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a b s t r a c t
In this paper we describe revisions to the NASA Space Cancer Risk (NSCR) model focusing on updates
to probability distribution functions (PDF) representing the uncertainties in the radiation quality factor
(QF) model parameters and the dose and dose-rate reduction effectiveness factor (DDREF). We integrate
recent heavy ion data on liver, colorectal, intestinal, lung, and Harderian gland tumors with other data
from ﬁssion neutron experiments into the model analysis. In an earlier work we introduced distinct QFs
for leukemia and solid cancer risk predictions, and here we consider liver cancer risks separately because
of the higher RBE’s reported in mouse experiments compared to other tumors types, and distinct risk factors for liver cancer for astronauts compared to the U.S. population. The revised model is used to make
predictions of fatal cancer and circulatory disease risks for 1-year deep space and International Space Station (ISS) missions, and a 940 day Mars mission. We analyzed the contribution of the various model parameter uncertainties to the overall uncertainty, which shows that the uncertainties in relative biological
effectiveness (RBE) factors at high LET due to statistical uncertainties and differences across tissue types
and mouse strains are the dominant uncertainty. NASA’s exposure limits are approached or exceeded for
each mission scenario considered. Two main conclusions are made: 1) Reducing the current estimate of
about a 3-fold uncertainty to a 2-fold or lower uncertainty will require much more expansive animal
carcinogenesis studies in order to reduce statistical uncertainties and understand tissue, sex and genetic
variations. 2) Alternative model assumptions such as non-targeted effects, increased tumor lethality and
decreased latency at high LET, and non-cancer mortality risks from circulatory diseases could signiﬁcantly
increase risk estimates to several times higher than the NASA limits.
© 2017 The Committee on Space Research (COSPAR). Published by Elsevier Ltd.
This is an open access article under the CC BY-NC-ND license.
(http://creativecommons.org/licenses/by-nc-nd/4.0/)

1. Introduction
Fatality risks for cancer and other diseases due to occupational
exposure are a concern for astronauts on long-term space exploration missions where galactic cosmic rays (GCR) and secondary
radiation — made up predominantly of high-energy protons, highenergy and charge (HZE) nuclei and neutrons, and possible solar
particle events (SPEs) — comprised largely of low- to mediumenergy protons will lead to signiﬁcant organ doses. NASA limits
the risk of exposure induced death (REID) due to cancer to no
more than a 3% probability at a 95% conﬁdence level (NCRP, 2014).
NASA has followed recommendations from the National Council
of Radiation Protection and Measurements (NCRP) for setting radiation dose limits (NCRP, 20 0 0; NCRP, 2014). The importance of
uncertainties in estimating space radiation risks have been recog-
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nized by several reports from the NCRP (NCRP, 1997; NCRP, 2006)
and National Research Council (NRC) (NRC, 2013). In 1996 the National Academy of Sciences Space Science Board estimated a 5–10fold uncertainty for deep space cancer fatality risks (NAS, 1996),
while more recent estimates suggest about a 3-fold uncertainty
(Cucinotta 2015). There are no epidemiology data for late effects
from GCR other than cataracts (Cucinotta et al., 2001; Chylack
et al., 2009), while important lifestyle differences in the astronaut
compared to other populations occur (Cucinotta et al., 2013a; Cucinotta et al., 2016a). Uncertainties in space radiation risk estimates
are dominated by lack of information on the radiobiology of HZE
particles that produce both quantitative and qualitative differences
in biological effects compared to γ -rays or x rays.
In previous work (Cucinotta et al., 2013a, 2013b) we proposed
a new model to estimate space radiation cancer risk that was reviewed by the NRC (NRC, 2013) with further review by the NCRP
(2014), resulting in the NASA Space Cancer Risk (NSCR) model2012 (Cucinotta et al., 2013a). Radiation quality factors (QFs) and
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dose-rate modifying factors, such as the dose and dose-rate reduction effectiveness factor (DDREF), are variables used to scale human epidemiology data for low LET radiation at high dose-rate to
the protons, heavy ions and secondary radiation in chronic GCR exposures. Features of the NSCR model include QFs based on track
structure concepts with distinct QFs for leukemia and solid cancer
risks, a never-smoker model to represent baseline cancer and noncancer disease risks for astronauts, and use of a cancer incidence to
mortality risk transfer methodology. Probability distribution functions (PDFs) for estimating uncertainties in each model parameter were formulated while performing Monte-Carlo sampling over
each PDF to estimate an overall REID uncertainty.
Microscopic energy deposition by protons and heavy ions can
be described by a track core term representing the direct ionization and excitations of target molecules by primary particles and
low energy secondary electrons produced through ionization called
δ -rays, and a penumbra term representing the diffuse energy deposition by higher energy δ -rays of low LET, which may extend
for 100 s of microns from a particle track for relativistic particles.
More recently the QFs used in the NSCR model were revised to
further consider track core and penumbra effects in proton and
heavy ion exposures (Cucinotta, 2015; Cucinotta et al., 2015). Based
on experimental observations for high LET irradiation, no doserate modiﬁcation was applied to the core term, which reduced the
overall uncertainties and risk estimates by more than 25% for GCR.
Bayesian analysis has been used to estimate the probability distribution function representing the uncertainty in the DDREF using a prior distribution estimated from the Atomic-bomb survivor
data and a likelihood function from certain mouse tumor studies
with γ -rays (NAS, 2006). In our previous work we noted that values of RBE’s and DDREF’s are correlated and therefore estimated
model parameters from experiments of mouse solid tumors where
both parameters were determined, which formed the basis for our
DDREF uncertainty analysis. More recently the BEIR VII reports
recommendation of a DDREF of 1.5 has been challenged by Hoel
(2015) who shows why the BEIR VII subjective assumptions related to dose truncation of the Japanese atomic-bomb survivors
dose response for solid cancer risk are faulty, and suggests that
a DDREF of 2 or more is supported by improved analysis. Use
of a DDREF of 2 in radiation protection is recommended by the
International Commission of Radiological Protection (2007) and the
NCRP (20 0 0).
In this paper we present new estimates of probability distribution functions (PDF) representing uncertainties in QF parameters and describe risk predictions for 1-year ISS and space exploration missions. We revise estimates of the QF parameters by analyzing data from cell surrogate endpoints with heavy ions (Cacao
et al., 2016), and mouse tumor induction studies with ﬁssion neutrons and heavy ions, including recent studies of colorectal and intestinal tumors (Suman et al., 2016) and Harderian gland tumors
(Chang et al., 2016). We consider alternatives to the DDREF analysis of the BEIR VII report (NAS, 2006) suggested by Hoel (2015). In
addition we augment our previous likelihood function that enters
into the Bayesian analysis based on mouse solid tumor data for γ rays with DDREF estimates from high-energy proton experiments
with surrogate cancer endpoints that directly compared high to
low dose-rate. The energy distribution of δ -rays from protons is
more similar to those of GCR than 60 Co γ -rays, however our analysis shows that DDREF from proton experiments are very similar
to those found for mouse tumor induction studies with γ -ray irradiations. We also discuss alternative risk assessment assumptions,
including higher tumor lethality at high LET, the inclusion of circulatory disease risks, and non-targeted effects. The resulting models are used to make predictions for a 940-day Mars mission and
1-year ISS missions, and the prospects for reducing uncertainties
discussed.

2. Methods
2.1. Cancer risk projection model
We brieﬂy summarize recent methods developed to predict the
risk of exposure induced death (REID) for space missions and associated uncertainty distributions (Cucinotta et al., 2013a; Cucinotta
et al., 2015). The instantaneous cancer incidence or mortality rates,
λI and λM , respectively, are modeled as functions of the tissue averaged absorbed dose DT , or dose-rate DTr , gender, age at exposure
aE , and attained age a or latency L, which is the time after exposure until cancer occurrence or death, L = a − aE . The λI (or λM ) is
a sum over rates for each tissue that contributes to cancer risk,
λIT (or λMT ). The total risk of exposure induced cancer (REIC) is
calculated by folding the instantaneous radiation cancer incidencerate with the probability of surviving to time t, which is given by
the survival function S0 (t) for the background population times the
probability for radiation cancer death at previous time, summing
over one or more space mission exposures, and then integrating
over the remainder of a lifetime, which is taken as 100 years in
calculation:

REIC (aE , DT ) =

Nm 

j=1

100
aE j

dt λI j (aE j , t, DT j )S0 (t )e

−

N
m

k=1

t
a

E

dzλM (aE ,z,DT k )
k

k

(1)
where z is the dummy integration variable. In Eq. (1), Nm is the
number of missions (exposures), and for each exposure, j, there is
a minimum latency of 5-years for solid cancers, and 2-years for
leukemia assumed. Tissue speciﬁc REIC estimates are similar to Eq.
(1) using the single term from λI of interest. The equation for REID
estimates is similar to Eq. (1) with the incidence rate replaced by
the mortality rate (deﬁned below).
The tissue and sex-speciﬁc cancer incidence rate for an organ
absorbed dose, DT , is written as a weighted average of the multiplicative and additive transfer models, denoted as a mixture model.
However, a scaling factor, RQF is introduced for extrapolating to low
dose and dose-rates and estimating the radiation quality dependences of cancer risk for a particle of charge number Z and kinetic
energy per nucleon, E:

λIT (aE , a, DT , Z, E ) = [vT ERRT (aE , a )λ0IT (a )
+(1 − vT )EART (aE , a )] RQF (Z, E )DT

(2)

where vT is the tissue-speciﬁc transfer model weight, λ0I T is the
tissue-speciﬁc cancer incidence rate in the reference population,
and where ERRT and EART are the tissue speciﬁc excess relative
risk and excess additive risk per Sievert, respectively, with values
from the United Nations report (UNSCEAR, 2008). The sex and tissue speciﬁc rates for cancer mortality λM T are modeled following
the BEIR VII report (NAS, 2006) whereby the incidence rate of Eq.
(2) is scaled by the age, sex, and tissue speciﬁc ratio of rates for
mortality to incidence in the population under study in terms of a
sex dependent tissue dose equivalent, HT :

λMT (aE , a, HT ) =

λ0MT (a )
λ (a , a, HT )
λ0IT (a ) IT E

(3)

Background cancer, circulatory and pulmonary disease rates
that enter the model are updated from our earlier publication
(Cucinotta 2015; Cucinotta et al., 2015) using Devcan software
(Devcan, 2007) and recent National Cancer Institute (NCI) and Center of Disease Control (CDC) WONDER data bases for the U.S. population (SEER, 2015; CDC, 2015).
RQF is estimated using RBE’s determined from low dose and
dose-rate particle data relative to acute γ -ray exposures for doses
of about 0.5–3 Gy, which we denote as RBEγ Acute . This approach

F.A. Cucinotta et al. / Life Sciences in Space Research 13 (2017) 1–11

alleviates the need to consider low dose-rate γ -ray experiments
for RBE estimates, however for low LET particles a DDREF is still
warranted because of their expected reduced effectiveness at low
dose-rates compared to acute γ -ray exposures at higher doses. The
scaling factor in Eq. (2) is then written:

RQF (E, Z ) =

Qlow (Z, E )
+ Qhigh (Z, E )
DDREF

(4)

A key assumption of the model given by Eq. (4) is that the low
ionization density part of a particle track is inﬂuenced by dose-rate
effects as represented by the ﬁrst term on the right hand side of
Eq. (4), while the high ionization density part of a particles track
has no dependence on dose-rate as described by the second term
on the right-hand side of Eq. (4). A DDREF is needed for the low
ionization density particles or track regions because model parameters are largely derived from radiobiological data at higher doses
and dose-rates than those occurring in space.
The low and high ionization density track contributions are parameterized as:

Qlow (Z, E ) = (1 − P (Z, E ))

(5)

and

Qhigh (Z, E ) =

(0 /αγ )P (Z, E )
L

(6)

respectively, where L is the LET, the ratio (Ʃ0 /α γ ) is treated as a
single parameter, and the function originating in the parametric
model of Katz (Katz et al., 1971) is given by,



2
∗2
P (Z, E ) = 1 − e−Z /κβ

m

(1 − e−E/0.1 )

(7)

The second product in Eq. (7) represents a so-called thin-down
correction for low energy particles (Cucinotta et al., 2013a). The
values of shape parameters m and κ are described below. In this
approach there are two physical parameters: particle charge number, Z and kinetic energy per atomic mass unit, E. However, a key
parameter that describes the density of a particle track is Z∗2 / β 2 ,
where Z∗ is the effective charge number of a particle, which includes a velocity-dependent screening correction at low energies,
and β is the particle velocity scaled to the speed of light. The effective charge formula of Barkas is used (Barkas, 1963) as described
below. The LET for protons and helium in tissue are calculated using the National Institute of Standards (NIST, 2009) data base using
effective charge to scale the LET of heavy ions to protons.
A distinct scaling, RQF is used for estimating solid cancer and
leukemia risks (Cucinotta et al., 2013a) based on estimates of
smaller RBEs for acute myeloid leukemia and thymic lymphoma in
mice compared to those found for solid cancers for ﬁssion neutrons (Ullrich and Preston, 1987) and heavy ions (Weil et al., 2009;
1014). Also studies of leukemia risk in thorotrast patients suggest
a low RBE at high LET (Boice, 1993).
2.2. Model parameters and PDF’s of parameter uncertainty
There are four parameters appearing in the function RQF :
( 0 /α γ ), m, κ , and DDREF. For each of these parameters central
values (most likely) and PDFs representing uncertainty in these
values are formulated based on available experimental data. In the
current effort we note that the relationship between estimates of
( 0 /α γ ) based on reported RBE values is dependent on the values
of m and κ assumed, and we consider this relationship in parameter estimates from heavy ion and ﬁssion neutron experiments.
Our previous publication (Cacao et al., 2016) provides comprehensive estimates of the values of m and κ for cancer risk surrogate endpoints of gene mutation, chromosomal aberrations, and
neoplastic transformation for experiments with heavy ions. For the
best ﬁtting value of biological action cross section slope parameter,
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m = 3, we found a mean and standard deviation (SD), κ = 534 ± 65
which is very close to a previous subjective estimate of κ = 525
(Cucinotta et al., 2013a). A recent estimate of these parameters
for the Harderian gland experiments has been made (Cucinotta
and Cacao, 2016), which provides an estimate of κ = 713 ± 121 in
a targeted effects model. These data sets were averaged with equal
weight given to the Harderian gland experiment and the combined
cell culture surrogate endpoint experiments to estimate an overall value for heavy ions of κ = 624 ± 69. For protons and helium
we assume κ = 10 0 0 with a SD = 250 based on review of studies (Cucinotta et al., 2013a) with low energy protons, helium ions,
and neutrons (Belli et al., 1992; Thacker et al., 1979; Tracy et al.,
2015; Miller and Hall, 1991; Pandita and Geard, 1996; Tanaka et
al., 1999). For the PDF of the action cross section slope parameter, m, we assume a normal distribution with mean of 3 and SD of
0.5. Values of κ for m = 3 were determined by conditional MonteCarlo sampling using κ (m) = 4κ (m = 3)/(m + 1) as described previously (Cucinotta et al., 2013a).
Using m = 3, the value of ( o /α γ ) was estimated while sampling from the model dependent PDF for κ for both particle radiation and ﬁssion neutron using the RBEγ Acute experimental data
shown in Table 2. In this manner, ( o /α γ ) was estimated using Eq.
(8), which is derived from Eq. (4):

(0 /αγ ) =

RBEγ acute L
(1 − P ) L
−
P
P
DDREF

(8)

We used a DDREF value of 2 in these estimates; however we
note the second term on the right-hand side of Eq. (8) is much
smaller than the ﬁrst-term for high LET irradiations, which reduces
the inﬂuence of the value of the DDREF assumed.
To estimate ( o /α γ ) values from experiments with ﬁssion neutrons, the absorbed dose from charged particles produced by ﬁssion neutrons was ﬁrst determined using:



Dfn = c

dE

φ p ( E )L ( E )

(9)

where φ p (E) is the charged particle ﬂuence spectrum based on
published data of Edwards and Dennis (1975), c is a constant, and
L(E) is the LET in skeleton muscle. Using the energy dependent ﬂuence of charged particles produced by ﬁssion neutrons, RBE(E) at
different ( o /α γ ) over a range of κ values being considered were
calculated using Eq. (4), and then the dose-averaged RBE was computed as:



RBE =

dE φP (E )RBE (E )L(E )

dE φP (E )L(E )

(10)

Fig. 1 shows proton energy spectra from ﬁssion neutrons, and
the energy dependent RBE for, which is used to estimate values
of ( o /α γ ) using κ = 10 0 0. Protons dominate the ﬁssion neutron
biological effects, and contributions from heavy ion elastic recoils
and γ -rays to the dose-averaged RBE were estimated to be small
(< 5%) (Edwards and Dennis, 1975) and not considered in the analysis. RBE was then compared directly to experiments by Ullrich and
co-workers (Ullrich et al., 1976; Ullrich and Storer, 1979; Ullrich
1983; Ullrich 1984) and Grahn et al. (1992) to estimate ( o /α γ ).
2.3. Data ﬁtting
All statistical analysis and data ﬁtting were done using
STATA/SE version 14.1 (Stata Corp.). Log-normal distribution ﬁtting by maximum likelihood is based on Stata module “lognﬁt”
(Jenkins, 2013). CDF’s were ﬁtted to the data of Table 3 using
SigmaPlot version 12.5 considering several distributions including
Logistic, Weibull and Gompertz functions, which were tested to
reach an analytic representation for Monte-Carlo sampling of the
overall risk uncertainty.
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The ﬂuence spectra, F(Xtr ) where Xtr = Z∗2 /β 2 can be found by
transforming the energy spectra, φ j (E) for each particle, j of mass
number and charge number, Aj and Zj respectively as:

F (Xtr ) =



∂ Xtr
∂E

j

−1

φ j (E )

(12)

where we evaluate the Jacobian in Eq. (12) using the Barkas
(1963) form for the effective charge number given by

Z ∗ = Z (1 − e−125β /Z )
2/3

(13)

The tissue speciﬁc cancer incidence rate for GCR or SPEs can
then be written as:

λIT = λIγ


j

Fig. 1. Estimates of proton energy spectrum (arbitrary units) from 252 Cf ﬁssion neutrons by Edwards and Dennis (1975) and energy dependent relative biological effectiveness factor (RBE) for solid cancer risk in track structure model described in the
text with parameters m = 3, κ = 10 0 0, and  0 /α γ = 250 0μm2 Gy.

+(0 /αγ )

dE φ jT (E )L j (E )


(1 − P (Xtr ))
DDREF

dXtr F (Xtr )P (Xtr )

(14)

3. Results and discussion
3.1. DDREF model and uncertainty distribution

2.4. Circulatory disease risk estimates
As described previously (Cucinotta et al., 2013b) we use the
result of the meta-analysis of several human cohorts exposed to
low LET radiation (Little et al., 2012) to estimate circulatory disease mortality risks. For circulatory disease risk estimates, information on RBE’s for protons and HZE particles and secondary radiation are even sparser than those related to cancer risks. For our
central estimates we use the RBE’s recommended for non-cancer
effects (NCRP, 20 0 0). A DDREF is not applied for circulatory disease risks because the meta-analysis of Little et al. (2012) is based
to a large extent on low dose-rate (chronic) exposures to radiation workers, which were ﬁtted with a linear dose response model.
The risks of ischemic heart disease (IHD) and cerebrovascular diseases (CVD) were then considered as alternative REID predictions
from those of cancer alone (Cucinotta et al., 2013b). We considered
several choices for the tissue shielding for the circulatory system,
including doses to the blood forming organ (BFO) system, heart,
or brain. However, for GCR only modest differences occur and we
used the BFO for REID estimates.
2.5. Applications to space mission assessments
For the application of the NSCR model to space mission predictions, the energy spectra for each particle type, j of LET, Lj (E) for
each tissue, T contributing to cancer risk denoted as φ j T (E) is estimated from radiation transport codes. The particle energy spectra
are folded with RQF to estimate tissue speciﬁc REIC or total REID
values (Cucinotta et al., 2015). For calculations for a ﬂuence φ T (Z,E)
and absorbed dose, DT (Z,E) of a particle type described by Z and E,
Eq. (2) is replaced by


(1 − P (Z, E ))
λZI (FT , aE , a ) = λγ I (aE , a ) DT (Z, E )
DDRE F

+(0 /αγ )P (Z, E )φT (Z, E )

(11)

where λγ I is the inner bracketed terms in Eq. (2) that contains the
ERR and EAR functions for individual tissues. As described previously (Cucinotta et al., 2015) calculations are made using models
of the GCR environments and radiation transport in spacecraft materials and tissue, which estimate the particle energy spectra, φ j (E)
for 190 isotopes of the elements from Z = 1 to 28, neutrons, and
dose contributions from pions, electrons and gamma-rays.

Bayesian analysis was used to model the PDF of uncertainty in
the DDREF parameter for solid cancer risk estimates in a manner
similar to that used in the BEIR VII report (NAS, 2006) were a prior
distribution was estimated from the curvature in the Japanese LifeSpace Study (LSS) and the likelihood function from radiobiology
data. We denote as Model A the prior distribution from the BEIR
VII Report estimate for the LSS study using a log-normal distribution with a DDREF = 1.3 and 95% conﬁdence intervals (CI) of [0.8,
1.9]. Recently Hoel (2015) has argued that due to subjective assumptions made in the BEIR VII report a mean DDREF of 1.3 is
found, while an analysis that considers a distinct dose range from
the LSS data or one that includes downward curvature at higher
doses due to cell sterilization effects ﬁnds a DDREF of 2 or more.
Following Hoel’s analysis we used in Model B a mean DDREF of
2; however uncertainties in this value were not modeled by Hoel.
Here we assume a log-normal distribution with 90% conﬁdence intervals of [1.2, 3] as a prior distribution for Model B based on the
bounds described by Hoel (2015).
In our previous report we considered DDREFs from mouse solid
tumor studies data where both γ -ray and high LET radiation were
available. These data were used as the likelihood function for the
Bayesian analysis as shown in Fig. 2 (upper panel). We did not
consider ovarian cancer and leukemia mouse data that was used
by BEIR VII as appropriate for this analysis (Cucinotta, 2015). More
recent experiments on heavy ion induction of colorectal and intestinal tumors (Suman et al., 2016) in mice did not provide other
data to modify this aspect of the PDF of uncertainty for the DDREF
because the γ -ray components of these experiments were limited,
while dose responses for γ -rays in the recent Harderian gland experiments (Chang et al., 2016) were consistent with earlier data
(Fry et al., 1985; Alpen et al., 1993).
Values of DDREF’s estimated from high-energy proton experiments are of interest because the energy spectra of δ -rays more
closely represent that of GCR compared to 60 Co γ -rays (Cucinotta
et al., 2016b). We also surveyed published proton radiobiology data
for tumors in animals and surrogate endpoints in cell culture models. Here we considered data comparing acute to low dose-rates,
and analysis of curvature in acute dose response data to estimate
a DDREF. We found that tumor induction studies in rhesus monkeys (Wood, 1991), RFM mice (Clapp et al., 1974), and mammary
tumors in Sprague-Dawley rats (Dicello et al., 2004) did not consider a suﬃcient number of dose groups to estimate curvature and
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Table 1
Dose and dose-rate reduction effectiveness factor (DDREF) estimates from proton experiments with surrogate cancer endpoints comparing high dose-rate (HDR) to low dose
rate (LDR) exposures. Standard deviations of values are shown in parenthesis.
Endpoint
Aprt Mutations (in vitro) B6D2F1 Mouse Kidney cells
Aprt Mutations (in vivo) B6D2F1 Mouse Kidney cells
Simple Exchanges Human Lymphocytes
Simple Exchanges ATM+/+ Fibroblasts
Simple Exchanges ATM+/− Fibroblasts
Neoplastic transformation of primary human ﬁbroblasts per 105 survivors
Neoplastic transformation of primary human ﬁbroblasts per 105 survivors
Average (SD)

Proton Energy, MeV
10 0 0
10 0 0
250
50, 10 0 0
50, 10 0 0
100
10 0 0

α -LDR, Gy−1
−5

α -HDR, Gy−1
−5

6.7 × 10 (2.1 × 10 )
2.1 × 10−4 (2.6 × 10−5 )
0.01504 (0.0066)
0.068 (0.006)
0.072 (0.004)
100.47 (11.29)
76.8 (11.84)

−4

DDREF
−5

1.53 × 10 (1.8 × 10 )
4.78 × 10−4 (4.4 × 10−5 )
0.0335 (0.0019)
0.157 (0.011)
0.154 (0.066)
271 (19.8)
342.7 (53.4)

2.28 (0.76)
2.23 (0.34)
2.23 (0.99)
2.31 (0.26)
2.14 (0.15)
2.7 (0.36)
4.46 (0.98)
2.62 (0.24)

ﬁbroblast cells (Stisova et al., 2011) (Table 1). DDREF estimates
from proton experiments varied from 2.14 to 4.46 and strongly
overlapped with estimates from solid cancers in mice exposed to
acute and chronic doses of γ -rays. Fig. 2 (lower panel) shows the
resulting PDF of the DDREF uncertainty in Model B which can be
compared to our earlier publication for Model A (Cucinotta, 2015).
For this comparison the APRT mutation estimate from in-vivo but
not in-vitro experiments was used in order to avoid over-counting
its weight to the likelihood function.
3.2. Quality factor parameters uncertainty

Fig. 2. Bayesian analysis of probability distribution function (PDF) for the dose
and dose-rate reduction effectiveness factor (DDREF) . Upper panel uses prior distribution from the Japanese atomic-bomb lifespan study (LSS) estimated by NAS,
2006 with mean DDREF of 1.3 and likelihood function from mouse solid tumor
studies with γ -rays. Lower panel uses mean DDREF of 2 as described in text for
LSS study for the prior distribution, and likelihood function with mouse solid tumor studies with γ -rays and dose-rate studies for protons in surrogate cancer risk
endpoints.

possible DDREF values. In cell experiments several studies comparing high dose-rate to low dose-rates have been reported, including
studies of chromosomal aberration in human lymphocytes (George
et al., 2002) and ﬁbroblast cells (Peng et al., 2012), in-vivo and invitro studies of APRT mutations in mouse kidney epithelial cells
(Kronenberg et al., 2013), and neoplastic transformation in human

Track structure dependent parameters were estimated in our
recent report for the Harderian gland experiments (Cucinotta and
Cacao, 2016) based on the combined experiments of Fry et al.
(1985), Alpen et al. (1993) and Chang et al. (2016) using female
B6CF1 mice. For intestinal and colorectal tumors in male and female APC1638N/+ mice we analyzed RBE’s based on the dose response data reported by Suman et al. (2016). In this experiment no
initial slope was found for colorectal tumors in female mice and
here we scaled heavy ion data to the data from their 2 Gy γ -ray
experiment. This approach yielded RBEs consistent with estimates
based on ratios of linear slopes for the other tumor types in males
and females as shown in Table 2. Intestinal tumors induced by ﬁssion neutrons have been studied by Ellender et al. (2011); however detailed RBE values were not reported by the authors. RBE
estimates for the neutron components in the atomic bomb detonations in Hiroshima and Nagasaki, Japan carry large uncertainties with estimates from 0 to 200 appearing in the scientiﬁc literature (Cullings et al., 2014; Hunter and Charles, 2002; Little, 1997;
Walsh, 2013). These estimates are based largely on organ dose estimates, while the NSCR approach would require estimates of neutron energy spectra at different tissues to consider comparisons
with RBE estimates from mouse tumor induction studies.
The Harderian gland studies are the only experiments for tumor induction were a suﬃcient number of radiation types were
used to estimate the radiation quality shape parameters, m and κ .
However the value of ( 0 /α γ ) can be estimated from experiments
employing high LET irradiations if they were performed with particles near the saturation point of the biological action cross section
which reduces the dependence of the estimate on the values of m
and κ , such as studies with ﬁssion neutrons and heavy ions of particular kinetic energy per u, E and charge number, Z. We note that
published solid tumors studies with ﬁssion neutrons or heavy ions
with speciﬁc charge number, Z and kinetic energy, E do not necessarily reﬂect the most biologically effective particle type that may
occur. For example a hypothetical study with uniform tissue irradiation by mono-energetic protons of low energy (∼ 0.3 MeV) is
predicted to be more effective than a 252 Cf ﬁssion neutron source
where a mix of proton energies up to 5 MeV dominate doses, with
small dose contributions from other recoil particles and γ -rays occur. In a similar manner, compared to 1 GeV/u 56 Fe particles a particle of lower Z and E could have a higher biological effectiveness.

6

F.A. Cucinotta et al. / Life Sciences in Space Research 13 (2017) 1–11
Table 2
Estimates of relative biological effectiveness (RBE) from experiments of Suman et al. paper (2016) for intestinal and
colorectal tumors in APC1638N/+ male and female mice.
Radiation type

LET, keV/μm

γ -rays

–
13
70
150

12

C (290 MeV/u)
Si (300 MeV/u)
56
Fe (10 0 0 MeV/u)
28

γ -rays
12

C (290 MeV/u)
Si (300 MeV/u)
56
Fe (10 0 0 MeV/u)
28

∗∗

–
13
70
150

α , Gy−1

α , Gy−1

RBE

Intestinal tumors, Males
3.45 ± 0.28
–
5.61 ± 1.7
1.63 ± 0.51
22.0 ± 3.8
6.4 ± 1.2
12.7 ± 2.8
3.68 ± 0.86
Colorectal tumors, Males
0.10 ± 0.02
–
0.58 ± 0.28
5.80 ± 3.03 (5.8 ± 4.2)∗
1.50 ± 0.51
15.0 ± 5.92 (15.0 ± 9.7)
1.19 ± 0.60
11.9 ± 6.45 (11.9 ± 8.9)

RBE

Intestinal tumor, Females
3.07 ± 0.76
–
4.40 ± 0.66
1.43 ± 0.41
11.2 ± 4.4
3.65 ± 1.69
10.58 ± 2.2
3.45 ± 1.11
Colorectal tumors, Females
–
–
0.21 ± 0.04
∞ (2.8 ± 1.9)∗
0.71 ± 0.28
∞ (9.5 ± 7.3)
0.74 ± 0.41
∞ (9.9 ± 8.6)

For Si and Fe only 0, 0.1, and 0.5 Gy data are used due to downward curvature expected at higher doses.
∗
RBE estimate as ratio of initial slope, α for particle over γ -ray tumor frequency at 2 Gy normalized to per unit dose.

Table 3
Relative biological effectiveness (RBE) factors against acute γ -rays for solid tumors estimate and track structure radiation quality factor parameter,  0 /α γ
estimated from mouse experiments with heavy ion or ﬁssion neutron irradiations.

Tumor type

Mouse strain

Sex

Harderian gland
Lung

B6CF1
B6CF1

F
F

Intestinal

APC1638N/+

F

Colorectal

APC1638N/+

F

All epithelial
Lung
Liver
Glandular and Reproductive organs excluding ovarian
Harderian gland
Lung
Mammary
Pituitary
Harderian gland
Intestinal

B6CF1
B6CF1
B6CF1
B6CF1
B6CF1
BALB/c
BALB/c
RFM
RFM
APC1638N/+

F
F
F
F
F
F
F
F
F
M

Colorectal

APC1638N/+

M

Hepatocellular carcinoma
Hepatocellular
carcinoma
All epithelial
Lung
Liver
Glandular and Reproductive organs excluding ovarian
Harderian gland

CBA
C3H

M
M

B6CF1
B6CF1
B6CF1
B6CF1
B6CF1

M
M
M
M
M

In Eqs. (7) and (8) the maximum RBE occurs when P∼2/3 and the
classic over-kill effect leading to decreasing RBE’s for P > 2/3.
Table 3 shows estimates of ( 0 /α γ ) for various solid tumors
in mice following ﬁssion neutron (Ullrich et al., 1976; Ullrich and
Storer, 1979; Ullrich 1983; Ullrich, 1984; Grahn et al., 1992) and
heavy ion irradiation (Fry et al., 1985; Alpen et al., 1993; Chang et
al., 2016; Chang and Blakely, 2016; Weil et al., 2009; 2014; Suman
et al., 2016) using the approach described in the Method section.
A large tumor type and mouse strain speciﬁc dependence is observed, while large statistical uncertainties occur for several of the
experiments. A recent study by Wang et al. (2015) ﬁnds a relative
effectiveness at a dose of 1 Gy of heavy ions to γ -rays of about 7
using male and female C57BL/6 mice, however detailed dose response data were not made to estimate RBE.
It is important to note that the ﬁssion neutron experiments in
Table 3 were made using chronic irradiation, while the more recent heavy ion experiments were carried out with acute irradiation
at modest dose values. One comparison that can be made more di-

Radiation, LET
(keV/μm) (Energy,
MeV/u)
Global Fit
28
Si, 70 (260)
48
Ti, 100 (10 0 0)
56
Fe, 193 (600)
28
Si, 69 (300)
56
Fe, 148 (10 0 0)
28
Si, 69 (300)
56
Fe, 148 (10 0 0)
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron
28
Si, 69 (300)
56
Fe, 148 (10 0 0)
28
Si, 69 (300)
56
Fe, 148 (10 0 0)
56
Fe, 150 (10 0 0)
28
Si, 64 (300)
56
Fe, 181 (600)
Fission neutron
Fission neutron
Fission neutron
Fission neutron
Fission neutron

 0 /α γ , μm2 Gy

RBEγ Acute
–
1.56 ±
3.74 ±
4.49 ±
3.65 ±
3.45 ±
9.47 ±
9.87 ±
11.00 ±
10.30 ±
4.40 ±
7.40 ±
5.80 ±
11.80 ±
9.70 ±
22.50 ±
14.6 ±
6.37 ±
3.68 ±
15.00 ±
11.90 ±
48.98 ±
81.69 ±
74.31 ±
12.10 ±
11.00 ±
19.30 ±
16.60 ±
12.10 ±

1.29
1.33
2.67
1.69
1.11
7.33
8.55
1.60
2.20
1.60
1.00
1.20
2.95
2.43
5.63
3.65
1.22
0.86
9.70
8.88
22.11
65.73
58.63
4.50
2.00
5.60
5.60
2.90

635.2
468.2
1302.7
1485.4
1564
1079
4393
3270
2746
2558
969
1777
1346
2961
2396
5842
3715
2885
1159
7082
3963
16,838
36,635
24,160
3042 + 1131
2746
4980
4253
3042

±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±
±

172
533.4
575.5
946.1
900
412.5
3711
2962
399.4
546.3
353
240.1
278.6
740.3
599
1460
928.3
898.5
342
5002
3092
8099
30,878
19,381

±
±
±
±

499
1445
1435
729

rectly is for Harderian gland tumors in B6CF1 mice were we ﬁnd
values for  0 /α γ of 1346 ± 278.6 and 635.2 ± 172 for chronic ﬁssion neutron irradiation (Grahn et al., 1992) and a global ﬁt to several low dose heavy ion exposures (Cucinotta and Cacao, 2016), respectively. However other differences in the experimental design
occurred, including lifespan versus prevalence at 600 d, and the
use of pituitary isografts as a tumor promoter with head only irradiation by Fry et al. (1985) and Alpen et al. (1993) but not Chang
et al. (2016). Also the global ﬁt (Cucinotta and Cacao, 2016) makes
corrections for cell sterilization effects.
Fig. 3 (panel A) shows the resulting cumulative distribution
function (CDF) of values of  0 /α γ that results from these experiments, which show that most values are contained within a 3-fold
variation above or below the median value. For high LET particles,
the QF value limits to the value of ( 0 /α γ )/LET when P∼1 as seen
from Eq. (6). For evaluating the CDF a few experiments used multiple irradiation types and here we averaged the estimates such
that only one data point is counted towards the CDF, with the ex-
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Fig. 3. Cumulative distribution functions (CDF) of track structure quality factor function parameter,  0 /α γ , from mouse solid tumor data for heavy ions and ﬁssion neutrons
described in text. Right panel results for all data with logistic function ﬁt described in Table 4. Center panel solid tumor data excluding studies of liver and Harderian gland
tumors and Gompertz function ﬁt. Right panel compares resulting ﬁts of CDFs in left and center panels.

ception of the heavy ion experiments for Harderian gland tumors
were a global ﬁt to 10 particle types was used to obtain the value
of ( 0 /α γ ) (Cucinotta and Cacao, 2016). The experiments of Weil
et al. (2009,2014) for hepatocellular carcinoma in CBA and C3H
mouse irradiations with heavy ions leads to a highly skewed distribution to large ( 0 /α γ ) values. Statistical uncertainties are more
prominent in the more recent heavy ion experiments compared to
ﬁssion neutron studies; however the results of Table 3 suggest tissue dependent factors are of major importance and should be further investigated.
It should be noted that distinct mechanisms for tumor induction for low energy protons produced by ﬁssion neutrons, with
narrow high density track structures, compared to high energy
heavy ions, with signiﬁcant track core and penumbra, are possible, but little is known in this area. For all experiments combined higher mean values of ( 0 /α γ ) are found for heavy ion
alone, (7707 ± 350.2)/6.24 compared to ﬁssion neutron experiments alone, (3027 ± 879)/6.24. This difference is largely due to the
large values found for hepatocellular carcinomas in heavy ion irradiation as mean values are more similar with this tumor type
removed, (2403 ± 2277)/6.24 and (3096 ± 934)/6.24) for heavy ions
and ﬁssions neutrons, respectively. Differences in tumor types and
mouse strains confound a conclusion on which radiation type is
more carcinogenic, while the track structure model predicts monoenergetic protons of about 0.3 MeV are more carcinogenic per unit
dose than heavy ions of any energy.
3.2.1. Parameter estimates for liver cancer risks
RBEs for hepatocellular carcinoma for heavy ions in both male
C3H and CBA mice are reported (Weil et al., 2009; 2014) as several times higher than other tumor types (Dicello et al., 2004; Fry
et al., 1985; Alpen et al., 1993; Chang et al., 2016; Suman et al.,
2016). Ullrich did not observe a signiﬁcant number of liver cancers
in female Balb/c or RFM mice (Ullrich, 1983; Ullrich et al., 1976)
exposed to γ -rays or ﬁssion neutrons. In contrast large RBE’s were
reported for liver cancers in B6CF1 male mice in the studies of
Grahn et al. (1992) and Takashi et al. (1992). Both studies found
larger RBE values for male compared to female mice. In Table 3 we
used RBE values from Grahn et al. (1992) for chronic ﬁssion neutron irradiations of 24 weeks; however Takashi et al. (1992) found
similar differences in RBE’s for acute ﬁssion neutron exposures in
males and females of 15.2 and 2.5, respectively. No studies of RBE’s
for hepatocellular carcinomas in female mice exposed to heavy

ions have been reported. The above observations suggest important genetic and sex dependencies to liver cancer risk, which impact RBE estimates.
The LSS study of atomic-bomb survivors in Japan is the main
source of data for risk estimates from low LET radiation. As noted
by Preston et al. (2007), the incidence of liver cancer is much
higher in Japan than in the US, with world-population age standardized incidence rates of 23.5 and 7.5 per 10 0,0 0 0 for Japanese
men and women, respectively compared to the U.S. white and European rates, which range from 3 to 12 for men and from 1 to
5 for women. Liver cancer subtypes include hepatocellular carcinoma, cholangiocarcinoma (bile duct cancer), hepatoblastoma, and
angiosarcoma, while hepatocellular carcinoma accounts for most of
the larger incidence observed in the Japanese compared to the U.S.
population. Baseline liver cancer rates are higher for males compared to females in both countries. Major risk factors for liver cancer are chronic infection with hepatitis B or C virus, dietary exposure to aﬂatoxins, chronic alcohol consumption, and tobacco smoking. A signiﬁcant interaction between radiation hepatocellular carcinoma risk and hepatitis C infection is observed in the LSS study
(Sharp et al., 2003). Astronauts are reported to have low incidence
rates of tobacco use, alcoholism, and hepatitis B or C infection, suggesting lower background rates for liver cancer risk compared to
the U.S. population. The use of the multiplicative risk model in Eq.
(2) accounts for part of the differences expected between model
populations, however other differences related to healthy worker
effects are important considerations.
Cologne et al. (1999) reported that male atomic-bomb survivors
exposed as teenagers or in their 20s had a signiﬁcantly increased
risk of liver cancer, while a small radiation risk occurred for males
of older ages or females of all ages of exposure. This could indicate a biological mechanism in young adult males or a birth cohort effect. Astronauts on ISS or exploration missions would generally be above age 40 y at the time of mission. Hepatocellular
carcinoma dominated the excess liver cancer risk in the Atomicbomb survivors. In a study of thorotrast patients in Western countries, cholangiocarcinoma and hepatoblastoma dominated excess
risk (Travis et al., 2003), however the radioisotope deposits in connective tissue perhaps reducing the risk of hepatocellular carcinoma (NAS, 2006). We could not ﬁnd any RBE values for cholangiocarcinoma and hepatoblastoma in the scientiﬁc literature, and
they would be diﬃcult to study in mice where hepatocellular carcinomas dominate.
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Table 4
Cumulative distribution function (CDF) for model parameter (Ʃ0 /α γ ) determined by ﬁts to data for heavy ions and ﬁssion neutrons∗ . Means and ﬁts of
CDF corresponding to values of Table 3 using logistic or Gompertz equations are shown with best ﬁt shown in bold font.
Mean, μm2 Gy

Data sets
All solid cancer data
Logistic Equation Fit
Gompertz Equation Fit
Solid cancer excluding liver, and
Harderian gland tumors
Logistic Equation Fit
Gompertz Equation Fit
Lung
Liver

A

B, μm2 Gy

C

Adj R2

(4728 ± 1378)/6.24
1.0 ± 0.027
1.0 ± 0.02

(2699 ± 87)/6.24
(2195 ± 55.2)/6.24

-2.42 ± 0.16
(1551 ± 84.8)/6.24

0.997
0.987

1.0 ± 0.053
1.0 ± 0.039

(2483 ± 110)/6.24
(2104 ± 68.7)/6.24

-3.26 ± 0.39
(1109 ± 110)/6.24

0.974
0.979

(2897 ± 357)/6.24

(2338 ± 905)/6.24
(13,296 ± 4739)/6.24

∗
Parameters that result from ﬁts of the logistic equation, CDF = A/[1 +((Ʃ0 /α γ )/B)C ] or Gompertz equation CDF=Aexp[-exp(-Ʃ0 /α γ –B)/C] to data for
(Ʃ0 /α γ ) from mouse experiments for heavy ions and ﬁssion neutrons shown in Table 3.

Table 5
Predictions of risk of exposure induced death (REID) and 95% conﬁdence intervals
for 1-year space missions at average solar minimum for 45-year old never-smoker
females with several models of the uncertainty distribution for the dose and doserate reduction effectiveness factor (DDREF). REID(Total) includes cancer and circulatory diseases.
Mission and Model
DDREF Model A
DDREF Model B
DDREF Radiobiology data
DDREF Model A
DDREF Model B
DDREF Radiobiology data

%REID (Cancer)
1-Year ISS Missions
0.94 [0.18, 3.0]
0.86 [0.16, 2.83]
0.81 [0.14, 2.79]
1-Year Deep Space Missions
1.88 [0.36, 6.16]
1.75 [0.31, 6.03]
1.66 [0.28, 5.89]

%REID (Total)
1.26 [0.36, 3.28]
1.18 [0.34, 3.09]
1.13 [0.33, 3.08]
2.52 [0.71, 6.74]
2.4 [0.68, 6.61]
2.31 [0.64, 6.41]

Because of the above considerations we pursued an alternate
analysis separating out liver cancer from the overall solid cancer
CDF as shown in Table 4 and Fig. 3 (Panel B). For this comparison
we also removed the Harderian gland values because this gland
does not occur in humans, however note the use of the Harderian gland data for the QF shape parameters (m and κ ) is needed
because no other data sets have been reported to estimate these
parameters. Fig. 3 (Panel C) compares the resulting distributions
for all data and excluding liver and Harderian gland values. We
also show values for lung cancer risk; the only other tissue site
were multiple measurements of RBE’s has been reported for different mouse strains and high LET radiation types. These results
suggest QFs for liver cancer in males could be signiﬁcantly larger
than other cancer types. The lung cancer value in Table 4 is lower
than the overall average but not signiﬁcantly, which is not surprising since lung cancer dominates overall radiation risks.
3.3. Space mission risk predictions
We next used the revised methods to make predictions for oneyear missions for average solar minimum conditions in deep space
or aboard the ISS, and a 940 day Mars mission. Predictions are
made with different model assumptions for 45-year old male and
female never-smokers assuming a heavily shielded Mars transfer
spacecraft (20 g/cm2 aluminum) and a lighter Mars surface habitat (10 g/cm2 ). Comparisons for other ages, solar cycle conditions
including solar particle events (SPE), and shielding values can be
made using this approach as have been reported in previous analysis (Cucinotta et al., 2013a; Cucinotta 2014).
We ﬁrst considered a sensitivity analysis of several of the model
assumptions related to the PDF of the DDREF and QF parameter,
 0 /α γ , uncertainties. In Table 5 we show comparisons for 1-year
ISS and deep space missions for 45-y old never-smoker (NS) females using the DDREF Models A and B, and the likelihood function for the combined mouse solid tumor and proton radiobiology

studies of dose-rate. These results show that only modest changes
in risk predictions (on the order of 10%) for different DDREF assumptions are found in the most recent formation of the NASA
QF where the track core term is assumed not to be inﬂuenced
by dose-rate effects. Larger changes are predicted for SPE exposures and will be reported elsewhere. Also shown in Table 5 are
predictions of the circulatory disease contributions to the total
REID, which contributed about 25% for females when applying the
meta-analysis results of Little et al. (2012) as described previously
(Cucinotta et al., 2013b). In Table 6 we compared predictions for
1-year deep space missions for 45-y old NS males using different assumptions for the CDF of uncertainty for the QF parameter  0 /α γ . Here mean risk predictions and upper 95% conﬁdence
levels are reduced by about 12% and 30%, respectively when the
values for hepatocellular carcinomas representing liver cancer and
Harderian gland tumors are excluded from the CDF of uncertainty.
Table 6 also shows estimates of liver cancer REIC where the mouse
hepatocellular carcinomas are applied directly to this tissue type
in the model. Here the REID prediction is increased almost 3-fold
compared to using the average overall CDF from all available experiments. Because of the risk factors observed in the LSS studies
and the healthy worker attributes expected for astronauts as discussed above, we recommend that the CDF for the reduced set of
data be used for mission risk predictions, while the more conservative estimate for male liver cancer risk be considered as a separate
calculation.
Using our preferred models we next considered risk predictions
for a 940 d Mars mission with 400 day transit time and 540 days
on the Martian surface. Fig. 4 shows predictions of tissue speciﬁc
REIC, and total cancer REIC and REID along with predictions for
CVD and IHD. Circulatory disease risks comprise 25% and 40% of
the total REID for females (lower panel) and males (upper panel),
respectively. Lung cancer risks are the dominate risk for females
and show a large uncertainty due to large differences in the additive and multiplicative transfer models, while IHD is similar to
lung cancer risk for males. The predictions of mean and 95% CI for
a Mars mission are above NASA safety standards for males and females.
4. Conclusions
Based on the current and previous analysis (Cucinotta et al.,
2013a; NRC, 2013; NCRP 2014; Cucinotta 2015) the uncertainties in
the physics of organ doses and particle spectra, transfer model, the
DDREF, and m and κ parameters are roughly equal in the current
approach with only modest changes to risk predictions associated
with uncertainties in each factor (< 25%). However the available
data on surrogate cancer endpoints is limited to a few endpoints
such as chromosomal aberrations, gene mutation and neoplastic
transformation, and there is a need to develop data bases at low
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Table 6
Predictions of risk of exposure induced cancer (REIC) or death (REID) and 95% conﬁdence intervals
for 1-year deep space missions at average solar minimum for 45-year old never-smoker males with
several models of the quality factor parameter, (Ʃ0 /α γ ) and its uncertainty distribution from Table 4.
REID(Total) includes cancer and circulatory disease fatalities. Risks of exposure induced cancers (REIC)
for liver risk under different QF parameter assumptions are also shown.
Model

%REIC (Cancer)

%REID (Cancer)

%REID (Total)

Ʃ0 /αγ estimate based on all solid
cancer experiments
Ʃ0 /αγ estimate excludes liver &
Harderian gland data

2.23 [0.53, 7.84]

1.3 [0.23, 4.73]

2.16 [0.86, 5.59]

1.96 [0.53, 5.83]

1.1 [0.21, 3.36]

1.97 [0.86, 4.26]

Ʃ0 /αγ estimate based on all solid
cancer experiments
Ʃ0 /αγ direct estimate from mouse
liver data

Liver Cancer
0.13 [0.02, 0.48]
0.37 [0.05, 1.41]

Fig. 4. Predictions of tissue speciﬁc risk of exposure induced cancer (REIC) and risk of exposure induced death (REID) for 45-y old male (upper panel) or females (lower
panel) for a Mars mission. Predictions assume average solar minimum galactic cosmic ray environment for 20 g/cm2 aluminum shielding using Model B for dose-rate effects
and quality factor parameters described in main text. Predictions of cardiovascular disease (CVD) and ischemic heart disease (IHD) risks are also shown.
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dose with multiple particle types for other surrogate endpoints of
cancer risk. Uncertainties with higher impact are the potential role
of more lethal tumors observed for high LET radiation compared
to spontaneous or low LET induced tumors as suggested by mouse
experiments (Grahn et al., 1992; Imaoka et al., 2007; Weil et al.,
2014; Illa-Bochaca et al., 2014; Wang et al., 2015; Cucinotta et al.,
2015), and the uncertainty in the values of  0 /α γ , either of which
can inﬂuence risk predictions by more than 50%. Of note is that the
lack of detailed low dose and radiation quality study of tumors for
other tissues besides the Harderian gland, whereupon if such data
were obtained it could potential modify the uncertainty in the m
and κ parameters, as well as estimates of  0 /α γ . Beyond these
uncertainties the role of non-targeted effects (NTE) could increase
risk predictions by an even larger amount, with a recent estimate
suggesting an GCR averaged RBE as high as 10 compared to < 5 for
targeted effects models (Cucinotta and Cacao, 2016). Furthermore,
the pros and cons in the use of mouse models for human risk estimates (Fry, 1995) should continue to be evaluated, while there is
a vital need to develop and validate more accurate experimental
models of human cancer risks than used in the past and to develop the mechanistic understanding of why large tissue, sex, and
genetic dependent variations in high LET cancer risks occur.
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