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Abstract

This paper presents an analysis to develop a subjective state-of-knowledge probability distribution
of a dose and dose-rate effectiveness factor (DDREF) for use in estimating risks of solid cancers
from exposure to low-LET radiation (photons or electrons) whenever linear dose-responses from
acute and chronic exposure are assumed. A DDREF represents an assumption that the risk of a
solid cancer per Gy at low acute doses or low dose rates of low-LET radiation, /|, differs from the
risk per Gy at higher acute doses, Ry; AL is estimated as R4/DDREF, where Ry is estimated from
analyses of dose-responses in Japanese atomic-bomb survivors. A probability distribution to
represent uncertainty in a DDREF for solid cancers was developed from analyses of epidemiologic
data on risks of incidence or mortality from all solid cancers as a group or all cancers excluding
leukemias, including (1) analyses of possible nonlinearities in dose-responses in atomic-bomb
survivors, which give estimates of a low-dose effectiveness factor (LDEF), and (2) comparisons of
risks in radiation workers or members of the public from chronic exposure to low-LET radiation at
low dose rates with risks in atomic-bomb survivors, which give estimates of a dose-rate
effectiveness factor (DREF). Probability distributions of LDEFs and DREFs for solid cancer
incidence and mortality were combined using assumptions about the relative weight that should be
assigned to each estimate to represent its relevance to estimation of a DDREF. The probability
distribution of DDREF for solid cancers developed in this study has a median (50™ percentile) and
90% subjective confidence interval (CI) of 1.3 (0.47, 3.6). The harmonic mean is 1.1, which
implies that the arithmetic mean of an uncertain estimate of the risk of a solid cancer per Gy at low
acute doses or low dose rates of low-LET radiation is only about 10% less than the mean risk per
Gy at higher acute doses. We also evaluated data to define a low acute dose or low dose rate of
low-LET radiation, i.e., a dose or dose rate below which a DDREF should be applied in estimating
risks of solid cancers.
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INTRODUCTION

Risks of cancer in humans from exposure to low-LET radiation (photons or electrons) are
estimated primarily on the basis of estimated risks in Japanese atomic-bomb survivors [the
Life Span Study (LSS) cohort] who received an acute exposure mainly to high-energy
photons, with a smaller contribution from neutrons, at neutron-weighted organ doses up to
several Gy (e.g., Preston et al. 2007; Richardson et al. 2009; Ozasa et al. 2012; Hsu et al.
2013). Risks of most solid cancers in the LSS cohort are well described by linear dose-
response relationships—i.e., an excess risk of solid cancer incidence or mortality, R, is
modeled as R = aD, where Dis the dose (Gy) and a. (Gy™1) is the model coefficient (e.g.,
NRC 2006; Preston et al. 2007; Ozasa et al. 2012). However, when estimated risks of solid
cancers in the LSS cohort are used to estimate risks in other cases of acute or chronic
exposure to low-LET radiation, it is often assumed that the risk per Gy at low acute doses or
low dose rates, /|, differs from the risk per Gy at higher acute doses in the LSS cohort, Ry,
by a modifying factor referred to as a dose and dose-rate effectiveness factor (DDREF). In
such cases, A is estimated as R4/DDREF.

This paper presents an analysis to develop a subjective state-of-knowledge probability
distribution to represent uncertainty in a DDREF for solid cancers induced by low-LET
radiation. This distribution is intended for use in estimating risks of solid cancers and their
uncertainty whenever linear dose-responses from acute and chronic exposure to low-LET
radiation are assumed. The probability distribution of DDREF developed in this study was
based on analyses of dose-responses for all solid cancers as a group or all cancers excluding
leukemias from acute exposure in the LSS cohort and dose-responses for those cancer
groups in radiation workers or members of the public from chronic exposure to low-LET
radiation at low dose rates.

As part of this analysis, we also evaluated data to define an acute dose or dose rate of low-
LET radiation below which a DDREF should be applied in estimating risks of solid cancers.
This evaluation is summarized in an appendix.

Use of a DDREF in estimating risks of solid cancers at low acute doses or low dose rates of
low-LET radiation was based originally on two assumptions: (1) the dose-response from
acute exposure to low-LET radiation is inherently linear-quadratic—i.e., R =a D+ [302,i
where the coefficient B (Gy2) is >0—and (2) the response from chronic exposure to low-
LET radiation at low dose rates is determined by the linear term in a linear-quadratic dose-
response from acute exposure (ICRP 1977; NCRP 1980). These assumptions were based on
(1) observed effects of dose and dose rate on various responses in cells, plants, and
laboratory animals, (2) an observed increase in the risk of mortality from all leukemias per
Gy with increasing dose in early studies of the LSS cohort, and (3) microdosimetric
arguments that responses per Gy at low acute doses (BD? << a.D) or low dose rates should
be the same (NCRP 1980).

This relationship is assumed to apply at acute doses below levels where a significant decrease in risks per Gy due to cell sterilization

would occur.
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The assumption of a linear-quadratic dose-response from acute exposure to low-LET
radiation incorporates a dose-dependent DDREF implicitly; i.e., DDREF = Ry/R =1 +
(B/a) O], where B/a. (Gy™1), referred to as the curvature parameter, describes the degree of
nonlinearity in a dose-response. When B is >0, the response per Gy at low doses is less than
at higher doses (DDREF >1). However, an assumption of a linear-quadratic dose-response
from acute exposure to low-LET radiation does not have a firm theoretical or experimental
basis (e.g., NCRP 2012), and other relationships, such as a supralinear dose-response
(DDREF <1), are not excluded.

A probability distribution of DDREF that could be used in estimating risks of leukemias at
low acute doses or low dose rates of low-LET radiation was not developed in this study,
mainly because, in contrast to dose-responses for most solid cancers, dose-responses for all
leukemias as a group in the LSS cohort are well described by linear-quadratic models that
incorporate a dose-dependent DDREF (NRC 2006; Richardson et al. 2009; Hsu et al.
2013).8

A DDREF represents two distinct concepts, which we refer to as a low-dose effectiveness
factor (LDEF) and a dose-rate effectiveness factor (DREF). An LDEF is estimated by
analyzing possible nonlinearities in dose-responses from acute exposure; i.e., an LDEF is the
ratio of a risk per Gy at a high acute dose to a risk per Gy at a low acute dose. For example,
analyses of the curvature in dose-responses in the LSS cohort assuming linear-quadratic
models give estimates of LDEF. A DREF is estimated by comparing cancer risks in
populations that received chronic exposures to low-LET radiation at low dose rates with
risks in the LSS cohort assuming linear dose-responses in both populations; i.e., a DREF is
the ratio of a risk per Gy in the LSS cohort to a risk per Gy from chronic exposure. Although
the concepts of an LDEF and a DREF usually are combined into a DDREF, as we have done
in our analysis, we maintained this distinction in evaluating data from specific epidemiologic
studies.

This study was carried out to provide input to a future revision of cancer risk models in the
Interactive RadioEpidemiological Program (IREP) (Land et al. 2003; Kocher et al. 2008),
which is used in adjudicating claims for compensation for cancer under the Energy
Employees Occupational Iliness Compensation Program Act (EEOICPA). Part B of
EEOICPA (U.S. Congress 2000) and its implementing regulations (U.S. DHHS 2002)
mandate that cancer risk models in IREP account for uncertainty, and experience with using
IREP (Kocher et al. 2008) and other analyses of uncertainties in cancer risk models (NCRP
1997; NRC 2006; U.S. EPA 2011) showed that an uncertainty in DDREF is often an
important contributor to an uncertainty in estimated risks of solid cancers from exposure to
low-LET radiation.

8Recent analyses also indicated that the apparently linear-quadratic dose-responses for leukemia incidence and mortality in the LSS
cohort are a consequence of combining essentially quadratic dose-responses for acute myeloid leukemia (AML), with little evidence
of linearity at low doses, and essentially linear dose-responses for chronic myeloid leukemia (CML) and acute lymphocytic leukemia
(ALL), with little evidence of nonlinearity at higher doses (Richardson et al. 2009; Hsu et al. 2013); i.e., a linear-quadratic model does
not describe dose-responses for incidence or mortality from specific leukemias in the LSS cohort. On the basis of these findings, we
also concluded that analyses of the curvature in dose-responses for all leukemias in the LSS cohort are not relevant in estimating a
DDREF for solid cancers.

Health Phys. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Page 4

More generally, the intent of this study was to develop a probability distribution of a DDREF
for solid cancers induced by low-LET radiation that is an unbiased representation of the state
of knowledge.

DDREFS DEVELOPED IN PRIOR STUDIES

Prior to this study, probability distributions to represent uncertainty in a DDREF for solid
cancers induced by low-LET radiation were developed in several other studies. Table 1
presents 90% subjective confidence intervals (Cls) and medians and arithmetic means of
those distributions. The bases for those DDREFs are summarized below and described in
more detail elsewhere (NCRP 2012; Trabalka et al. 2017). A more recent analysis to
estimate DREFs and their uncertainties (Shore et al. 2017) is discussed in a later section.

All probability distributions in Table 1 were based mainly or entirely on epidemiologic data;
NCRP (1997), U.S. EPA (1999), Grogan et al. (2000), and the BEIR VII committee (NRC
2006) also used data on cancer induction or life shortening due mainly to fatal cancers in
laboratory animals. All probability distributions except those from Jacab et al. (2009) were
based at least in part on analyses of the curvature in dose-responses for incidence or
mortality from all solid cancers in the LSS cohort assuming linear-quadratic models; NCRP
(1997), U.S. EPA (1999), and Grogan et al. (2000) also used comparisons of risks of lung
cancer in the LSS cohort and in medical patients that received fractionated exposures to x
rays. The probability distribution developed by the BEIR VII committee (NRC 2006)
essentially represents an LDEF, whereas distributions based on analyses by Jacob et al.
(2009) represent DREFs.

In analyses by Jacob et al. (2009), estimated risks of cancer mortality or incidence in several
cohorts of radiation workers or members of the public that received chronic exposures to
low-LET radiation at low dose rates were compared with age- and sex-matched estimates of
risks in the LSS cohort assuming linear dose-responses in all cohorts.™” In each comparison,
a probability distribution of the ratio of a risk from chronic exposure to the corresponding
risk in the LSS cohort, referred to as a “risk ratio,” was obtained; each risk ratio is the
reciprocal of a DREF. Jacob et al. (2009) then derived probability distributions of three
overall risk ratios by calculating weighted averages of risk ratios based on estimated risks in
selected cohorts of workers or members of the public, with each risk ratio weighted by the
reciprocal of its variance. The main result obtained by Jacob et al. (2009) was a weighted
average of risk ratios based on results from seven studies of cancer mortality. Two additional
overall risk ratios were weighted averages of risk ratios based on results from four studies of
cancer mortality or three studies of cancer incidence. Medians and 90% Cls of the three
DDREFs in Table 1 are reciprocals of the central estimates and 90% Cls of the overall risk
ratios derived by Jacob et al. (2009).

In analyses by the BEIR VII committee (NRC 2006) and Jacob et al. (2009), risks in the
LSS cohort were estimated using Dosimetry System 2002 (DS02) (RERF 2005), whereas

*%k . - . - .
Modeled cancer outcomes in workers or members of the public were all cancers, all solid cancers, all solid cancers excluding bone
cancer, or all cancers excluding leukemias.
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risks in the LSS cohort used in earlier studies summarized in Table 1 were estimated using
DS86 dosimetry (RERF 1987, 1988) and shorter periods of follow-up of the cohort. In
addition, the epidemiologic and animal data and subjective judgments that provided the
bases for the probability distributions of DDREF developed by NCRP (1997), U.S. EPA
(1999), Grogan et al. (2000), and Land et al. (2003) are not as well documented as the more
formal quantitative analyses of relevant data by the BEIR VII committee (NRC 2006) and
Jacob et al. (2009). For these reasons, we consider that probability distributions based on
analyses by the BEIR VII committee (NRC 2006) and Jacob et al. (2009) should be better
representations of an uncertain DDREF for solid cancers. In a later section, we compare
those distributions with the probability distribution of DDREF for solid cancers developed in
this study.

OVERVIEW OF PRESENT STUDY

The probability distribution of DDREF for solid cancers developed in this study was based
on a comprehensive evaluation of radiobiologic and epidemiologic data on the effects of
dose and dose rate on dose-responses from exposure to low-LET radiation (Trabalka et al.
2017). Radiobiologic data we evaluated included estimates of DDREF from studies of
mutagenesis, cell transformation, or chromosome aberrations in cells and studies of
induction of cancers or life shortening due mainly to fatal cancers in laboratory animals.
However, data from radiobiologic studies were not used in our analysis to estimate a
DDREF for solid cancers. Dose-responses from some studies in cells are complex and
difficult to interpret, and it is questionable whether data on responses in cells are relevant to
cancer induction in humans. Although data on induction of cancers or life shortening due
mainly to fatal cancers in laboratory animals should be more relevant to cancer induction in
humans, dose-responses from some studies also are complex and difficult to interpret. There
also are concerns about extrapolating data in laboratory animals to humans due, for example,
to the genetic uniqueness of highly inbred animal strains and differences in the relative
frequencies of specific cancer types induced by low-LET radiation in animals compared
with humans. From our review, we judged that epidemiologic data were sufficiently
abundant and varied that a credible probability distribution of DDREF for solid cancers
could be developed without using data in animals.

We developed a subjective state-of-knowledge probability distribution of DDREF for solid
cancers from estimates of LDEF based on analyses of the curvature in dose-responses for
incidence or mortality from all solid cancers in the LSS cohort assuming linear-quadratic
models and estimates of DREF based on comparisons of risks of incidence or mortality from
all solid cancers or all cancers excluding leukemias in radiation workers or members of the
public from chronic exposure to low-LET radiation at low dose rates with risks of those
cancers from acute exposure in the LSS cohort. T

TTWe also estimated LDEFs and DREFs based on analyses of data for specific solid cancers, including female breast, thyroid, lung,
and skin (Trabalka et al. 2017). However, we did not use cancer-specific data in developing our probability distribution of DDREF for
solid cancers, on the grounds that LDEFs and DREFs for specific cancers did not differ significantly from estimates for all solid
cancers or all cancers excluding leukemias and their uncertainties were substantially greater.
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ESTIMATES OF LDEF AND DREF FOR ALL SOLID CANCERS
Estimates of LDEF

Estimates of LDEF we included in our analysis to estimate a DDREF for solid cancers are
summarized in Tables 2 and 3. These LDEFs were derived from analyses of possible
nonlinearities in dose-responses for solid cancer incidence or mortality in the LSS cohort
assuming linear-quadratic models; in all analyses, doses in the LSS cohort were estimated
using DS02 dosimetry. Modeled responses were excess relative risks (ERRS) or excess
absolute rates (EARs). Each LDEF is the ratio of an estimated risk per Gy at a high acute
dose to an estimated risk per Gy at a dose sufficiently low that the modeled dose-response in
the LSS cohort is essentially linear. LDEFs from an analysis of solid cancer mortality using
DS02 dosimetry by Preston et al. (2004) were not included in our analysis based on a
judgment that those LDEFs were superseded by estimates from a more recent analysis by
Ozasa et al. (2012). LDEFs based on the most recent analyses of solid cancer incidence and
mortality in the LSS cohort (Grant et al. 2017; Cullings et al. 2017) are discussed in a later
section.

Two different methods were used to estimate LDEFs in Tables 2 and 3. As described in the
Introduction, an LDEF was estimated in most cases as [1 + (B/a) D], where a (Gy™1) and B
(Gy~2) are coefficients of the linear and quadratic terms, respectively, in a fit to a dose-
response over a defined dose range assuming a linear-quadratic model and p/a (Gy™1) is the
curvature parameter. In all such cases, LDEFs are estimates at a dose (D) of 1 Gy; i.e.,
LDEF = 1 + (Bla).H

In the second method, which was preferred by the BEIR VIl committee (NRC 2006) and
was also used to derive two LDEFs from an analysis of dose-responses for solid cancer
mortality in the LSS cohort by Ozasa et al. (2012), an LDEF was estimated as a /a g,
where a_is the risk per Gy obtained from a fit to a dose-response over a defined dose range
assuming a linear model and a g (Gy™1) is the coefficient of the linear term in a fit over the
same dose range assuming a linear-quadratic model. The ratio a /a| g also is a measure of
the curvature in a dose-response. As indicated by results based on analyses by the BEIR VII
committee (NRC 2006) in Table 2 and Ozasa et al. (2012) in Table 3, the two methods give
roughly equivalent estimates of LDEF.

The LDEF from Preston et al. (2007) in Table 2 and all LDEFs in Table 3 were based on
analyses of dose-responses for all solid cancers, whereas LDEFs from the BEIR VII report
(NRC 2006) in Table 2 were based on an analysis of a dose-response for all solid cancers
excluding thyroid and nonmelanoma skin cancers but including lymphomas and multiple
myeloma. LDEFs from the BEIR VI report in Table 2 are not the same as the recommended
LDEF from that report in Table 1, which also took into account dose-responses for cancer
induction or life shortening due mainly to fatal cancers in laboratory animals.

HLittle et al. (2008) also modeled ERRs and EARs for solid cancer mortality in the LSS cohort assuming linear-quadratic-exponential
dose-response models of the form R = (aD+ [3D2) exp(—y D). With this model, an LDEF at dose (D) of 1 Gy is estimated as [1 + (B/
a)] exp(—7y). However, in the absence of information on correlations among the uncertain model coefficients a, B, and y, LDEFs we
estimated by assuming that the coefficients are uncorrelated had broad Cls that overlapped zero (Trabalka et al. 2017). We do not
consider that those Cls are valid indicators of a credible range of an LDEF for solid cancer mortality.
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In estimating LDEFs and their uncertainties in Tables 2 and 3, we assumed that reported
central values of LDEFs, risk coefficients, or ratios of risk coefficients we used to derive an
LDEF are maximum likelihood estimates (MLEs). We then estimated 50" percentiles and
90% Cls of LDEFs by assuming that reported LDEFs, risk coefficients, or ratios of risk
coefficients and their Cls can be represented by Weibull distributions with modes at the
reported central values.38 Weibull distributions were chosen for their flexibility in allowing
values <0 and in representing highly skewed distributions. When LDEFs were based on
reported MLEs and Cls of  and a or a and a| g separately, we estimated 50t percentiles
and 90% Cls of LDEFs using Monte Carlo uncertainty propagation techniques with 10,000
iterations of stratified (Latin hypercube) random sampling from the assumed Weibull
distributions of each coefficient.

Although all LDEFs in Tables 2 and 3 were based on much the same data in the LSS cohort,
there are several potentially important differences, including differences in (1) the
composition of the LSS cohort, (2) the response under study (solid cancer incidence or
mortality), (3) the period of follow-up of the cohort, (4) the cancer types included in “all
solid cancers,” (5) the measure of risk analyzed (ERR or EAR), (6) whether members of the
LSS cohort with an estimated shielded kerma from photons and neutrons >4 Gy were
included in a dose-response analysis, (7) assumed uncertainties in estimated doses and how
they were taken into account, (8) the range of doses over which dose-responses were
modeled to estimate an LDEF, (9) assumptions about the dependence of risks on age at
exposure, attained age, or time since exposure, and (10) the method used to estimate an
LDEF [(1 + B/a) at 1 Gy or a/ag]-

Estimates of LDEF from an analysis of solid cancer mortality in the LSS cohort by Ozasa et
al. (2012) in Table 3 show a pronounced effect of the dose range over which the dose-
response was modeled. The curvature in the modeled dose-response was substantially
greater at colon doses of 0—2 Gy than at doses up to about 4 Gy, where a linear-quadratic fit
was nearly indistinguishable from a linear fit, and uncertainties in estimated LDEFs over the
lower dose range were much greater. The reported distribution of p/a at doses of 0-2 Gy
also is highly skewed, so that the 50t percentile of LDEF of 3.2 we estimated by assuming a
Weibull distribution is substantially greater than the MLE of 1.8. The possibility of a high
LDEF from the analysis of solid cancer mortality at colon doses of 0-2 Gy is not apparent in
LDEFs for solid cancer incidence at colon doses of 0-1.5 or 0-2 Gy in Table 2.

The pronounced effect of the dose range over which a dose-response for solid cancer
mortality in the LSS cohort was modeled on an estimated LDEF and its uncertainty calls
into question whether an LDEF based on a linear-quadratic fit to a dose-response over a
restricted dose range should be used to modify an estimated risk per Gy based on a linear fit
to the same dose-response over a wider dose range. In analyses by the BEIR VII committee
(NRC 2006), Preston et al. (2007), and Ozasa et al. (2012), risks per Gy were estimated from

88na three-parameter Weibull distribution specified by a location parameter, y, shape parameter, £> 1, and scale parameter, A, the
mode is equal to y + A[1 - (1//()]1/k (Wikipedia 2017). Specification of the values at any three percentiles in a probability distribution
determines the parameters of a fitted Weibull distribution. By fixing the upper and lower bounds of a given Cl of a quantity of interest
at their specified percentiles, the assumed percentile of the given mode is adjusted by iteration until the mode given by the above
equation is obtained.
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linear fits to dose-responses for all solid cancers at colon doses up to nearly 4 Gy, whereas
the curvature in those dose-responses was estimated from linear-quadratic fits over a more
restricted dose range (0-1.5 or 0-2 Gy). If LDEFs based on analyses over different dose
ranges differ significantly, it is not clear which LDEF should be used to modify a dose-
response based on an analysis over the full dose range, especially when linear fits over both
dose ranges are nearly the same.

Estimates of DREF

Estimates of DREF we included in our analysis to estimate a DDREF for solid cancers are
summarized in Table 4. Each DREF is the ratio of an estimated ERR per Gy in the LSS
cohort, assuming a linear dose-response, to an estimated ERR per Gy in workers or members
of the public from chronic exposure to low-LET radiation at low dose rates, with the risk in
the LSS cohort matched by age and sex. We obtained probability distributions of those ratios
using Monte Carlo uncertainty propagation techniques with 10,000 iterations of stratified
(Latin hypercube) random sampling and an assumption that each ERR per Gy can be
represented by a Weibull distribution with mode at the reported MLE or by a normal
distribution. A normal distribution was assumed only when we used an ERR per Gy in the
LSS cohort of that form reported by Jacob et al. (2009).

From our review of published epidemiologic studies (Trabalka et al. 2017), we judged that
five studies of risks of solid cancers from chronic exposure to low-LET radiation at low dose
rates were suitable for use in estimating a DREF: studies of solid cancer incidence and
mortality in U.K. workers by Muirhead et al. (2009), which were included in analyses by
Jacob et al. (2009) summarized in Table 1; the International Nuclear Workers Study
(INWORKS) of solid cancer mortality in workers in France, the U.K., and the U.S. by
Richardson et al. (2015); and studies of solid cancer mortality and incidence in the Techa
River cohort in Russia by Schonfeld et al. (2013) and Davis et al. (2015), respectively. The
two studies of cancer mortality in workers are not completely independent when Richardson
et al. (2015) included risks in U.K. workers from Muirhead et al. (2009) in the INWORKS
analysis. Studies of cancer mortality in workers in France (Metz-Flamant et al. 2013) and the
U.S. (Schubauer-Berigan et al. 2015) used by Richardson et al. (2015) are more recent than
studies of workers in those countries included in analyses by Jacob et al. (2009). DREFs
based on recent studies of solid cancer incidence and mortality in Chernobyl emergency
workers (Kashscheev et al. 2015) and Mayak workers (Hunter et al. 2013; Sokolnikov et al.
2015; 2017) are discussed in a later section.

DREFs we derived using recent estimates of risks of solid cancer mortality and incidence in
the Techa River cohort (Schonfeld et al. 2013; Davis et al. 2015) were included in our
analysis despite concerns about the accuracy of estimated doses, which were based on
modeling, and other issues, such as uncertainties in disease ascertainment (Kossenko 2010).
Our decision to include those studies was based mainly on the consideration that the Techa
River cohort is the only population consisting of members of the public of all ages in which
estimated risks of all solid cancers have been reported. Earlier estimates of risks of solid
cancer mortality and incidence (Krestinina et al. 2005, 2007) were included in analyses by
Jacob et al. (2009).
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Except for the risks of solid cancer mortality and incidence in U.K. workers from Muirhead
et al. (2009), we did not use estimated risks in workers or members of the public included in
analyses by Jacob et al. (2009). Estimated risks in workers in 14 countries [risks from a 15-
country study with the entire Canadian cohort excluded (Cardis et al. 2007)] and workers in
the U.S. (Boice et al. 2006; Wing and Richardson 2005) and France (Telle-Lamberton et al.
2007) were not statistically significant. An estimated risk in another cohort of workers in the
U.S. (Stayner et al. 2007), although marginally significant, had a much greater uncertainty
and substantially greater MLE than estimated risks in all other worker cohorts. Estimated
risks of solid cancer mortality and incidence in Chernobyl emergency workers (lvanov et al.
2001, 2004, 2006) were judged to be unreliable by the BEIR VII committee (NRC 2006),
due to difficulties with follow-up of disease outcomes and a lack of validation of estimated
doses. As noted above, more recent estimates of risks of solid cancer mortality and incidence
in the Techa River cohort were used in our analysis.

Exclusion from our analysis of all results from the 15-country study of radiation workers by
Cardis et al. (2007) was based mainly on two considerations. First, we judged that the entire
Canadian cohort should be excluded from the 15-country study because of concerns about
the reliability of estimated doses to Atomic Energy of Canada Limited workers who were
first monitored during the period 1956-1964 (Zablotska et al. 2014) and the significant
impact of the unusually high risk to those workers on results from the 15-country study
(Cardis et al. 2007). Then, we excluded results from a 14-country study from our analysis
because the estimated risk was not statistically significant, as noted above, and in none of the
14 countries was the estimated risk to workers statistically significant (Cardis et al. 2007).

There are several potentially important complications in estimating a DREF by comparing
risks in populations that received chronic exposures at low dose rates with risks from acute
exposure in the LSS cohort. Since risks of solid cancers generally depend on age at exposure
and attained age, such comparisons require assumptions about an age at exposure and
attained age in the LSS cohort that are equivalent to the frequency distributions of ages at
exposure and attained ages in the other populations. Such comparisons also assume
implicitly that: (1) differences in the relative frequencies of specific solid cancers in the LSS
cohort and other populations do not have a significant effect on comparisons of risks of all
solid cancers combined; (2) external exposures to neutrons, nonuniform exposures of the
whole body from intakes of radionuclides, and nonuniform exposures from uses of external
radiation or internally deposited radioactive materials in medicine in other populations are
either unimportant or properly accounted for in a dose-response analysis; and (3)
uncertainties in transferring estimated risks of all solid cancers in the LSS cohort to other
populations, which arise from differences in baseline rates of those cancers in populations of
different nationalities (Land et al. 2003; NRC 2006; NCRP 2012; UNSCEAR 2014), are
unimportant. DREFs in Table 4 do not account for possible biases and uncertainties in those
assumptions. Several differences in various analyses of data in the LSS cohort discussed in
the previous section that can lead to differences in estimates of LDEF also can affect
estimates of DREF.
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DEVELOPMENT OF PROBABILITY DISTRIBUTION OF DDREF

Procedures and assumptions

We developed a probability distribution of DDREF for solid cancers induced by low-LET
radiation by combining probability distributions of LDEFs and DREFs in Tables 2—4 using
assumptions about the relative weight that should be assigned to each estimate to represent
its relevance to estimation of a DDREF. Our judgments about relevance were based on
evaluations of the overall quality of the underlying studies, rather than an accounting of
reported statistical uncertainties in estimated LDEFs and DREFs only.

Our procedure for combining probability distributions of LDEFs and DREFs for solid cancer
incidence and mortality and assumptions about relative weights we assigned to those
distributions are described as follows.

Step 1 of Procedure:

. LDEFs for solid cancer incidence in Table 2 were combined by assigning 25%
weight to each of the two distributions from the BEIR VII report (NRC 2006)
and 50% weight to the distribution from Preston et al. (2007). These assumptions
give equal weight to LDEFs from the BEIR VI report (NRC 2006) and Preston
et al. (2007).

The weights assigned to the three estimates of LDEF for solid cancer incidence were based
on judgments that (1) the two estimates from the BEIR VI report (NRC 2006) are equally
relevant to estimation of an LDEF and (2) estimates of LDEF based on analyses by the two
expert groups [BEIR VII committee and Radiation Effects Research Foundation (RERF)]
are equally relevant to estimation of a DDREF.

. LDEFs for solid cancer mortality in Table 3 were combined by assigning 25%
weight to each of the two distributions from Little et al. (2008), 15% weight to
each of the two distributions from Ozasa et al. (2012) at colon doses of 0-2 Gy,
and 10% weight to each of the two distributions from Ozasa et al. (2012) at a
shielded kerma of 0—4 Gy. These assumptions give equal weight to LDEFs from
Little et al. (2008) and Ozasa et al. (2012).

The weights assigned to the six estimates of LDEF for solid cancer mortality were based on
the following judgments: (1) the two estimates from Little et al. (2008), which were obtained
from a study for UNSCEAR, are equally relevant to estimation of an LDEF; (2) the two
estimates from Ozasa et al. (2012) based on an analysis at colon doses of 0-2 Gy are equally
relevant, as are the two estimates from that study based on an analysis over the full dose
range corresponding to a shielded kerma of 04 Gy; (3) estimates from Ozasa et al. (2012)
based on an analysis at colon doses of 0-2 Gy should be assigned substantially greater
weight than estimates from that study based on an analysis over the full dose range; and (4)
estimates of LDEF based on analyses by the two expert groups (UNSCEAR and RERF) are
equally relevant to estimation of a DDREF. A judgment that estimates of LDEF from Ozasa
et al. (2012) based on an analysis at colon doses of 0—2 Gy should be assigned twice the
weight as estimates based on an analysis over the full dose range was based on two
considerations: (1) Ozasa et al. (2012) preferred an estimate over a limited dose range, as did
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the BEIR VII committee (NRC 2006) and Preston et al. (2007), and (2) an estimate over the
full dose range should still be taken into account to obtain a probability distribution of
DDREF that represents the state of knowledge. The issue of selecting an appropriate dose
range for estimation of an LDEF is discussed previously.

. DREFs for solid cancer incidence in Table 4 were combined by assigning 80%
weight to the distribution based on an estimated risk to U.K. radiation workers
from Muirhead et al. (2009) and 20% weight to the distribution based on an
estimated risk in the Techa River cohort from Davis et al. (2015).

The low weight assigned to the DREF based on an estimated risk in the Techa River cohort
reflects our concerns noted previously about uncertainties in estimated doses and other
issues with estimated risks in that cohort.

. DREFs for solid cancer mortality in Table 4 were combined by assigning 40%
weight to the distribution based on an estimated risk to U.K. radiation workers
from Muirhead et al. (2009), 40% weight to the distribution based on an
estimated risk to radiation workers in France, the U.K., and the U.S.
(INWORKS) from Richardson et al. (2015), and 20% weight to the distribution
based on an estimated risk in the Techa River cohort from Schonfeld et al.
(2013).

The rationale for the low weight assigned to the DREF based on an estimated risk in the
Techa River cohort is described above. We then judged that estimates of DREF based on
analyses by Muirhead et al. (2009) and Richardson et al. (2015) are equally relevant to
estimation of a DDREF. As acknowledged previously, those two analyses are not completely
independent when risks in U.K. workers were included in the INWORKS analysis. However,
we judged that a DREF based on the estimated risk to U.K. workers could be included in our
analysis when risks to workers in France and the U.S. that were included in the INWORKS
analysis (Metz-Flamant et al. 2013; Schubauer-Berigan et al. 2015) were not statistically
significant, nor was the risk from the INWORKS analysis statistically significant when U.K.
workers were excluded (Richardson et al. 2015). If the study of U.K. workers were assigned
zero weight and the DREF based on the INWORKS analysis were assigned a weight of
80%, DREFs in Table 4 indicate that the result would be a decrease in the median DREF for
solid cancer mortality and a narrowing of the 90% CI, especially at the upper bound.

The result of the procedures in Step 1 is two probability distributions of LDEF, one for solid
cancer incidence and the other for solid cancer mortality, and two such distributions of
DREF. The four probability distributions are summarized in Table 5.

Our approach to combining probability distributions of LDEF or DREF in Tables 2—4 based
on their assigned weights represents an application of multi-model inference (model
averaging) described by UNSCEAR (2014).* To illustrate the approach to model
averaging, the six distributions of LDEF for solid cancer mortality in Table 3 were combined

***Combining different probability distributions of LDEF or DREF using the concept of multi-model inference (model averaging) is
based on the notion that each LDEF or DREF for solid cancer incidence or mortality represents a distinct model of a DDREF. An
important property of model averaging is that the range of uncertainty of a weighted average of different models is wider than the
narrowest uncertainty range of any input model (UNSCEAR 2014).
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in the following way using Monte Carlo uncertainty propagation techniques with 10,000
iterations of stratified (Latin hypercube) random sampling. Of the 10,000 random samples,
2,500 were obtained from the first distribution and 2,500 from the second distribution based
on an analysis by Little et al. (2008), 1,500 were obtained from the first distribution and
1,500 from the second distribution based on an analysis by Ozasa et al. (2012) at colon doses
of 0-2 Gy, and 1,000 were obtained from the first distribution and 1,000 from the second
distribution based on an analysis by Ozasa et al. (2012) at a shielded kerma of 0-4 Gy. In
model averaging, only one probability distribution of an LDEF was sampled at random in
each iteration. This approach to sampling was used in all steps in our procedure that
involved combining multiple probability distributions.

We did not combine probability distributions of LDEF or DREF by weighting each estimate
by the reciprocal of its variance, as in analyses by Jacob et al. (2009) summarized in Table 1.
Weighting each estimate by the reciprocal of its variance is most appropriate when all
LDEFs or DREFs are statistically independent estimates of the same quantity and are free
from bias (systematic error). However, the condition of statistical independence is not met
when all LDEFs and DREFs included in our analysis were estimated using much the same
data in the LSS cohort. Furthermore, the various estimates of risks in workers or members of
the public we used to estimate DREFs do not represent repeated measurements of the same
quantity, even when the health effect of concern (e.g., solid cancer incidence) is the same,
because characteristics of the study populations can differ in potentially important ways
including, for example, their ethnicity, age distributions, time course of exposures, general
health status, smoking habits, and baseline rates of specific cancers. Such differences can
introduce biases in analyses of dose-responses that are not taken into account when
estimated DREFs from different studies are combined by assuming that their uncertainties
are due only to reported statistical (random) errors in fits to data on dose-responses using
assumed models. Combining estimates of LDEF based only on reported random errors in fits
to dose-responses in the LSS cohort also assumes that those LDEFs are repeated
measurements of the same quantity and are free from bias. However, these conditions are
unlikely to be met when different analysts use different formulations of dose-response
models and LDEFs for solid cancer incidence and mortality are not estimates of the same
quantity. Our approach to weighting takes these additional concerns into account.

Step 2 of Procedure:

. The two LDEFs obtained in Step 1 were combined by assigning relative weights
of 2:1 to the incidence- and mortality-based estimates. The same relative weights
were assigned in combining the two DREFs obtained in Step 1.

Our judgment that substantially greater weight should be assigned to LDEFs and DREFs for
solid cancer incidence was based on several considerations: (1) accuracy of disease
ascertainment is a greater concern in estimating risks of cancer mortality; (2) cancer
mortality, but not incidence, can depend on the level and intensity of medical care; (3)
estimated risks of mortality are less reliable for cancers that usually are not fatal (e.qg.,
thyroid cancer); (4) risks of cancer incidence, but not mortality, are used in the compensation
program for U.S. nuclear energy workers (U.S. DHHS 2002); and (5) use of LDEFs and
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DREFs for cancer incidence is compatible with risk modeling in IREP (Land et al. 2003;
Kocher et al. 2008).

The result of the procedures in Step 2 is a single distribution of LDEF and a single
distribution of DREF, with each distribution representing data for solid cancer incidence and
mortality combined (see Table 5).

Step 3 of Procedure:

. A probability distribution of DDREF for solid cancers was obtained by assigning
equal weight to the probability distributions of LDEF and DREF obtained in Step
2.

As noted previously, there are complications in estimating a DREF that do not affect
estimates of LDEF. On this basis alone, LDEFs might be assigned greater weight than
DREFs in estimating a DDREF. However, there also are concerns that use of linear-
quadratic models to extrapolate observed risks at higher acute doses in the LSS cohort to
lower doses where risks are not observable may not be reliable (Trabalka and Kocher 2007;
Leenhouts and Chadwick 2011; NCRP 2012). For example, dose-responses for solid cancer
mortality based on DS02 dosimetry (Preston et al. 2004; Ozasa et al. 2012) suggest an
increase in the risk per Gy at doses <0.3 Gy (LDEF <1) that is not apparent in dose-
responses for solid cancer incidence (NRC 2006; Preston et al. 2007), although an increase
in the risk per Gy for solid cancer mortality at low doses is not statistically significant. In
addition, our intent was to develop a probability distribution of DDREF that would apply to
any risk assessment scenario. Based on such considerations, we concluded that there is little
justification for assigning greater weight to LDEFs or DREFs in developing a probability
distribution of DDREF for solid cancers. The probability distribution of DDREF obtained in
Step 3 is summarized in Table 5.

Step 4 of Procedure:

. Our subjective state-of-knowledge probability distribution of DDREF for solid
cancers was obtained by truncating the probability distribution of DDREF
obtained in Step 3 by removing all values <0.2 or >20.

Truncation of the probability distribution obtained in Step 3 was based mainly on a
judgment that the weight of evidence from the distributions of LDEFs and DREFs in Tables
2-4 is that a DDREF for all solid cancers outside the range of 0.2—-20 is not credible. This
judgment was supported by uncertainties in LDEFs and DREFs for specific solid cancers in
humans and data in animals (Trabalka et al. 2017). Truncation removed about 1.3% of the
values in the tails of the probability distribution obtained in Step 3. Most of the values
removed were <0.2, including values <0 that resulted from negative values in the lower tails
of assumed Weibull distributions of uncertain risk coefficients or ratios of risk coefficients
we used as inputs to our procedures.

Summary of probability distribution of DDREF for solid cancers

The probability distribution of DDREF for solid cancers we developed using the procedures
and assumptions described above is summarized in Tables 5 and 6. A lognormal distribution
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that approximates our distribution also is summarized in Table 6. That distribution should be
convenient for use in most cancer risk assessments that account for uncertainty.

In addition to selected percentiles, Table 6 gives the harmonic means of the two probability
distributions of DDREF.TTT The importance of the harmonic mean as a measure of central
tendency is a consequence of DDREF appearing as a divisor in an equation to estimate
cancer risks per Gy at low acute doses or low dose rates, /A, on the basis of estimated risks
per Gy at higher acute doses, Ry; i.e., R = R4/DDREF. The arithmetic mean (average) of
an uncertain A, which is an important and commonly used measure of central tendency;, is
proportional to the reciprocal of the harmonic mean of an uncertain DDREF, not the
reciprocal of its arithmetic mean. Inappropriate use of the arithmetic mean of DDREF would
result in an underestimate of the arithmetic mean of £~,.

The probability distribution of DDREF we developed and the approximate lognormal
distribution are shown in Figure 1 as log-probability plots, in which lognormal distributions
lie on a straight line (Chambers et al. 1983). Each circle is a DDREF that resulted from a
single iteration of random sampling using the procedures and assumptions described
previously. The approximate lognormal distribution gives a good fit to our distribution
between the 0.2" and 95! percentiles. Outside that range, the lognormal distribution
underestimates DDREFs in our distribution by about 10% or more. An underestimation of
DDREF results in an overestimation of cancer risks at low acute doses or low dose rates of
low-LET radiation. However, this could be a concern only at the lowest values in probability
distributions of estimated risks, which are of lesser importance in most applications of
results of cancer risk assessments.

Our probability distribution of DDREF has two important implications for cancer risk
assessments. First, as indicated in Figure 1, our distribution gives a substantial weight of
about 27% to values <1, i.e., an assumption that the risk of solid cancers per Gy at low acute
doses or low dose rates of low-LET radiation is greater than the risk per Gy at higher acute
doses in the LSS cohort. This result is a consequence of including DREFs in Table 4 in our
analysis, since most values in the distributions of LDEFs in Tables 2 and 3 are >1. Second,
the harmonic mean of our distribution in Table 6 implies that the mean (average) of an
uncertain estimate of the risk of a solid cancer per Gy at low acute doses or low dose rates of
low-LET radiation is only about 10% less than the mean risk per Gy at higher acute doses in
the LSS cohort.

The probability distribution of DDREF for solid cancers developed in this study should be
suitable for use in estimating risks of specific solid cancers from exposure to low-LET
radiation whenever linear dose-responses from acute and chronic exposure are assumed. Our
DDREF should not be used to estimate risks of specific solid cancers if nonlinear dose-
responses from acute exposure in the LSS cohort are assumed. ¥

Tt The harmonic mean of a set of 7 numbers {a1, &, a3, ... an}, where ajdenotes the th sampled value in a probability distribution
of DDREF, is given by n/Z(1/aj); i.e., the harmonic mean is the reciprocal of the arithmetic mean of the reciprocals of the DDREFsS in
a distribution. The harmonic mean depends more strongly on the lowest values in a distribution, whereas the arithmetic mean given by
(Zay)/ndepends more strongly on the highest values. Consequently, the harmonic mean of a probability distribution is less than the

arithmetic mean.
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COMPARISONS WITH PRIOR ESTIMATES OF DDREF

Probability distributions of LDEFs and DREFs included in our analysis, as given in Tables
2-4, are shown in the top portion of Figure 2. The bottom portion compares our probability
distribution of DDREF for solid cancers with two distributions of DDREF based on analyses
by Jacob et al. (2009) and the distribution of DDREF for solid cancer incidence developed
by the BEIR VII committee (NRC 2006), as summarized in Table 1.

Compared with the probability distribution based on an analysis of seven studies of cancer
mortality by Jacob et al. (2009), which has a 501" percentile and 90% CI of 0.83 (0.53, 1.96)
and represents the main result from that study, the lower bound of the 90% CI of our
distribution is nearly the same, but our distribution is broader and gives substantially greater
weight to values >1. The main reason for these differences is that the analysis by Jacob et al.
(2009) considered estimates of DREF only; LDEFs, which tend to be greater than DREFs
and give little weight to values <1, were not considered. The DDREF based on three studies
of cancer incidence by Jacab et al. (2009), which is similar to the main result from that
study, also gives substantially less weight to values >1 than our distribution.

Compared with the probability distribution developed by the BEIR VII committee (NRC
2006), which has a 50t percentile and 90% ClI of 1.5 (0.9, 2.5) and essentially represents an
LDEF, our distribution is broader and gives greater weight to values <1. There are two main
reasons for these differences: (1) our distribution also takes into account probability
distributions of LDEF for solid cancer mortality, some of which give substantial weight to
values >3 that are not evident in LDEFs for solid cancer incidence (NRC 2006; Preston et al.
2007); and (2) the BEIR VII committee did not consider DREFs, which tend to be lower
than LDEFs and give substantially greater weight to values <1.588

The probability distribution of DDREF developed in this study is unique in that it was based
on estimates of LDEF and DREF for solid cancer incidence and mortality. All other analyses
to estimate a DDREF prior to this study were based mainly or exclusively on estimates of
LDEF or DREF only and, except for analyses by Jacob et al. (2009), data for solid cancer
incidence or mortality only. We think that estimates of LDEF and DREF for both endpoints
must be taken into account if a probability distribution of DDREF for solid cancers that
represents the state of knowledge is to be obtained.

CONSIDERATION OF OTHER RECENT STUDIES

Studies of risks to workers

Recent studies of solid cancer incidence and mortality in Chernobyl emergency workers
(Kashcheev et al. 2015) and Mayak workers (Hunter et al. 2013; Sokolnikov et al. 2015;

Hiror example, Preston et al. (2007) represented dose-responses for incidence of basal cell carcinoma and all nonmelanoma skin
cancers in the LSS cohort using linear-spline models with a knot at 1 Gy; i.e., modeled dose-responses were linear at doses of 0-1 Gy
and >1 Gy but the risk per Gy at lower doses, a(0—1 Gy), was less than at higher doses. With this model, risks from a given acute dose
would be estimated directly from the model, ancs risks %,rom chronic exposures at low dose rates would be estimated using the
coefficient a(0-1 Gy)-

88p critique of the BEIR VIl committee’s DDREF by Hoel (2015), who concluded that a reduction in the DDREF of 2
recommended for purposes of radiation protection (NCRP, 1993; ICRP 2007) to the committee’s best estimate of 1.5 is not justified,
also did not take into account estimates of DREF.
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2017) were not included in our analysis to estimate DREFs. Those studies are discussed
below.

Chernobyl emergency workers—Kashcheev et al. (2015) estimated ERRs per Gy in
Chernobyl emergency workers of 0.47 [95% CI: (0.03, 0.96)] for solid cancer incidence and
0.58 [95% CI: (0.002, 1.25)] for solid cancer mortality. Kashcheev et al. (2015) estimated
comparable ERRs per Gy in the LSS cohort of 0.47 for solid cancer incidence (Preston et al.
2007) and 0.33 for solid cancer mortality (Ozasa et al. 2012). These estimates suggest
DREFs of about 1.0 for solid cancer incidence and 0.5-0.6 for solid cancer mortality, both of
which are lower than the corresponding 50™ percentiles we obtained in Step 1 of our
procedure (see Table 5).

We have two main concerns about the analysis of risks in Chernobyl emergency workers by
Kashcheev et al. (2015): (1) the period of follow-up of this cohort was short and most
members were still alive; and (2) analyses of dose-responses did not take into account other
known risk factors, such as smoking, alcohol consumption, and occupational status.

Mayak workers—Recent analyses of risks of solid cancers in Mayak workers excluded
cancers of the lung, liver, and bone, which are important sites of deposition of inhaled
plutonium in exposures of many workers. An analysis of the risk of solid cancer incidence
by Hunter et al. (2013) found no significant association with external photon exposure when
the estimated risk was adjusted for plutonium exposure. We consider that this analysis is
inconclusive, given the uncertainty in accounting for exposures to plutonium.

Sokolnikov et al. (2015; 2017) estimate two ERRs per Gy for solid cancer mortality
(excluding lung, liver, and bone) associated with external photon exposure in Mayak
workers: 0.12 [95% CI: (0.03, 0.21)] in the entire cohort when risks were adjusted for
plutonium exposure and monitoring status, and 0.20 [95% CI: (-0.0002, 0.46)] when
workers at plutonium and radiochemical plants were excluded. Sokolnikov et al. (2015)
estimated a comparable ERR per Gy in the LSS cohort of 0.35 [90% CI (0.19, 0.55)]
(Preston et al. 2003). These estimates give DREFs of 3.0 [90% CI: (1.3, 8.7)] based on data
in the entire cohort and 1.6 [90% CI: (0.56, 8.1)] when plutonium and radiochemical plant
workers were excluded. If we assume that the latter estimate is more reliable when
exposures to plutonium presumably were unimportant, that DREF tends to be higher and
more uncertain than the DREF for solid cancer mortality we obtained in Step 1 of our
procedure (see Table 5).

Before including an estimated risk of solid cancer mortality in Mayak workers in an analysis
to estimate DREFs, we believe it would be prudent to await results of a revised cancer risk
assessment based on the recently updated dosimetry system (MWDS-2013). The new
dosimetry system takes into account shared and unshared uncertainties in model parameters
(Birchall et al. 2017), in addition to revised estimates of dose.

Studies of risks in LSS cohort

After completion of our analysis, new analyses of risks of solid cancer incidence and
mortality in the LSS cohort were published (Grant et al. 2017; Cullings et al. 2017). Both
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analyses were based on a revised dosimetry system (DS02R1), and the analysis of cancer
incidence also included a longer period of follow-up of the cohort.

Estimate of LDEF for solid cancer incidence—Grant et al. (2017) estimated a
common curvature (p/a) in the dose-response for solid cancer incidence in males and
females over the full dose range corresponding to a shielded kerma of 0—4 Gy that gives an
LDEF at 1 Gy of 1.22 [95% CI: (1.01, 1.60)]. Compared with the estimate from RERF by
Preston et al. (2007) based on DS02 dosimetry at colon doses of 0-2 Gy in Table 2, the main
effect of the new analysis is a slight reduction in the upper bound of a CI. However, the two
estimates are not directly comparable since they were not based on analyses of dose-
responses over the same dose range.

Estimates of LDEF for solid cancer mortality—The analysis of solid cancer mortality
in the LSS cohort by Cullings et al. (2017) updated the analysis by Ozasa et al. (2012) based
on a revision of the dosimetry system only. The following sex-averaged estimates of 50
percentiles and 90% Cls of LDEFs at 1 Gy for solid cancer mortality from the analysis by
Cullings et al. (2017) based on DS02R1 dosimetry can be compared with the corresponding
estimates from the analysis by Ozasa et al. (2012) based on DS02 dosimetry in Table 3:

Colon doses of 0 — 2 Gy —
[1+B/0)]  5.1(1.4,16)

(xL/(xLQ 2.2(1.1,8.4)

Full dose range (shielded kerma of 0 — 4 Gy) —
[T+ @/w)]  1.19(0.95,1.54)

(xL/(xLQ 1.21(0.79, 1.99)

The two LDEFs over the full dose range are nearly the same as the estimates from Ozasa et
al. (2012). At colon doses of 0-2 Gy, the main change in LDEF calculated as a| /a g is an
increase in the upper bound of the CI. However, when LDEF is calculated as [1 + (B/a)],
which gave the LDEF preferred by Ozasa et al. (2012), the 50% percentile and upper bound
of the CI both increase substantially. The analysis based on DS02R1 dosimetry again shows
a pronounced effect of the dose range over which the dose-response is modeled on an
estimated LDEF.

Dependence of LDEFs on sex—Grant et al. (2017) and Cullings et al. (2017) also
analyzed the dependence of dose-responses for solid cancer on sex. For solid cancer
incidence, Grant et al. (2017) reported a significant difference in the shapes of the dose-
responses in males and females over the full dose range based on DS02R1 dosimetry: a
curvature of 1.3 per Gy (LDEF at 1 Gy of 2.3), indicative of a significant nonlinearity, in
males compared with 0.084 per Gy (LDEF at 1 Gy of 1.08), consistent with linearity, in
females.
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For solid cancer mortality, Cullings et al. (2017) reported estimates of the curvature in dose-
responses over the full dose range based on DS02R1 dosimetry of 0.12 (LDEF at 1 Gy of
1.12) in males and 0.13 (LDEF at 1 Gy of 1.13). In contrast to the finding by Grant et al.
(2017) for solid cancer incidence, no dependence on sex was found in the dose-responses for
solid cancer mortality, and both dose-responses are consistent with linearity.

Cullings et al (2017) also analyzed the sex-dependence of dose-responses for solid cancer
mortality at colon doses of 0-2 Gy based on DS02R1 dosimetry. In males, the estimated
curvature in the dose-response of 1.14 per Gy (LDEF at 1 Gy of 2.1) was not statistically
significant, but the estimated curvature of 1.01 per Gy (LDEF at 1 Gy of 2.0) in females was
statistically significant, i.e., indicative of nonlinearity. When compared with estimates over
the full dose range given above, the LDEFs in males and females at colon doses of 0-2 Gy
tend to be higher, as in the analyses of sex-averaged LDEFs for solid cancer mortality.

Given the inconsistencies in estimates of LDEF described above, we believe it is premature
to attempt to account for possible sex-dependencies of LDEFs for solid cancer incidence or
mortality in estimating a DDREF. The statistically significant sex-dependence in dose-
responses for solid cancer incidence reported by Grant et al. (2017) calls for further
investigation. Analyses of possible differences in dose-responses for specific solid cancers in
males and females in the LSS cohort are potentially important in resolving this matter.

Recent analysis to estimate DREFs

In a recent analysis, Shore et al. (2017) used the same approach as in an analysis by Jacob et
al. (2009) described previously to estimate ratios of risks from chronic exposure of workers
or members of the public at low doses to age- and sex-matched risks from acute exposure in
the LSS cohort, referred to as risk ratios. Reciprocals of these risk ratios are DREFs.
Estimated risk ratios from studies of different cohorts of workers or members of the public
were combined by weighting each estimate by the reciprocal of its variance. Shore et al.
(2017) included 19 studies of solid cancer mortality and three studies of solid cancer
incidence in their analysis; estimated risks in the LSS cohort were obtained from Ozasa et al.
(2012) and Preston et al. (2007).

Analyses by Shore et al. (2017) give the following six estimates of DREFs and their 95%
Cls depending on the studies of chronic exposures that were taken into account:

[1] 2.8 (1.8, 7.1), all mortality studies;
[2] 3.0 (1.9, 7.7), all mortality and incidence studies;
[3] 0.89 (0.54, 2.5), all mortality studies except Mayak workers;

[4] 1.9 (1.0, 11), all mortality and incidence studies except mortality in Mayak
workers;

[5] 0.94 (0.55, 3.3), 16 mortality studies with mean dose <100 mGy;

[6] 1.7 (0.94, 10), 16 mortality and two incidence studies with mean dose <100
mGy.
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Exclusion of the study of mortality in Mayak workers in two cases was based on the finding
that the first two estimates of DREF given above were determined mainly by the DREF
based on that study. For example, the DREF from the study of Mayak workers contributed
91% of the total weight to the estimate based on all mortality studies, due to its much lower
uncertainty (variance) compared with the variances of all other DREFs. The study of Mayak
workers was excluded from the last two estimates, since the mean dose was >100 mGy.

If the study of Mayak workers is included, the two estimates of DREF by Shore et al. (2017)
clearly tend to be substantially greater than one. This result differs from the previous
estimate based on seven mortality studies by Jacob et al. (2009) in Table 1 and our estimates
of DREF for solid cancer mortality obtained in Step 1 of our procedure and solid cancer
mortality and incidence obtained in Step 2 (see Table 5). If the study of Mayak workers is
excluded, as in our analysis, the four remaining estimates of DREF by Shore et al. (2017)
still tend to be greater than the corresponding estimates in Table 5, but the differences are
smaller. The third and fourth estimates by Shore et al. (2017) are the most comparable to our
estimates in Table 5.

SUMMARY AND CONCLUSIONS

From an evaluation of estimated risks of incidence or mortality from all solid cancers or all
cancers excluding leukemias from acute exposure in the LSS cohort and risks of those
cancers in radiation workers or members of the public from chronic exposure to low-LET
radiation at low dose rates, we developed a subjective probability distribution that is
intended to represent the state of knowledge of a DDREF for solid cancers induced by low-
LET radiation. This DDREF distribution can be used in estimating risks of solid cancers at
low acute doses or low dose rates of low-LET radiation and their uncertainty whenever
linear dose-responses from acute and chronic exposure are assumed.

A DDREF represents two distinct concepts, referred to as a low-dose effectiveness factor
(LDEF) and a dose-rate effectiveness factor (DREF). LDEFs were estimated from analyses
of the curvature in dose-responses for solid cancer incidence or mortality in the LSS cohort,
and DREFs were estimated by comparing risks of solid cancer incidence or mortality in
workers or members of the public at low dose rates with risks in the LSS cohort. Probability
distributions of uncertain LDEFs or DREFs for solid cancer incidence or mortality were
combined using judgments about the relative weight that should be assigned to each estimate
to represent its relevance to estimation of a DDREF. Estimates of LDEF or DREF for solid
cancer incidence were assigned twice the weight as estimates for solid cancer mortality, and
combined estimates of LDEF and DREF for either outcome were weighted equally.

The probability distribution of DDREF for solid cancers developed in this study has a 50t"
percentile and 90% subjective Cl of 1.3 (0.47, 3.6). This distribution gives a weight of about
27% to an assumption that the risk of a solid cancer per Gy at low acute doses or low dose
rates of low-LET radiation is greater than the risk per Gy at higher acute doses in the LSS
cohort (DDREF <1). Since probability distributions of LDEF generally give little weight to
values <1, the substantial weight given to DDREFs <1 in our distribution is a consequence
of including estimates of DREF. Our probability distribution of DDREF also gives a weight
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of about 17% to values >2. The harmonic mean of our distribution is 1.1, which implies that
the mean risk per Gy at low acute doses or low dose rates of low-LET radiation is only about
10% less than the mean risk per Gy at higher acute doses.

Our analysis is unique in two respects. First, a probability distribution to represent
uncertainty in a DDREF for solid cancers induced by low-LET radiation was developed
from estimates of LDEF and DREF for solid cancer incidence and mortality and their
uncertainties: four data sets in all.

Second, we assigned subjective weights to estimates of LDEF or DREF to be combined
based on judgments about their relevance to estimation of a DDREF, rather than a reliance
on their reported statistical uncertainties only. Our judgments about relevance were based on
evaluations of the overall quality of the underlying studies. If we had weighted each estimate
by the reciprocal of it variance, as in analyses by Jacob et al. (2009) and Shore et al. (2017),
the uncertainty in an estimated DDREF would have been determined mainly by estimates of
LDEF and DREF with the smallest reported uncertainties, and the uncertainty in DDREF
would have been substantially smaller than the uncertainty we estimated. Our concern about
the approach to weighting used by Jacob et al. (2009) and Shore et al. (2017) is the
underlying assumption that each estimate of LDEF and DREF to be combined represents a
direct measurement of the same quantity and is free from systematic errors (i.e., each
estimate is directly relevant, without bias), conditions which generally are not met.

By including estimates of LDEF and DREF for solid cancer incidence and mortality and by
combining those estimates based on judgments about their relevance to estimation of a
DDREF, our intent was to develop a probability distribution of DDREF that is an unbiased
representation of the state of knowledge and is suitable for use in assessments of risks of
solid cancers from exposure to low-LET radiation that account for uncertainty. Our approach
to meeting this intent was based on the beliefs that (1) LDEFs and DREFs for solid cancer
incidence and mortality must be taken into account and (2) combining different estimates
based only on their statistical uncertainties from fits to dose-responses using assumed
models leads to probability distributions of DDREF that are overly confident representations
of the present state of knowledge.

We also discussed DREFs based on estimates of risks in workers that were not taken into
account in our analysis, estimates of LDEFs based on the most recent analyses of dose-
responses for solid cancer incidence and mortality in the LSS cohort, and a recent analysis to
estimate DREFs. Those studies along with ours illustrate that all analyses to estimate a
DDREF are representations of data available at a particular time and are subject to change as
new data are developed. All analyses, including evaluations of uncertainty, also are based to
some extent on the use of judgment. Additional studies of risks to workers and a possible
sex-dependence of LDEFs should be especially important in revising estimates of a DDREF.

Acknowledgments

This work was funded by the Division of Compensation and Analysis and Support (OCAS) of The National
Institute for Occupational Safety and Health (NIOSH).

Health Phys. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kocher et al.

Page 21

References

Bartstra RW, Bentvelzen PAJ, Zoetelief J, Mulder AH, Broerse JJ, van Bekkum DW. The effects of
fractionated gamma irradiation on induction of mammary carcinoma in normal and estrogen-treated
rats. Radiat Res. 2000; 153:557-569. [PubMed: 10790277]

Birchall A, Puncher M, Vostrotin V. The Mayak worker dosimetry system (MWDS-2013): treatment of
uncertainty in model parameters. Radiat Prot Dosim. 2017; 176:144-153.

Boice JD Jr, Cohen SS, Mumma MT, Ellis ED, Eckerman KF, Leggett RW, Boecker BB, Brill AB,
Henderson BE. Morality among radiation workers at Rocketdyne (Atomics International). Radiat
Res. 2006; 166:98-115. [PubMed: 16808626]

Cardis E, Vrijheid M, Blettner M, Gilbert E, Hakama M, Hill C, Howe G, Kaldor J, Muirhead CR,
Schubauer-Berigan M, Yoshimura T, Bermann F, Cowper G, Fix J, Hacker C, Heinmiller B,
Marshall M, Thierry-Chef |, Utteback D, Ahn Y-O, Amoros E, Ashmore P, Auvinen A, Bae J-M,
Bernar J, Biau A, Combalot E, Deboodt P, Diez Sacristan A, EkI&f M, Engels H, Engholm G, Gulis
G, Habib RR, Holan K, Hyvonen H, Kerekes A, Kurtinaitis J, Malker H, Martuzzi M, Mastaukas A,
Monnet A, Moser M, Pearce MS, Richardson DB, Rodriguez-Artalejo F, Rogel A, Tardy H, Telle-
Lamberton M, Turai I, Usel M, Veress K. The 15-country collaborative study of cancer risk among
radiation workers in the nuclear industry: estimates of radiation-related cancer risks. Radiat Res.
2007; 167:396-416. [PubMed: 17388693]

Chambers, J., Cleveland, W., Kleiner, B., Tukey, P. Graphical methods for data analysis. Belmont, CA:
Wadsworth Publishing Co.; 1983.

Cullings HM, Grant EJ, Egbert SD, Watanabe T, Oda T, Nakamura F, Yamashita T, Fuchi H, Funamota
S, Marumo K, Sakata R, Kodama Y, Ozasa K, Kodama K. DS02R1: improvements to atomic bomb
survivors’ input data and implementation of dosimetry system 2002 (DS02) and resulting changes in
estimated doses. Health Phys. 2017; 112:56-97. [PubMed: 27906788]

Davis FG, Krestinina LY, Preston D, Epifanova S, Degteva M, Akleyev AV. Solid cancer incidence in
the Techa River incidence cohort: 1956-2007. Radiat Res. 2015; 184:56-65. [PubMed: 26121228]

Doll R, Wakeford R. Risk of childhood cancer from fetal irradiation. Brit J Radiol. 1997; 70:130-139.
[PubMed: 9135438]

Egbert, SD., Kaul, DC., Kerr, GD. Survivor dosimetry. Part C. Calculation of organ doses from free-
field values. In: Young, RW., Kerr, GD., editors. Reassessment of the atomic bomb radiation
dosimetry for Hiroshima and Nagasaki. Dosimetry system 2002, \ol. 2. Hiroshima, Japan:
Radiation Effects Research Foundation; 2005. p. 858-863.

Eidemdller M, Ostroumova E, Kretinina L, Akleyev A, Jacob P. Analysis of solid cancer mortality in
Techa River cohort using the two-step clonal expansion model. Radiat Res. 2008; 169:138-148.
[PubMed: 18220471]

Grant EJ, Brenner A, Sugiyama H, Sakata R, Sadakane A, Utada M, Cahoon EK, Milder CM, Soda M,
Cullings HM, Preston DL, Mabuchi K, Ozasa K. Solid cancer incidence among the life span study
of atomic bomb survivors: 1958-2009. Radiat Res. 2017; 187:513-537. [PubMed: 28319463]

Grogan, HA., Sinclair, WK., Voilleque, PG. Final Report. Part of Task 3: Independent analysis of
exposure, dose and health risk to offsite individuals. Neeses, SC: Radiological Assessment
Corporation; 2000. Assessing risks from exposure to plutonium. RAC Report No. 5-CDPHE-
RFP-1998-FINAL, Revision 2

Hoel DG. Comments on the DDREF estimate of the BEIR VII committee. Health Phys. 2015;
108:351-356. [PubMed: 25627947]

Hsu W-L, Preston DL, Soda M, Sugiyama H, Funamoto S, Kodama K, Kimura A, Kamada N, Dohy
H, Tomomaga M, lwanaga M, Miyazaki Y, Cullings HM, Suyama A, Ozasa K, Shore RE,
Mabuchi K. The incidence of leukemia, lymphoma and multiple myeloma among atomic bomb
survivors: 1950-2001. Radiat Res. 2013; 179:361-382. [PubMed: 23398354]

Hunter N, Kuznetsova IS, Labutina EV, Harrison JD. Solid cancer incidence other than lung, liver and
bone in Mayak workers: 1948-2004. Brit J Cancer. 2013; 109:1989-1996. [PubMed: 24022197]

International Commission on Radiological Protection. Recommendations of the International
Commission on Radiological Protection. Oxford: Pergamon Press; 1977. ICRP Publication 26;
Ann ICRP 1(3)

Health Phys. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kocher et al.

Page 22

International Commission on Radiological Protection. 1990 recommendations of the International
Commission on Radiological Protection. Oxford: Pergamon Press; 1991. ICRP Publication 60;
Ann. ICRP 21(1-3)

International Commission on Radiological Protection. Low-dose extrapolation of radiation-related
cancer risk. Oxford: Pergamon Press; 2005. ICRP Publication 99, Ann ICRP 35(4)

International Commission on Radiological Protection. The 2007 recommendations of the International
Commission on Radiological Protection. Oxford: Pergamon Press; 2007. ICRP Publication 103,
Ann ICRP 37(2-4)

Ivanov VK, Gorski Al, Maksioutov MA, Tsyb AF, Souchkevitch GN. Mortality among Chernobyl
emergency workers: estimation of radiation risks (preliminary analysis). Health Phys. 2001;
81:514-521. [PubMed: 11669204]

Ivanov VK, Gorsky Al, Tsyb AF, Ivanov SI, Naumenko RN, Ivanova LV. Solid cancer incidence
among the Chernobyl emergency workers residing in Russia: estimation of radiation risks. Radiat
Environ Biophys. 2004; 43:35-42. [PubMed: 14762668]

Ivanov VK, Tumanov KA, Kashcheev VV, Tsyb AF, Marchenko TA, Chekin SY, Maksioutov MA,
Petrov AV, Biryukov AP. Mortality in Chernobyl clean-up workers: analysis of dose-effect
relationship. Radiat Risk. 2006; 15:11-22. (in Russian).

Jacob P, Ruihm W, Walsh L, Blettner M, Hammer G, Zeeb H. Cancer risk of radiation workers larger
than expected? Occup Environ Med. 2009; 66:789-796. [PubMed: 19570756]

Kashcheev VV, Chekin SY, Maksioutov MA, Tumanov KA, Kochergina EV, Kashcheev PV,
Shchukina NV, Ivanov VK. Incidence and mortality of solid cancer among emergency workers of
the Chernobyl accident: assessment of radiation risks for the follow-up period of 1992-20009.
Radiat Environ Biophys. 2015; 54:13-23. [PubMed: 25315643]

Kocher DC, Apostoaei Al, Hoffman FO. Radiation effectiveness factors for use in calculating
probability of causation of radiogenic cancers. Health Phys. 2005; 89:3-32. [PubMed: 15951689]

Kocher DC, Apostoaei Al, Henshaw RW, Hoffman FO, Schubauer-Berigan MK, Stancescu DO,
Thomas BA, Trabalka JR, Gilbert ES, Land CE. Interactive RadioEpidemiological Program
(IREP): a web-based tool for estimating probability of causation/assigned share of radiogenic
cancers. Health Phys. 2008; 95:119-147. [PubMed: 18545036]

Kossenko, MM. Where radiobiology began in Russia: a physician’s perspective. Fort Belvoir, VA:
Defense Threat Reduction Agency; 2010. DTRA-TR-10-32

Krestinina, LYu, Preston, DL., Ostroumova, EV., Degteva, MO., Ron, E., Vyushkova, OV., Startsev,
NV., Kossenko, MM., Akleyev, AV. Protracted radiation exposure and cancer mortality in the
Techa River cohort. Radiat Res. 2005; 164:602-611. [PubMed: 16238437]

Krestinina, LYu, Davis, F., Ostroumova, EV., Epifanova, SB., Degteva, MO., Preston, DL., Akleyev,
AV. Solid cancer incidence and low-dose-rate radiation exposures in the Techa River cohort:
1956-2002. Int J Epidemiol. 2007; 36:1038-1046. [PubMed: 17768163]

Land, C., Gilbert, E., Smith, J., Hoffman, FO., Apostoaei, I., Thomas, B., Kocher, DC. Report of the
NCI-CDC working group to revise the 1985 NIH radioepidemological tables. Washington, DC:
National Institutes of Health, National Cancer Institute; 2003. NIH Publication No. 03-5387

Leenhouts HP, Chadwick KH. Dose-effect relationships, epidemiological analysis, and the derivation
of low dose risk. J Radiol Prot. 2011; 31:95-105. [PubMed: 21346287]

Little MP, Hoel DG, Molitor J, Boice JD Jr, Wakeford R, Muirhead CR. New models for evaluation of
radiation-induced lifetime cancer risk and its uncertainty employed in the UNSCEAR 2006 report.
Radiat Res. 2008; 169:660-676. [PubMed: 18494541]

Metz-Flamant C, Laurent O, Samson E, Caér-Lorho S, Acker A, Hubert D, Richardson DB, Laurier D.
Mortality associated with chronic external radiation exposure in the French combined cohort of
nuclear workers. Occup Environ Med. 2013; 70:630-638. [PubMed: 23716722]

Muirhead CR, O’Hagan JA, Haylock RGE, Phillipson MA, Willcock T, Berridge GLC, Zhang W.
Mortality and cancer incidence following occupational radiation exposure: third analysis of the
National Registry for Radiation Workers. Brit J Cancer. 2009; 100:206-212. [PubMed: 19127272]

National Council on Radiation Protection and Measurements. Influence of dose and its distribution in
time on dose-response relationships for low-LET radiation. Bethesda, MD: National Council on
Radiation Protection and Measurements; 1980. NCRP Report No. 64

Health Phys. Author manuscript; available in PMC 2019 June 01.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kocher et al.

Page 23

National Council on Radiation Protection and Measurements. Limitation of exposure to ionizing
radiation. Bethesda, MD: National Council on Radiation Protection and Measurements; 1993.
NCRP Report No. 116

National Council on Radiation Protection and Measurements. Uncertainties in fatal cancer risk
estimates used in radiation protection. Bethesda, MD: National Council on Radiation Protection
and Measurements; 1997. NCRP Report No. 126

National Council on Radiation Protection and Measurements. Evaluation of the linear-nonthreshold
dose-response model for ionizing radiation. Bethesda, MD: National Council on Radiation
Protection and Measurements; 2001. NCRP Report No. 136

National Council on Radiation Protection and Measurements. Uncertainties in the estimation of
radiation risks and probability of disease causation. Bethesda, MD: National Council on Radiation
Protection and Measurements; 2012. NCRP Report No. 171

National Research Council. Health risks from exposure to low levels of ionizing radiation.
Washington, DC: The National Academies Press; 2006. BEIR V1 Phase 2

Ozasa K, Shimizu Y, Suyama A, Kasagi F, Soda M, Grant EJ, Sakata R, Sugiyama H, Kodama K.
Studies of the mortality of atomic bomb survivors, report 14, 1950-2003: an overview of cancer
and noncancer diseases. Radiat Res. 2012; 177:229-243. [PubMed: 22171960]

Pearce MS, Salotti JA, Little MP, McHugh K, Lee C, Kim KP, Howe NL, Ronckers CM, Rajaraman P,
Craft AW, Parker L, Berrington de Gonzélez A. Radiation from exposure to CT scans in childhood
and subsequent risk of leukemias and brain tumors: a retrospective cohort study. Lancet. 2012;
380:499-505. [PubMed: 22681860]

Pierce DA, Vaeth M, Cologne JB. Allowance for random dose estimation errors in atomic bomb
survivor studies: a revision. Radiat Res. 2008; 170:118-126. [PubMed: 18582151]

Preston DL, Mattson A, Holmberg E, Shore R, Hildreth NG, Boice JD Jr. Radiation effects on breast
cancer risk: a pooled analysis of eight cohorts. Radiat Res. 2002; 158:220-235. [PubMed:
12105993]

Preston DL, Pierce DA, Shimizu Y, Cullings HM, Fujita S, Funamoto S, Kodama K. Effect of recent
changes in atomic bomb survivor dosimetry on cancer mortality risk estimates. Radiat Res. 2004;
162:377-389. [PubMed: 15447045]

Preston DL, Ron E, Tokuoka S, Funamoto S, Nishi N, Soda M, Mabuchi K, Kodama K. Solid cancer
incidence in atomic-bomb survivors: 1958-1998. Radiat Res. 2007; 168:1-64. [PubMed:
17722996]

Preston DL, Shimizu Y, Pierce DA, Suyama A, Mabuchi K. Studies of mortality of atomic bomb
survivors. Report 13: solid cancer and noncancer disease mortality: 1950-1997. Radiat Res. 2003;
160:381-407. [PubMed: 12968934]

Radiation Effects Research Foundation. U.S.-Japan joint reassessment of atomic bomb radiation
dosimetry in Hiroshima and Nagasaki. In: Roesch, WC., editor. DS86: final report, \ol. 1.
Hiroshima, Japan: Radiation Effects Research Foundation; 1987.

Radiation Effects Research Foundation. U.S.-Japan joint reassessment of atomic bomb radiation
dosimetry in Hiroshima and Nagasaki. In: Roesch, WC., editor. DS86: final report, Vol. 2.
Hiroshima, Japan: Radiation Effects Research Foundation; 1988.

Radiation Effects Research Foundation. Reassessment of the atomic bomb radiation dosimetry for
Hiroshima and Nagasaki. In: Young, RW., Kerr, GD., editors. Dosimetry system 2002, 1 and 2.
Hiroshima, Japan: Radiation Effects Research Foundation; 2005.

Radiation Effects Research Foundation. [Accessed 21 June 2017] Radiation Effects Research
Foundation Life Span Study solid cancer incidence data sets. 1958 to 1998 follow-up. Data set
Issinc07.csv. 2007. Available at http://www.rerf.jp/library/dl_e/index.html

Richardson D, Sugiyama H, Nishi N, Sakata R, Shimizu Y, Grant EJ, Soda M, Hsu W-L, Suyama A,
Kodama K, Kasagi F. lonizing radiation and leukemia mortality among Japanese atomic bomb
survivors, 1950-2000. Radiat Res. 2009; 172:368-382. [PubMed: 19708786]

Richardson DB, Cardis E, Daniels RD, Gillies M, O’Hagan JA, Hamra GB, Haylock R, Laurier D,
Leuraud K, Moissonnier M, Schubauer-Berigan MK, Thierry-Chef |, Kesminiene A. Risk of
cancer from occupational exposure to ionising radiation: retrospective cohort study of workers in

Health Phys. Author manuscript; available in PMC 2019 June 01.


http://www.rerf.jp/library/dl_e/index.html

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kocher et al.

Page 24

France, the United Kingdom, and the United States (INWORKS). Brit Med J. 2015; 351:h5359.
[PubMed: 26487649]

Ron E. Cancer risks from medical radiation. Health Phys. 2003; 85:47-59. [PubMed: 12852471]

Ron E, Lubin JH, Shore RE, Mabuchi K, Modan B, Pottern LM, Schneider AB, Tucker MA, Boice JD
Jr. Thyroid cancer after exposure to external radiation: a pooled analysis of seven studies. Radiat
Res. 1995; 141:259-277. [PubMed: 7871153]

Schonfeld SJ, Krestinina LY, Epifanova S, Degteva MO, Akleyev AV, Preston DL. Solid cancer
mortality in the Techa River cohort (1950-2007). Radiat Res. 2013; 179:183-189. [PubMed:
23289384]

Schubauer-Berigan MK, Daniels RD, Bertke SI, Tseng C-Y, Richardson DB. Cancer mortality through
2005 among a pooled cohort of U.S. nuclear workers exposed to external ionizing radiation. Radiat
Res. 2015; 183:620-631. [PubMed: 26010709]

Shore R, Walsh L, Azizova T, Rihm W. Risk of solid cancer in low dose-rate radiation
epidemiological studies and the dose-rate effectiveness factor. Int J Radiat Biol. 2017; 93:1064—
1078. [PubMed: 28421857]

Sokolnikov ME, Preston D, Gilbert E, Schonfeld S, Koshurnikova NA. Radiation effects on mortality
from solid cancers other than lung, liver, and bone in the Mayak worker cohort: 1948-2000. PL0S
One. 2015; 10:e0117784. [PubMed: 25719381]

Sokolnikov ME, Preston D, Stram DO. Mortality from solid cancers other than lung, liver, and bone in
relation to external dose among plutonium and non-plutonium workers in the Mayak worker
cohort. Radiat Environ Biophys. 2017; 56:121-125. [PubMed: 27695960]

Stayner L, Vrijheid M, Cardis E, Stram DO, Deltour I, Gilbert SJ, Howe G. A Monte Carlo maximum
likelihood method for estimating uncertainty arising from shared errors in exposures in
epidemiological studies of nuclear workers. Radiat Res. 2007; 168:757-763. [PubMed: 18088178]

Telle-Lamberton M, Samson E, Caér S, Bergot D, Bard D, Bermann F, Gélas JM, Giraud JM, Hubert
P, Metz-Flamant C, Néron MO, Quesne B, Tirmarche M, Hill C. External radiation exposure and
mortality in a cohort of French nuclear workers. Occup Environ Med. 2007; 64:694—700.
[PubMed: 17522135]

Trabalka JR, Kocher DC. Energy dependence of dose and dose-rate effectiveness factor for low-LET
radiations: potential importance to estimation of cancer risks and relationship to biological
effectiveness. Health Phys. 2007; 93:17-27. [PubMed: 17563489]

Trabalka, JR., Apostoaei, Al., Hoffman, FO., Thomas, BA., Kocher, DC. Dose and dose-rate
effectiveness factors for low-LET radiation for application to NIOSH-IREP. Oak Ridge, TN: Oak
Ridge Center for Risk Analysis; 2017. Available at: https://www.cdc.gov/niosh/ocas/pdfs/dps/
orcra-lowletrad-r0.pdf [Accessed 13 November 2017]

Ullrich RL, Jernigan MC, Satterfield LC, Bowles ND. Radiation carcinogenesis: time-dose
relationships. Radiat Res. 1987; 111:179-184. [PubMed: 3602353]

Ullrich, RL., Storer, JB. Late biological effects of ionizing radiation, Vol. 11. Vienna: International
Atomic Energy Agency; 1978. Influence of dose, dose rate, and radiation quality on radiation
carcinogenesis and life shortening in RFM and BALB/c mice; p. 95-113.STI/PUB/489

Ullrich RL, Storer JB. Influence of y irradiation on the development of neoplastic disease in mice. Il.
Solid tumors. Radiat Res. 1979a; 80:317-324. [PubMed: 504578]

Ullrich RL, Storer JB. Influence of y irradiation on the development of neoplastic disease in mice. I11.
Dose-rate effects. Radiat Res. 1979b; 80:325-342. [PubMed: 504579]

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and effects of
ionizing radiation. New York: United Nations; 1993.

United Nations Scientific Committee on the Effects of Atomic Radiation. Sources and effects of
ionizing radiation. Vol. 1I: Effects. New York: United Nations; 2000.

United Nations Scientific Committee on the Effects of Atomic Radiation. Effects of ionizing radiation.
\ol. I, Annex A: Epidemiological studies of radiation and cancer. New York: United Nations;
2008.

United Nations Scientific Committee on the Effects of Atomic Radiation. Annex B: Uncertainties in
risk estimates for radiation-induced cancer. New York: United Nations; 2014. Sources, effects, and
risks of ionizing radiation.

Health Phys. Author manuscript; available in PMC 2019 June 01.


https://www.cdc.gov/niosh/ocas/pdfs/dps/orcra-lowletrad-r0.pdf
https://www.cdc.gov/niosh/ocas/pdfs/dps/orcra-lowletrad-r0.pdf

1duosnuen Joyiny 1duosnuey Joyiny 1duosnue Joyiny

1duosnuen Joyiny

Kocher et al. Page 25

U.S. Congress. Energy Employees Occupational 11lness Compensation Act of 2000, as amended. 42
USC 7384 et seq. 2000

U.S. Department of Health and Human Services. 42 CFR Part 81—Guidelines for determining the
probability of causation under the Energy Employees Occupational Iliness Compensation Act of
2000; final rule. Fed Registr. 2002; 67:22296-22314.

U.S. Environmental Protection Agency. Addendum: uncertainty analysis. Washington, DC: U.S.
Environmental Protection Agency; 1999. Estimating radiogenic cancer risks. EPA 402-R-99-003

U.S. Environmental Protection Agency. EPA radiogenic cancer risk models and projections for the
U.S. population. Washington, DC: U.S. Environmental Protection Agency; 2011. EPA 402-
R-11-001

Wikipedia. [Accessed 13 November 2017] Weibull distribution. 2017. Available at https://
en.wikipedia.org/wiki/Weibull_distribution

Wing S, Richardson DB. Age at exposure to ionizing radiation and cancer mortality among Hanford
workers. Occup Environ Med. 2005; 62:465-472. [PubMed: 15961623]

Zablotska LB, Lane RSD, Thompson PA. A reanalysis of cancer mortality in Canadian nuclear
workers (1956-1964) based on revised exposure and cohort data. Brit J Cancer. 2014; 110:214—
223. [PubMed: 24231946]

APPENDIX

DEFINING A LOW ACUTE DOSE AND LOW DOSE RATE

In using a DDREF to estimate risks of solid cancers from exposure to low-LET radiation, it
is necessary to define a low acute dose and a low dose rate, i.e., an acute dose or a dose rate
from chronic exposure below which a DDREF should be applied. As part of this study, we
evaluated data to define upper bounds of a low acute dose and a low dose rate.

Definition of low acute dose

An upper bound of a low acute dose of low-LET radiation can be defined as the lowest dose
at which significant deviations from linearity in a modeled dose-response are observed
(NCRP 1980). For example, UNSCEAR (1993) defined an upper bound of a low acute dose
as the dose at which the quadratic term in a modeled linear-quadratic dose-response for
mortality from all cancers excluding leukemias in the LSS cohort contributed about 20% of
the estimated risk, i.e., a dose of about 0.2(B/a)~ Gy, where p/a. (Gy™1) is the curvature
parameter. Using this definition, UNSCEAR (1993) estimated an upper bound of a low acute
dose of 200 mGy. More recent recommendations by expert groups include 10 mGy (NCRP
2001), 100-200 mGy (ICRP 2005), and 100 mGy (NRC 2006; ICRP 2007; UNSCEAR
2008).

In IREP, an upper bound of a low acute dose is considered to be uncertain and is represented
by a loguniform probability distribution over the range of 30-200 mGy (Land et al. 2003;
Kocher et al. 2008). The approach in IREP also is unique in assuming that a DDREF is
phased in gradually as an acute dose decreases below an uncertain value in that range (Land
et al. 2003; Kocher et al. 2008).

We estimated an upper bound of a low acute dose of low-LET radiation from an evaluation
of dose-responses for solid cancer incidence and mortality in the LSS cohort, results from
other epidemiologic studies, a variety of radiobiologic data in cells and laboratory animals,
and microdosimetric considerations (Trabalka et al. 2017).
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In evaluating data in the LSS cohort, we assumed that an upper bound of a low acute dose
can be defined as the dose at which the quadratic term in a modeled dose-response for all
solid cancers contributes about 5% of the estimated risk. With this assumption, dose-
responses for solid cancer mortality (Preston et al. 2004; Pierce et al. 2008; Little et al.
2008) and incidence (NRC 2006; Preston et al. 2007) based on DS02 dosimetry indicated an
upper bound of a low acute dose in the range of about 10-200 mGy. This range was based
on fits to dose-responses assuming linear-quadratic models, except an upper bound at the
low end of this range was based on a fit assuming a linear-quadratic-exponential model
(Little et al. 2008).

Other epidemiologic studies that support an assumption of an upper bound of a low acute
dose as low as 10 mGy include studies of childhood cancer following /n utero exposure
(Doll and Wakeford 1997; UNSCEAR 2000; Ron 2003) and breast cancer incidence in
medical patients who received x-ray fluoroscopy treatments (Preston et al. 2002). Support
for a low acute dose as low as 10 mGy also is provided by data on tumor induction in
laboratory animals (Ullrich et al. 1987; Bartstra et al. 2000), data on oncogenic cell
transformation (NCRP 2001), and microdosimetric considerations (Trabalka et al. 2017).
Studies of thyroid cancer incidence in children from external radiation (Ron et al. 1995) and
brain cancer incidence from computed tomography (CT) scans in children and adolescents
(Pearce et al. 2012) suggest that an upper bound of a low acute dose is less than 100 mGy.
There are no epidemiologic or radiobiologic data to suggest that an upper bound of a low
acute dose is substantially greater than 200 mGy.

On the basis of these considerations, we concluded that a low acute dose of low-LET
radiation can be defined as a dose less than an uncertain value in the range of 10-200 mGy.
As in IREP (Land et al. 2003; Kocher et al. 2008), an uncertain upper bound of a low acute
dose can be represented by a loguniform probability distribution that would be phased in
gradually as an acute dose decreases below an uncertain value in that range. This approach
to representing the uncertainty in defining a low acute dose of low-LET radiation is intended
for use in cancer risk assessments that fully account for uncertainty.

Definition of low dose rate

An upper bound of a low dose rate from chronic exposure to low-LET radiation can be
defined as the highest dose rate at which the dose-response is linear, whatever the total dose.
Recommendations by expert groups include a dose rate averaged over a period of about one
hour of 0.1 mGy min~1 (UNSCEAR 1993), 2 mGy min~1 (ICRP 1991), and 0.01 mGy min
~1 (NRC 2006). The recommendation by ICRP (1991) was not retained in a later report
(ICRP 2007), and the basis for the recommendation by the BEIR VII committee (NRC
2006) was not documented.

The upper bound of 0.1 mGy min~1 recommended by UNSCEAR (1993) was based on
studies of cancer induction in laboratory animals from chronic exposure to 13’Cs gamma
rays at varying dose rates (e.g., Ullrich and Storer 1978, 1979a, 1979b). At the lowest dose
rates of about 0.06-0.07 mGy min~1, dose-responses appeared to be linear and the response
per Gy was substantially lower than at higher dose rates. The lowest dose rates in the animal
studies were rounded up to give an estimated upper bound of 0.1 mGy min~! (UNSCEAR
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1993). However, there is considerable uncertainty in this estimate. Since only a limited
number of widely separated dose rates were used in studies of cancer induction in animals
evaluated by UNSCEAR (1993), the yield of tumors per Gy could have been about the same
at dose rates several times higher. The yield per Gy also could have been substantially less at
lower dose rates that could not be investigated in the animal studies.

UNSCEAR (1993) also estimated an upper bound of a low dose rate on the basis of
microdosimetric considerations. By assuming that an upper bound could be defined as the
dose rate below which only a single track of low-LET radiation would traverse a cell nucleus
during a period characteristic of the time required for repair of damage to DNA (a period of
perhaps a few hours), an estimate of 10~ mGy min~! was obtained (UNSCEAR 1993). This
dose rate is two orders of magnitude lower than the estimate based on studies of cancer
induction in animals.

The upper bound of 0.1 mGy min~! recommended by UNSCEAR (1993) was adopted by
Land et al. (2003) and expressed as a dose rate of 6 mGy h™1 averaged over a period of a few
hours, whatever the total dose. From an evaluation of epidemiologic and radiobiologic data
and microdosimetric considerations (Trabalka et al. 2017), we judged that there was little
justification for revising this assumption. However, the uncertainty in the assumed upper
bound probably is at least several-fold. Land et al. (2003) also recommended that users of
IREP apply a full DDREF at any dose rate from low-LET radiation below the assumed
upper bound.

Distinction between acute and chronic exposure

In many situations, exposure to low-LET radiation is easily characterized as acute or chronic
and, therefore, the applicability of a possible DDREF in assessing risks of solid cancers is
easily determined from an estimated acute dose or dose rate from chronic exposure. For
example, exposures of the public to radionuclides routinely released to the environment from
nuclear facilities and exposures of workers who spend substantial portions of their working
days in designated radiation zones clearly are chronic, whereas infrequent exposures to
medicalxrays from routine dental examinations or from CT scans to monitor the outcome of
prior treatments for cancer clearly are acute.

When exposures are highly fractionated (i.e., there are multiple exposures at small fractions
of the total dose from all exposures), as occur in some medical treatments with external
radiation, it may not be straightforward to determine whether exposures should be
considered chronic, in which case a DDREF should be applied, or not, depending on the
average dose rate over the entire period of exposure whatever the total dose, or acute, in
which case a DDREF should be applied to each exposure separately, or not, depending on
the dose from each exposure. Land et al. (2003) considered that fractionated exposures
should be treated as separate acute exposures if they are separated by five hours or more but
should be treated as a single chronic exposure otherwise.” ™" For example, on the basis of

****An assumption that a time between exposures of five hours can be used to distinguish between fractionated exposures that should
be treated as a single chronic exposure or a sequence of acute exposures might be justified on the grounds that the half-time for the
slower second phase of repair of DNA double-strand breaks by nonhomologous end joining, which is the dominant repair mechanism
in normal human cells, is several hours (NRC 2006).
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this criterion, each exposure in a series of daily radiotherapy treatments using external
radiation would be considered an acute exposure. However, expert groups have not
developed recommendations on conditions under which fractionated exposures should be
treated as a single chronic exposure or a sequence of separate acute exposures. When in
doubt, we believe that an appropriate way to account for uncertainty is to estimate risks from
highly fractionated exposures based on either assumption and average the two estimates by
assigning them equal weight.
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Fig. 1.

Log-probability plots of probability distribution of DDREF for solid cancers induced by
low-LET radiation developed in this study (circles) and approximate lognormal distribution
with indicated geometric mean (GM) and geometric standard deviation (GSD).
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DREF / LDEF / DDREF

Estimates of 50t percentiles and 90% Cls of DREFs or LDEFs for solid cancer incidence or
mortality used in this study to develop probability distribution of DDREF for solid cancers
induced by low-LET radiation (top) and comparison of our distribution with two
distributions of DDREF based on analyses by Jacob et al. (2009) and distribution of DDREF
developed by BEIR VII committee (NRC 2006). Distributions from Jacob et al. (2009) are
DREFs, and distribution from BEIR VII report (NRC 2006) essentially is an LDEF ™ Range
of shielded kerma free-in-air from photons and neutrons (neutron-weighted doses to colon

otherwise).
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Table 1

Probability distributions developed in previous studies to represent uncertainty in DDREF for solid cancers
induced by low-LET radiation.

DDREF
Reference Cancer outcomes
90% ClI Median  Mean
NCRP (1997) Solid cancer mortality (1.25, 4.1)2 2.3 2.5
U.S. EPA (1999) Solid cancer mortality or incidence (1.1,4.3)0 2.0 2.25
Grogan et al. (2000) Solid cancer mortality excluding lung (1.0, 4.2)¢ 2.3 24
Lung cancer mortality (1.5,8.3)7 45 4.7
Land et al. (2003) Solid cancer incidence excluding breast and thyroid (1.0,3.0)8 15 18
Breast and thyroid cancer incidence (1.0, 3.0)f 15 16
BEIR Vil report (NRC 2006)  solid cancer incidenced (0.9,25)" 15 16
Jacob et al. (2009) Solid cancer mortality or incidence (053,1.96)) 083/ NAK
(0.33,0.86) 0.48
(0.65, 2.43) 1.02
U.S. EPA (2011) Distribution from BEIR VII report

a_. S . . .

Piecewise-linear distribution with most probable value at 2 and lower and upper bounds of (1, 5) based on assessment of curvature in dose-
responses for solid cancer mortality or incidence in LSS cohort assuming linear-quadratic models, comparison of risks of lung cancer mortality in
medical patients exposed to X rays with risks in LSS cohort, and data on cancer induction in laboratory animals.

bUniform distribution at values of 1-2 and exponential distribution at values >2 based on distribution recommended by NCRP (1997) and other
data in LSS cohort, medical patients exposed to x rays, and laboratory animals.

cPiecewise-Iinear distribution with most probable value at 2 and lower and upper bounds of (0.2, 5) based on modification of distribution
recommended by NCRP (1997) to include possibility of supralinear response at low acute doses (DDREF <1), as suggested by dose-response for
cancer mortality in LSS cohort.

Piecewise-linear distribution with most probable value at 4 and lower and upper bounds of (0.2, 10) based on distribution for solid cancer
mortality excluding lung and comparison of risks of lung cancer mortality in medical patients exposed to x rays with risks in LSS cohort.

e.. R . . L
Discrete distribution with most probable values at 1.5 and 2 and lower and upper bounds of (0.5, 5) based mainly on assessment of nonlinearity in
dose-response for solid cancer mortality in LSS cohort.

Discrete distribution with most probable value at 1.0 and lower and upper bounds of (0.5, 4) based on distribution for solid cancer mortality
excluding breast and thyroid and conclusion that dose-responses for breast and thyroid cancer in LSS cohort showed greater tendency toward
linearity.

gEchuding thyroid and nonmelanoma skin cancers but including lymphomas and multiple myeloma.

Lognormal distribution with 95% CI of (0.83, 2.7) was based on analysis of curvature in dose-response for solid cancer incidence in LSS cohort
assuming linear-quadratic model modified to take into account dose-responses for cancer induction in laboratory animals. Distribution essentially
represents an LDEF.

IEntries are reciprocals of upper and lower bounds of 90% Cls of combined ratios of estimated risks in workers or members of the public from
chronic exposure to low-LET radiation at low dose rates to estimated risks from acute exposure in LSS cohort, referred to as “risk ratios.” First
entry represents main result based on estimated risks from seven studies of cancer mortality in workers or members of the public; second and third
entries were based on estimated risks from four studies of cancer mortality and three studies of cancer incidence, respectively. Distributions
represent DREFs.

Entries are reciprocals of central estimates of combined risk ratios.
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kMeans of probability distributions of combined risk ratios were not reported, and means of corresponding DDREFs are not estimated.
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Table 2

Estimates of 50t percentiles and 90% Cls of LDEF based on analyses of curvature in dose-responses (ERRs)
for incidence of all solid cancers in LSS cohort assuming linear-quadratic models?

Reference Dose range ~ Follow-up ~ Method of LDEFC
(Gy)b period calculation

BEIR VII report (NRC 2006)¢ ~ 0-1.5 1958-1998 ¢ /a; ¢  15(09,24)7

[L+ @]9 15(L0,23)"
Preston et al. (2007) 0-2 1958-1998 [1+@Ea)]d 14010, 1_9)]/

aERRs estimated using DS02 dosimetry were sex-averaged and modified by age at exposure and attained age. LDEFs were included in our analysis
to estimate DDREF for solid cancers induced by low-LET radiation.

Range of neutron-weighted doses to colon, calculated assuming biological effectiveness of neutrons at Hiroshima and Nagasaki relative to high-
energy photons of 10, over which ERRs were modeled to estimate LDEF.

Estimates are based on assumption that reported MLEs and Cls of ratios of risk coefficients can be represented by Weibull distributions with
modes at MLEs.

d . . . . .
All solid cancers excluded thyroid and nonmelanoma skin cancers but included lymphomas and multiple myeloma.

ea|_ is ERR per Gy obtained from linear fit to dose-response, and a|_Q (Gy_l) is coefficient of linear term in linear-quadratic fit.

.. N .

Estimate based on reported MLE and 95% Cl of a| /a | Q [1.3 (0.8, 2.6)]. Reported a| /a| Q is estimate of LDEF based only on data in LSS
cohort preferred by BEIR VII committee. LDEF recommended by BEIR VII committee based on data in LSS cohort and laboratory animals given
in Table 1 differs slightly.

ga (Gy_l) and B (Gy_z) are coefficients of linear and quadratic terms, respectively, in linear-quadratic fit to dose-response, and p/a (Gy_l) is
curvature parameter. LDEF is estimate at dose of 1 Gy.

hEstimate based on reported MLE and 95% CI of p/a [0.3 (-0.1, 1.5) Gy‘l].

IEstimate based on reported MLE and 90% ClI of B/a [0.3 (0.01, 0.90) Gy_l].
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Table 3

Estimates of 50t percentiles and 90% Cls of LDEF based on analyses of curvature in dose-responses (ERRs
or EARs) for mortality from all solid cancers in LSS cohort assuming linear-quadratic models?

Reference Dose range  Follow-up Method of LDEED
(Gy) period calculation
Little et al. (2008) 0-4¢ 1950-2000 [1+ (ﬁ/a)]d(ERR model)®  1.34 (1.01, 2.53)f

[1+ (B/a)]? (EAR model)® 151 (1.07, 3.26)9
Ozasa et al. (2012) 027 1950-2003 1 + (B/a)] (ERR model)’ 32(1.2,83)/
ar/a oK (ERR model)’ 2.0 (1.0, 6.8)"

0-47 [1+ (B/a)]9 (ERR model)!  1.11 (0.94, 1.48)9

apa ok (ERR model)/ 116 (0.7, 1.90)P

aERRs and EARs estimated using DS02 dosimetry were sex-averaged. LDEFs were included in our analysis to estimate DDREF for solid cancers
induced by low-LET radiation.

Estimates are based on assumption that reported MLEs and Cls of risk coefficients or ratios of risk coefficients can be represented by Weibull
distributions with modes at MLEs.

cRange of shielded kerma free-in-air from photons and neutrons. Members of LSS cohort with shielded kerma >4 Gy were omitted. Range of
neutron-weighted doses to colon, calculated assuming biological effectiveness of neutrons at Hiroshima and Nagasaki relative to high-energy
photons of 10, over which ERRs or EARs were modeled to estimate LDEF was slightly less than range of shielded kerma (Egbert 2005; RERF
2007).

du (Gy_l) and B (Gy_z) are coefficients of linear and quadratic terms, respectively, in linear-quadratic fit to dose-response, and p/a (Gy_l) is
curvature parameter. LDEF is estimate at dose of 1 Gy.

eERRs and EARs were modified by time since exposure and attained age.

fEstimate based on reported MLEs and 90% Cls of a [0.347 (0.161, 0.566) Gy_l] and B [0.121 (0.004, 0.246) Gy_z] and assumption that a and B
are negatively correlated (correlation coefficient of —1). Assumed parameter correlation should result in slight overestimate of uncertainty in LDEF.

gEstimate based on reported MLEs and 90% Cls of a [5.58 (2.31, 9.40) Gy_l] and B [2.86 (0.66, 5.22) Gy_z] and assumption that a and p are
negatively correlated (correlation coefficient of —1). Assumed parameter correlation should result in slight overestimate of uncertainty in LDEF.

Range of neutron-weighted doses to colon, calculated assuming biological effectiveness of neutrons at Hiroshima and Nagasaki relative to high-
energy photons of 10, over which ERRs were modeled to estimate LDEF.

IERRs were modified by age at exposure and attained age.

J Estimate based on reported MLE and 95% ClI of B/a [0.81 (0.08, 8.6) Gy_l]. Reported B/a is estimate of curvature in dose-response preferred by
Ozasa et al. (2012).

ka|_ is ERR per Gy obtained from linear fit to dose-response, and a| Q (Gy'l) is coefficient of linear term in linear-quadratic fit.

mEstimate based on reported MLEs of a|_ (0.44 Gy_l) and a| Q (0.22 Gy'l), estimated 95% Cls of a_ [(0.33, 0.56) Gy‘l] and aQ [(0.036,
0.43) Gy_l] (D. Preston, personal communication, November 6, 2016), and assumption that a.|_ and a|_Q are uncorrelated.
nRange of shielded kerma free-in-air from photons and neutrons, with estimates of shielded kerma >4 Gy truncated to 4 Gy. Range of neutron-

weighted dose to colon, calculated assuming biological effectiveness of neutrons at Hiroshima and Nagasaki relative to high-energy photons of 10,
over which ERRs were modeled to estimate LDEF was slightly less than range of shielded kerma (Egbert 2005; RERF 2007).

%Estimate based on reported MLEs of a (0.36 Gy™1) and B (0.038 Gy™2), estimated 95% Cls of a [(0.21, 0.53) Gy~ 1] and p [(~0.043, 0.123)

Gy_z] (D. Preston, personal communication, November 6, 2016), and assumption that a and p are negatively correlated (correlation coefficient of
-1). Assumed parameter correlation should result in slight overestimate of uncertainty in LDEF.
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'UEstimate based on reported MLE and 95% CI of a|_ [0.42 (0.32, 0.53) Gy_l)], reported MLE of a| Q (0.36 Gy_l), estimated 95% Cl of a| Q

[(0.21, 0.53) Gy_l] (D. Preston, personal communication, November 6, 2016), and assumption that a|_ and a| @ are uncorrelated.
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Estimates of 50t percentiles and 90% Cls of DREF obtained by comparing risks (ERRs) of solid cancers in
radiation workers or members of the public from chronic exposure to low-LET radiation at low dose rates with

age- and sex-matched risks from acute exposure in LSS cohort.?

Study cohort
(reference)

Cancer outcomes

ERR per GyP

DREF

Study cohort

LSS cohort

U.K. workers (Muirhead et al. 2009)

Techa River (Russia) (Davis et al. 2015)
U.K. workers (Muirhead et al. 2009)

French, U.K., and U.S. workers (Richardson
etal. 2015)

Techa River (Russia) (Schonfeld et al. 2013)

Cancer incidence excluding
leukemias®

Solid cancer incidence

Cancer mortality excluding
leukemias®

Solid cancer mortality

Solid cancer mortality

0.27 (0.04, 0.51)

0.77 (0.13,1.5)¢
0.28 (0.02, 0.56)

0.47 (0.18, 0.79)

0.61 (0.04, 1.27)¢

0.37 (0.29, 0.46)¢ 1.4 (0.64,5.9)

0.49 (0.39, 0.60)F 0.63(0.33,2.2)

0.30(0.21,0.39)¢  1.0(0.39,5.0)
0.26 (0.19,0.35)9  0.55(0.30, 1.5)

0.41 (0.30, 0.53)/7 0.64 (0.31,2.7)

HDREF is ratio of ERR per Gy in LSS cohort assuming linear dose-response to ERR per Gy in workers or members of the public. ERRs in LSS
cohort were estimated using DS02 dosimetry. DREFs were included in our analysis to estimate DDREF for solid cancers induced by low-LET

radiation.

bExcept as noted, estimates are MLEs and 90% Cls and were represented by Weibull distributions with modes at MLEs.

c - .
Lymphomas and multiple myeloma were included.

dEstimate by Jacob et al. (2009) assuming age at exposure 29, attained age 52, and male fraction 0.9 was represented by normal distribution.

eUncertainty is 95% CI.

f50th percentile and 95% CI we estimated using dose-response model for solid cancer incidence developed by BEIR VII committee (NRC 2006)
assuming age at exposure 27, attained age 63, and male fraction 0.43 (Krestinina et al. 2007; Davis et al. 2015).

g50th percentile and 90% CI we estimated using dose-response model for solid cancer mortality developed by BEIR VII committee (NRC 2006)
assuming age at exposure =31, attained age 58, and male fraction 0.9 (Richardson et al. 2015). Richardson et al. (2015) compared ERR per Gy in
study cohort with ERR per Gy in males in LSS cohort with MLE and 90% CI of 0.32 (0.07, 0.47) assuming age at exposure 35, as estimated by

Cardis et al. (2007) using DS86 dosimetry.

h50th percentile and 95% CI we estimated using dose-response model for solid cancer mortality developed by BEIR VII committee (NRC 2006)
assuming age at exposure 28, attained age 64, and male fraction 0.42 (Eidemdller et al. 2008; Schonfeld et al. 2013).
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Table 5

Summary of probability distributions of LDEF, DREF, and DDREF for all solid cancers calculated using
stepwise procedures for combining probability distributions of LDEF and DREF from epidemiological studies

to obtain preferred DDREF distribution?

Percentile of probability distribution

Step in . .
procedure Type of combined estimate
2.5th  5th  50th 95th 97.5th
Step1 LDEF for cancer incidence (= 3)? 089 056 14 22 24
LDEF for cancer mortality (/7= 6) 092 097 15 5.2 7.0
DREF for cancer incidence (7= 2) 031 041 12 5.2 8.8
DREF for cancer mortality (7= 3) 026 031 072 31 5.4
Step 2 LDEF for cancer incidence and mortality combined, with relative weights of 2:1 090 096 14 3.0 4.5
assigned to incidence- and mortality-based distributions
DREF for cancer incidence and mortality combined, with relative weights of 2:1 028 036 1.0 4.7 77
assigned to incidence- and mortality-based distributions
Step 3 DDREF obtained by combining LDEF and DREF distributions from Step 2, with equal 036 044 13 3.8 6.1
weight assigned to each distribution
Step 4 Preferred DDREF distribution obtained by truncating distribution from Step 3 by 039 047 13 3.6 5.6

removing values <0.2 and >20

aProbabiIity distributions of LDEF and DREF from epidemiologic studies are summarized in Tables 2—4.

bEntries in parentheses in Step 1 are number of distributions of LDEF or DREF combined in each calculation.
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Table 6

Summary of subjective state-of-knowledge probability distribution of DDREF for solid cancers induced by
low-LET radiation developed in this study and approximate lognormal probability distribution.

Percentiles

Distribution Harmonic mean@
2.5th 5th 50th 95th 97.5th

This study 039 047 13 36 5.6 11

Approximate lognormal distribution (GM = 1.31, GSD:l.BO)b 041 050 13 34 4.2 11

a . - . . . . . .
Harmonic mean is important measure of central tendency when arithmetic mean of uncertain estimate of risk of solid cancers at low acute doses or
low dose rates of low-LET radiation is proportional to reciprocal of harmonic mean of uncertain DDREF.

b . . .
GM = geometric mean; GSD = geometric standard deviation.
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