males at different ages at exposure in NCRP and BEIR VII models.

BEIRVII NCRP 132
State Median lifespan Cancerrate 35 45 55 35 45 55
Utah 80.2 96.0 3.78 3.69 3.46 3.69 2.85 1.95
North Dakota 79.2 103.8 3.98 3.86 3.64 3.96 3.03 2.05
Colorado 79.7 107.4 3.90 3.80 3.57 3.86 2.97 2.02
Wyoming 78.3 108.2 3.84 3.76 3.54 3.78 2.91 1.96
Alaska 78.4 112.8 4.03 3.93 3.69 4.08 3.13 2.14
Montana 78.5 113.5 3.92 3.85 3.66 3.88 2.97 2.02
Minnesota 80.1 115.0 4.18 4.06 3.84 4.09 3.12 2.11
Idaho 79.2 118.1 4.01 3.90 3.74 3.89 2.98 2.03
Connecticut 79.4 120.8 4.09 3.99 3.75 4.07 3.10 2.10
California 79.4 123.0 3.92 3.81 3.57 3.91 3.00 2.05
Vermont 79.6 123.9 4.08 3.94 3.73 4.02 3.06 2.06
Nebraska 79.0 125.8 3.96 3.85 3.59 3.90 2.96 1.99
New Mexico 78.1 126.0 3.76 3.69 3.48 3.76 291 2.01
Washington 79.3 126.5 4.06 3.95 3.73 3.99 3.04 2.07
New Hampshire 79.4 129.1 4.14 4.01 3.76 4.11 3.12 2.10
Wisconsin 78.9 130.6 4.10 3.99 3.76 3.99 3.03 2.04
New Jersey 78.7 132.7 3.99 3.88 3.65 3.97 3.02 2.04
Arizona 78.7 134.2 3.85 3.76 3.55 3.89 2.99 2.06
South Dakota 78.6 135.0 4.03 3.93 3.70 3.96 3.02 2.04
Oregon 78.8 135.9 3.98 3.87 3.63 3.95 3.01 2.04
lowa 78.9 140.4 4.12 4.01 3.78 3.99 3.02 2.04
Nevada 76.5 140.4 3.70 3.61 3.40 3.68 2.80 1.91
Massachusetts 79.0 141.0 4.06 3.94 3.70 4.06 3.08 2.09
New York 79.1 141.5 3.96 3.84 3.60 3.92 2.99 2.03
Hawaii 80.3 144.5 3.91 3.76 3.53 3.99 3.07 2.11
Kansas 78.2 144.9 3.95 3.84 3.61 3.86 2.93 1.98
Texas 77.4 149.1 3.84 3.73 3.50 3.80 2.89 1.95
Maryland 77.7 150.2 3.89 3.78 3.55 3.90 2.97 2.02
Virginia 77.9 150.6 3.94 3.81 3.55 3.93 2.97 2.00
Illinois 77.8 151.2 3.99 3.88 3.65 3.92 2.97 2.00
Rhode Island 78.5 152.7 4.00 3.86 3.57 4.04 3.06 2.07
Michigan 77.7 157.0 3.90 3.79 3.56 3.84 291 1.97
Pennsylvania 77.3 158.8 3.91 3.80 3.56 3.86 2.92 1.96
Indiana 76.8 158.9 3.89 3.79 3.55 3.83 2.89 1.94
Maine 78.3 165.3 4.11 3.98 3.72 4.03 3.04 2.04
Ohio 76.9 168.3 3.87 3.76 3.52 3.83 2.88 1.94
Georgia 76.1 169.1 3.70 3.58 3.34 3.70 2.79 1.88
Delaware 77.4 170.9 3.97 3.88 3.63 3.96 3.00 2.03
Missouri 76.7 171.5 3.88 3.78 3.54 3.81 2.88 1.94
Florida 78.4 174.1 3.99 3.88 3.67 3.95 3.02 2.08
North Carolina 76.5 175.1 3.80 3.68 3.44 3.78 2.85 1.92
Kentucky 75.2 185.1 3.80 3.69 3.45 3.79 2.86 1.91
West Virginia 75.3 185.2 3.69 3.59 3.32 3.66 2.77 1.85
Oklahoma 75.4 187.5 3.66 3.56 3.34 3.60 2.72 1.82
South Carolina 75.5 196.2 3.77 3.66 3.45 3.74 2.82 1.91
Alabama 74.6 196.2 3.64 3.53 3.30 3.63 2.73 1.84
Tennessee 75.2 196.7 3.74 3.64 3.43 3.70 2.79 1.88
Arkansas 75.4 202.0 3.82 3.71 3.49 3.75 2.83 1.91
District of Columbia 73.2 205.0 3.48 3.41 3.29 3.56 2.72 1.90
Louisiana 74.2 212.3 3.67 3.57 3.34 3.68 2.77 1.87
Mississippi 73.7 219.0 3.59 3.49 3.27 3.59 2.70 1.81
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Table B2. REID per Sv for females at different ages at exposure in NCRP and BEIR VII models.

BEIRVII NCRP 132
State Median lifespan Cancerrate 35 45 55 35 45 55
Alaska 82.6 89.6 5.43 5.26 4.85 4.82 3.62 2.42
Utah 83.1 99.4 4.84 4.64 4.21 4.27 3.22 2.13
Colorado 83.1 108.6 534 5.14 4.72 4.72 3.52 2.34
North Dakota 84.0 109.6 5.60 5.40 4.92 4.98 3.72 2.46
Idaho 83.0 111.5 5.45 5.25 4.86 4.71 3.52 2.33
Nebraska 83.2 114.3 5.47 5.27 4.84 4.80 3.58 2.37
Hawaii 85.6 114.4 5.46 5.22 4.76 4.93 3.73 2.50
Minnesota 84.0 117.1 5.74 5.54 5.09 5.04 3.76 2.49
Montana 82.8 117.5 5.50 5.32 491 4.85 3.62 2.40
Oregon 82.5 119.7 5.52 5.32 4.87 4.89 3.63 2.40
Connecticut 83.6 120.6 5.69 5.48 5.03 5.05 3.76 2.49
Washington 82.9 120.8 5.58 5.38 4.94 4.94 3.67 2.44
Wyoming 82.2 121.1 5.33 5.16 4.73 4.68 3.50 2.32
California 83.4 123.8 5.46 5.25 4.80 4.84 3.61 2.40
Maine 82.3 123.9 5.65 5.44 4.97 4.97 3.68 2.41
Wisconsin 83.3 126.0 5.61 5.40 4.95 4.91 3.65 2.41
Arizona 83.4 126.3 5.33 5.13 4.70 4.72 3.54 2.36
Vermont 83.3 127.4 5.53 5.31 4.83 4.89 3.63 2.39
New Mexico 83.1 127.5 5.25 5.05 4.62 4.67 3.50 2.33
Texas 82.2 128.8 5.18 4.96 4.52 4.56 3.39 2.24
Massachusetts 83.2 129.0 5.66 5.44 4.98 5.01 3.72 2.45
New Hampshire 83.1 129.2 5.64 5.39 4.92 5.01 3.71 2.45
Nevada 81.5 129.8 5.32 5.13 4.69 4.73 3.51 2.32
South Dakota 83.6 130.2 5.59 5.39 4.92 491 3.67 2.43
Rhode Island 83.0 130.7 5.64 5.44 5.00 4.92 3.65 2.41
lowa 83.4 131.7 5.62 5.41 4.94 4.90 3.65 2.41
Virginia 82.2 135.2 5.37 5.14 4.67 4.74 3.51 2.31
New York 83.3 135.6 5.51 5.29 4.82 4.88 3.63 2.40
New Jersey 82.8 135.6 5.64 5.43 4.96 4.98 3.70 2.44
Kansas 82.4 135.9 5.36 5.15 4.71 4.68 3.48 2.30
Michigan 82.0 138.6 5.37 5.16 4.72 4.70 3.48 2.30
llinois 82.4 139.5 5.50 5.28 4.82 4.84 3.58 2.36
Maryland 82.2 140.6 5.42 5.20 4.75 4.80 3.56 2.35
Pennsylvania 82.2 140.6 5.46 5.25 4.77 4.81 3.56 2.35
Georgia 81.2 142.7 5.07 4.85 4.41 4.43 3.28 2.16
North Carolina 81.7 143.6 5.18 4.96 4.51 4.56 3.39 2.23
Indiana 81.6 143.7 5.38 5.15 4.68 4.72 3.49 2.29
Missouri 81.7 145.3 5.34 5.12 4.65 4.69 3.47 2.28
Oklahoma 80.7 146.4 5.02 4.81 4.36 4.39 3.25 2.14
Florida 83.7 146.4 5.50 5.29 4.85 4.86 3.64 2.43
Ohio 81.5 147.2 5.36 5.14 4.67 4.70 3.47 2.28
Delaware 82.2 150.0 5.54 5.33 4.85 4.84 3.59 2.37
Alabama 80.5 152.2 4.97 4.77 4.33 4.33 3.21 2.11
West Virginia 80.4 153.1 5.21 5.01 4.54 4.56 3.36 2.19
South Carolina 81.3 154.0 5.11 4.88 4.44 4.50 3.34 2.21
Kentucky 80.8 156.9 5.34 5.13 4.62 4.66 3.43 2.24
Tennessee 80.8 158.6 5.15 4.93 4.48 4.52 3.34 2.20
Louisiana 80.1 161.7 5.10 4.87 4.42 4.48 3.31 2.17
Arkansas 81.3 163.5 5.24 5.02 4.56 4.58 3.39 2.23
Mississippi 80.4 165.1 5.04 4.82 4.38 4.36 3.23 2.13
District of Columbia 81.6 165.6 5.22 5.05 4.72 4.58 3.44 2.33
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The CDC™ has published life-table and cancer mortality rates for different levels of
urbanization. We applied these rates using the NCRP No. 132 model with the LSS report solid
cancer (DDREF=2) and the BEIR VII model (DDREF=1.5) to study age and gender dependence
of REID values (Figures B1 and B2) for different locality as described by the CDC.

BEIRVII v =05

6.00

%-ﬁ\m\'\ —e—Large Central Metro Mals
5.00

S #-— Large Fringe Metro Male
Medium Metro Male
Small Metro Male

—#—Micropolitan (non-metro) Male
—®—MonCore (non-metro) Male
<+ Large Central Metro Female

4.00

3.00

REID per Sy

—=—Large Fringe Metro Female
200 —— Medium Metro Female
Small Metro Female

1.00 Micrapalitan (non-metro) Female

MonCore (non-metro ) Fem ale

0.00 1 T T T
25 35 45 55 65
Age at Exposure,yr

Figure B1. %REID per Sv for males and females in BEIR VII model with v=0.5.
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Figure B2. %REID per Sv for males and females in NCRP® model with v=0.5.
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