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Abstract In the assessment of health risks after nuclear
accidents, some health consequences require special atten-
tion. For example, in their 2013 report on health risk assess-
ment after the Fukushima nuclear accident, the World Health
Organisation (WHO) panel of experts considered risks of
breast cancer, thyroid cancer and leukaemia. For these
specific cancer types, use was made of already published
excess relative risk (ERR) and excess absolute risk (EAR)
models for radiation-related cancer incidence fitted to the
epidemiological data from the Japanese A-bomb Life Span
Study (LSS). However, it was also considered important to
assess all other types of solid cancer together and the WHO, in
their above-mentioned report, stated “No model to calculate
the risk for all other solid cancer excluding breast and thyroid
cancer risks is available from the LSS data”. Applying the
LSS models for all solid cancers along with the models for the
specific sites means that some cancers have an overlap in the
risk evaluations. Thus, calculating the total solid cancer risk
plus the breast cancer risk plus the thyroid cancer risk can
overestimate the total risk by several per cent. Therefore, the
purpose of this paper was to publish the required models for
all other solid cancers, i.e. all solid cancers other than those
types of cancer requiring special attention after a nuclear
accident. The new models presented here have been fitted to
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the same LSS data set from which the risks provided by the
WHO were derived. Although it is known already that the
EAR and ERR effect modifications by sex are statistically
significant for the outcome “all solid cancer”, it is shown here
that sex modification is not statistically significant for the
outcome “all solid cancer other than thyroid and breast can-
cer”. It is also shown here that the sex-averaged solid cancer
risks with and without the sex modification are very similar
once breast and thyroid cancers are factored out. Some other
notable model differences between those already published
for all solid cancers and those presented here for all other solid
cancers are also given here. The models presented here can be
used to improve on the methodology adopted by WHO after
Fukushima and could contribute to emergency preparedness
for future nuclear accidents.

Keyword Fukushima risk assessment - Radiation
epidemiology - Japanese A-bomb survivors - Risk models

Introduction

In assessments of radiation-related cancer risk after nuclear
accidents, estimates of all solid cancer risk and leukaemia
risk per unit organ/tissue dose can broadly represent the
overall impact of radiation exposure on cancer risk. Pool-
ing radiation epidemiological data on all solid cancers
together and calculating risks of this highly heterogeneous
grouping with respect to one type of organ dose (e.g. colon
dose) can account for radiation causing cancer in most
body organs/tissues and enhance the statistical power of the
risk estimates. However, in comparison with standard
models for all solid cancer radiation-related risks, some
organs/tissues have higher risks per unit organ dose and
markedly different risk effect modification by sex, attained
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age and age-at-exposure. For example, in their 2013 report,
UNSCEAR (2013) found strong evidence for higher risks
of breast cancer, brain tumours, thyroid cancer and non-
CLL leukaemia after radiation exposure in childhood
compared with exposure at adult ages. For cancer sites
where the relevant organ/tissue doses are highly hetero-
geneous (e.g. the thyroid gland, following an intake of
radioactive iodine) or for sites close to the body surface
(e.g. breast), the risk of all solid cancers combined with
respect to colon dose will not fully account for these risks.

The World Health Organisation (WHO), in their 2013
health risk assessment (HRA) after the Fukushima nuclear
accident (WHO 2013; Etherington et al. 2014; Walsh et al.
2014), presented cancer risks of leukaemia, breast cancer,
thyroid cancer and all solid cancers. Calculating the total
solid cancer risk plus the breast cancer risk plus the thyroid
cancer risk can overestimate the total risk by several per
cent. The choice of the grouping “all solid cancer com-
bined” meant that the risks of breast and thyroid cancers
had an overlap in the overall risk evaluations. This was
necessary at the time because no risk models for all solid
cancers other than breast and/or thyroid cancers had been
published. The purpose of this article is to present such
required models for all other solid cancers, i.e. all solid
cancers other than those types of cancer requiring special
attention after a nuclear accident.

Radiation epidemiological data from survivors of the
World War II Hiroshima and Nagasaki atomic bombings
were central to the WHO—Fukushima HRA (WHO 2013).
The Life Span Study (LSS) of A-bomb survivors provides
valuable radiation epidemiological data and quantitative
assessments of the radiation-related detrimental health
risks (Preston et al. 2003, 2004, 2007; Ozasa et al. 2012).
The most recent data for all solid cancer incidence with
17,448 first primary cancer cases, analysed by Preston et al.
(2007), are the largest data set in terms of numbers of cases
currently available (i.e. compared to 8613 first primary
incident solid cancers in Thompson et al. (1994) 9335
deaths from solid cancer in Preston et al. (2003) and 10,929
deaths from solid cancer in Ozasa et al. (2012). Preston
et al. (2007) have already reported cancer risk models for
all solid cancers and for a comprehensive set of organ/
tissue sites. These are the risk models that were found to be
particularly useful and applied in the WHO—Fukushima
HRA (WHO 2013). For the specific cancer sites considered
by WHO (2013), use was made of excess relative risk
(ERR) and excess absolute risk (EAR) models for radia-
tion-related solid cancer incidence fitted to the epidemio-
logical data from the LSS. In this article, models are fitted
to the LSS data and presented here for all other solid
cancers, i.e. all solid cancers other than those types of solid
cancer requiring special attention after a nuclear accident
(breast and thyroid cancers). The models presented here
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can be used to improve on the methodology adopted by
WHO after Fukushima (WHO 2013) and contribute to
emergency preparedness for future nuclear accidents.

Materials and methods
Risk models and data set

The most recent all solid cancer incidence data for the fol-
low-up 1958-1998 (Preston et al. 2007, data file: dsO2can.-
dat, results file: dsO2can.log from www.rerf.or.jp), with the
DS02 dosimetry (Young and Kerr 2005) have been used. The
EAR and ERR models with a linear dose response from the
study by Preston et al. (2007) were applied for all solid
cancers, breast and thyroid cancer incidence. The data cover
the period from 1958 to 1998 with a total of 17,448 cases of
solid cancers (ICD10, C00-C89), 1073 female breast can-
cers, 9 male breast cancers (C50) and 471 thyroid cancers
(C73), amongst 111,952 persons (52 % alive) contributing
almost 3 million person-years. Use is made of a general rate
(hazard) model of the form

Ad, a, e, s, ¢, nic) = Jo(a, e, s, ¢, nic)
-[1 +ERR(aq, e, s, d)],

AMd, a, e, s, ¢, nic) = Jo(a, e, s, ¢, nic)
+ EAR(a, e, s, d)

for the excess relative risk (ERR) or excess absolute risk
(EAR), where Ao(a, e, s, c, nic) is the baseline cancer death
rate, at attained age, a, age-at-exposure e, with indicator
variables for sex, s (M = male, F = female), city,
¢ (H = Hiroshima, N = Nagasaki), and “not in either city
at the time of the bombs”, nic. The organ absorbed doses
from y-rays and neutrons is d = d, + RBE e d,,, i.e. the
organ absorbed doses weighted by the relative biological
effectiveness (RBE) of neutrons relative to gammas. The
value of 10 for RBE has been widely used in the past for
weighting the organ doses and is also applied here, in spite
of indications for larger values (Kellerer et al. 2006; Rithm
and Walsh 2007; Walsh 2013). Although the baseline rates
can be dealt with by stratification, a fully parametric model
is adopted here:

Jo(a, e, s, ¢, nic) = exp{fom + Bir + Pox + Psb_nic
+ Ban_nic T BsmIn(a/70)
+ BerIn(a/70) 4 By In*(a/70)
+ sk lnz(a/70) + Bom max2(07 In (a/70))
+ Plok max?(0, In(a/70))
+ Brim(e —30) + B p(e — 30)
+ Bizmle — 30)2+ﬁ14,F(9 - 30)2}

where foms,..., P14F are fit parameters.
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This is the model of Preston et al. (2007). The ERR and
EAR models considered were of the form

ERR(d, a, e, s) = (1 + t.s) - kqd

x exp[—ge(e — 30) + g, In(a/70)]
EAR(d, a, e, 5) = (1 + t.5) - kqd

x exp[—ge(e — 30) + g4 In(a/70)]

i.e. a linear dose response with adjustments in the ERR and
EAR for age-related explanatory covariables, as defined
above, and sex, where s = —1 for males or +1 for females.
The four fit parameters of each model are either the ERR
central estimate, k4 (ERR/Gy), or the EAR central estimate,
kg (EAR/Gy (in cases per 10,000 person-years)), and the
effect modifiers of these central risk estimates by sex, f,
age-at-exposure, g., and age attained, g,.

Model fit parameters and goodness of fit measures were
obtained by optimising the models to the data via Poisson
regression with the AMFIT module of the EPICURE
software (Preston et al. 1993).

Results

The results are shown in Table 1 which gives the model
fit parameters and deviances of a set of models, either as
reported in Preston et al. (2007) (for the outcomes all
solid, breast, thyroid and brain cancers) or as calculated
here (for the outcomes all solid minus thyroid, all solid
minus breast, all solid minus thyroid minus breast). A
large number of decimal places have been retained in this
table because these parameters are suitable for future
applications in the calculation of lifetime attributable risks
(Kellerer et al. 2001). Quantities suitable for assessing
model goodness of fit to the data are also given in Table 1
(deviance and degrees of freedom), but the p values for
parameter significance are only given, if >0.05. The
thyroid cancer models from Preston et al. (2007) also
contain an adjustment for whether or not the subjects
were in the adult health survey (AHS) because baseline
thyroid cancer rates in AHS participants were estimated to
be about 40 % higher than those for other cohort
members.

Most of the model parameters for the all solid cancer
model are similar to those for the all solid minus thyroid
cancer model, the all solid minus breast cancer model and
the all solid minus thyroid minus breast cancer model. The
linear dose response central (at a = 70, e = 30 years)
estimates with standard errors for the models: all solid
cancers, all solid minus thyroid, all solid minus breast and
all solid minus thyroid minus breast, are 0.47 £ 0.04,
0.46 £ 0.05, 0.42 £+ 0.04 and 0.42 + 0.05 for ERR/Gy,
respectively, and 51.6 &= 5.0, 51.7 &+ 5.2, 47.3 £ 5.2 and

48.5 £ 5.4 for EAR/Gy (in cases per 10,000 person-years)
also, respectively—i.e. all similar within 10 %. However,
there are noteworthy differences in the apparent sex effect
modifications, which are not found to be statistically sig-
nificant for the EAR for the outcomes “all solid minus
thyroid cancer” and “all solid minus breast cancer”
(Table 1). Also the apparent sex effect modifications are
not found to be statistically significant for either the ERR
or the EAR models for the outcome “all solid minus thy-
roid minus breast cancer” (Table 1—where the fit param-
eters for the sex effect modifications correspond to a
female-to-male ratio of 1.39 and 0.76 for the ERR and
EAR models, respectively [compared to statistically sig-
nificant ratios of 1.65 and 1.3, respectively, for the original
all solid cancer model from Preston et al. (2007)]. In terms
of goodness of fit, when comparing the ERR models for the
outcome “all solid minus thyroid minus breast cancer”
with and without the sex effect modification, there is no
significant improvement in model fit when including the
sex effect modification (change in deviance = 2.51).
Likewise for the EAR models for the outcome “all solid
minus thyroid minus breast cancer” with and without the
sex effect modification (change in deviance = 2.65). Given
the importance of the outcome “all solid minus thyroid
minus breast cancer” as noted by the WHO in the
Fukushima HRA (WHO 2013), Table 1 also gives the fit
parameters for this outcome in a model without the sex
modification. Omitting the sex modification causes the
central estimates with standard errors (at a = 70,
e = 30 years) for ERR/Gy to change from 0.42 £ 0.05 to
0.40 £ 0.05 and for EAR/Gy (in cases per 10,000 person-
years) to change from 48.5 4+ 5.4 to 44.7 + 4.8. The
“Appendix” Table 2 compares the lifetime
attributable risk (LAR), as calculated for the all solid
cancer model in the WHO Fukushima HRA (Walsh et al.
2014) with the LAR calculated with the new model pre-
sented here for the outcome all solid minus thyroid minus
breast cancer without the sex modification.

The overall sex-averaged attained-age effect modifi-
cation for the outcomes of all solid cancers, all solid
minus thyroid, all solid minus breast and all solid minus
thyroid minus breast (computed with and without the sex
modifier) is given in Fig. 1 for ERR/Gy (left-hand pan-
els) and EAR/Gy (in cases per 10,000 person-years)
(right-hand panels) for three different ages-at-exposure
(i.e. e = 10 years (at the top and with inset), 30 years
(in the middle) and 50 years (at the bottom). The
abscissas scaling in Fig. 1 has been chosen to start from
a = e + 5 years, in line with the 5-year latent period for
cancer that was considered suitable by the WHO in their
Fukushima HRA (WHO 2013). From Fig. 1, it can be
seen that the largest differences are for ERR at young
ages-at-exposure and young attained ages (see inset of
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Fig. 1 Shows, for the four different outcomes (as given in the key),
the sex-averaged attained-age effect modification of the ERR/Gy
colon dose (left-hand panels) and EAR/Gy colon dose (in cases per

Fig. 1). The attained-age effect modification is less steep
in the ERR model and more steep in the EAR model for
the outcome “all solid minus thyroid minus breast can-
cer” than for the outcome “all solid cancer”. This can
be seen by comparing the fit parameters in Table 1 or

from Fig. 1.
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10,000 person-years) (right-hand panels) for three different ages-at-
exposure [i.e. 10 years (at the top and with inset), 30 years (in the
middle) and 50 years (at the bottom)]

Discussion

The World Health Organisation (WHO), in their 2013
HRA after the Fukushima nuclear accident (WHO 2013;
Etherington et al. 2014; Walsh et al. 2014), paid special
attention to the outcomes leukaemia, breast cancer and
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thyroid cancer, but in assessing all other types of solid
cancer had to use an already published model for all solid
cancers. WHO 2013 noted that no risk models for all solid
cancers other than breast and/or thyroid cancers had been
published. The purpose of this article is therefore to present
such required models for all other solid cancers, i.e. all
solid cancers other than those types of cancer requiring
special attention after a nuclear accident (breast cancer and
thyroid cancer). It was found that for these “other solid
cancer outcome groupings”, the gender effect modification
is often much weaker than for the all solid cancer outcome.
Also the age-attained effect modification for these “other
solid cancer outcome groupings” can be weaker or stronger
than in the all solid cancer model. Therefore, it is possible
to improve on the methodology applied in WHO 2013, by
applying models similar to those presented here for solid
cancer sites other than those requiring specific attention
after a nuclear accident.

Examples of results obtained with this improved
methodology, specific to the situation after the Fukushima
accident, are given in “Appendix” Table 2 in terms of the
lifetime risk attributable to the radiation exposure, lifetime
attributable risk (LAR). LAR is calculated by integrating
the ERR (relative to Japanese sex-specific population can-
cer rates) and EAR models given in Table 1, over age
attained (see WHO 2013 or Walsh et al. 2014 for a full
description of the LAR calculation—the main LAR equa-
tions have also been presented in the “Appendix”). Table 2
compares the LAR, as calculated for the all solid cancer
model in the WHO Fukushima HRA (Walsh et al. 2014)
with the LAR calculated with the new ERR and EAR
models without the sex modification presented here for the
outcome all solid minus thyroid minus breast cancer. It can
be seen from Table 2 that the LARs for the outcome all
solid minus thyroid minus breast cancer without the ERR
and EAR sex modifications are either smaller than or sim-
ilar in magnitude to the LAR for the outcome all solid
cancers for females or males, respectively. However, due to
the low or very low doses received, the theoretically
increased small radiation-related cancer risks relevant to
members of the public in the Fukushima prefecture are not
expected to become discernible in cancer statistics in the
future (UNSCEAR 2014), and so an improvement in
methodology may not be highly relevant here. On the other
hand, the models presented here can be a useful contribution
to emergency preparedness for future nuclear accidents.

The UNSCEAR Fukushima report (UNSCEAR 2014)
made use of already published LAR results, some of which
were taken from the WHO-HRA (WHO 2013). In Annex A,
Table E1 (UNSCEAR 2014), the all cancer LARs with
respect to colon dose was decremented by the LAR for
thyroid cancer with respect to colon dose and then aug-
mented by the thyroid cancer LAR with respect to thyroid

@ Springer

dose. This is an approximation, because it does not fully take
into account that the LAR for solid cancer has been calcu-
lated from ERR and EAR models with different risk effect-
modifying factors than the ones for thyroid cancers (i.e. see
Table 1, from which it can be seen that there are particularly
large differences in the attained-age modification of EAR
between the all solid cancer model and the thyroid model).
The new models published here (in this case, the model for
all solid cancers minus thyroid cancer) avert the need for this
type of approximation in future health risk assessments.

As pointed out by Preston et al. (2007, p. 12) “While
apparent gender effects on the ERR may reflect differences
in background cancer rates and/or possible gender differ-
ences in radiosensitivity, gender differences in the EAR,
which is not influenced by background rates, might be
thought to be a more direct indication of gender differences
in radiosensitivity”. It is therefore an interesting observa-
tion that for the cancer outcomes all solid minus thyroid
and all solid minus breast, the sex modification is much
weaker in the EAR models than in the ERR models. This is
also further evidence for a lack of sex differences in the
preferred models for the outcome all solid minus thyroid
minus breast. This is in contrast to the sex specificity in the
model for thyroid cancer as already pointed out (Preston
et al. 2007), i.e. the gender-specific EAR estimates were
1.9 for females and 0.5 for males, and resulted in the lar-
gest female/male ratio (3.6) in the cohort—it is this effect
that is possibly influencing the significant sex effect in the
all solid cancer EAR model used by Preston et al. (2007).

It is also interesting to note that other practical applica-
tions in radiation health risk assessments may also need
special groupings of “remainder cancers” with special
radiation risk models for these remainder groupings. For
example, in comparisons of brain and central nervous sys-
tem (CNS) or non-CNS all solid cancer risks in studies of
computer tomography (CT) risks after brain CT to the
corresponding LSS risks, the already published LSS brain
plus CNS risk model would be appropriate and an extra
model for the outcome all solid cancers minus brain and
CNS cancers. However, here both models, i.e. for the out-
comes all solid cancers and all solid cancers minus CNS, are
quite similar (see “Appendix” Table 3). Since UNSCEAR
(2013) reported increased radiation sensitivity in children
for the sites thyroid, breast, skin and brain cancers, a model
for the remaining types of solid cancer could also be useful
(but is not provided here). Occupational compensation
claims may also require as yet unpublished groupings of
different cancer types into functional groups, e.g. respira-
tory tract cancers or digestive tract cancers. One argument
against the requirement for specially optimised remaining
types or grouped types of solid cancer radiation risk models
is that it is possible to combine the individual risks from the
individual models for the cancer sites required (as done by
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UNSCEAR 2008). However, with this approach, there are
many more sources of uncertainties contributing to the
combined risks, i.e. one has several model parameters (each
with an associated uncertainty) for each site that needs to be
combined rather than just the model parameters for the one
remainder grouping or special grouping.

A suggestion for further work is to update the new
models provided here, when the updated LSS models,
based on an extended follow-up period and more cancer
cases, are published in the next few years as a contribution
to emergency preparedness for future nuclear accidents.

Conclusion

Radiation risk models for all solid cancers other than those
types of solid cancer requiring individual assessments after a
nuclear accident (thyroid and breast cancers) have been pre-
sented here. It is shown that although it is known already that
the EAR and ERR effect modifications by sex are statistically
significant for the outcome “all solid cancer”, it is not

statistically significant for the outcome “all solid cancer other
than thyroid and breast cancer”. Some other notable model
differences between those already published for all solid
cancers and those presented here for all other solid cancers are
also given here. It is recommended to update the new models
presented here, when the new LSS data with extended follow-
up and more cancer cases become available.
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Appendix

Although the main lifetime attributable risk (LAR) equa-
tions are presented here for the convenience of the reader,
please see WHO (2013) or Walsh et al. (2014) for a full

Table 2 Lifetime risks in terms of lifetime attributable risks (LAR) applicable to the Fukushima health risk assessment

Risks per reference first-year organ/tissue dose of 10 mGy

Lifetime attributable risk (LAR-1072) by cancer site and age-at-exposure

Age-at-exposure (years)  All solid, female  All solid, male

All solid minus breast minus thyroid—no sex modification in EAR or ERR

but using sex-averaged male and female population baseline cancer rates

a. Lifetime risks applicable to risk assessment for either relocated members of the public or adult male emergency and recovery workers

0.42 0.27 0.26
5 0.38 0.25 0.24
10 0.33 0.22 0.21
20 0.26 0.17 0.17
40 0.14 0.10 0.10
60 0.06 0.05 0.05

Risks per reference lifetime organ/tissue dose of 20 mGy

Lifetime attributable risk (LAR-107?) by cancer site and age-at-exposure

Age-at-exposure (years)  All solid, female  All solid, male

All solid minus breast minus thyroid—no sex modification in EAR or ERR

but using sex-averaged male and female population baseline cancer rates

b. Lifetime risks applicable to risk assessment for members of the general public who were not relocated after the accident

0.70 0.46 0.44
5 0.63 0.42 0.40
10 0.55 0.37 0.35
20 0.42 0.28 0.28
40 0.22 0.16 0.16
60 0.08 0.06 0.07

LAR specifies the age-at-exposure-specific cumulative probability of a specific group of cancers attributable to radiation exposure over a period
up to a maximum age. The first two results columns are taken from Walsh et al. (2014), and the third results column is for LAR calculated as in
Walsh et al. (2014) but applying the new ERR and EAR models for the outcome all solid cancers minus breast minus thyroid with no sex
modification, as presented in Table 1 of the main paper. Lifetime attributable risks are presented here up to an age of 89 years and are based on
sex-specific Japanese population rates for the baselines [i.e. the m(a, s) in Eq. 1 is sex specific, but then sex averaged (because there were only
very slight sex differences in the resulting LARs). The risks presented here may be linearly scaled to other doses
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Table 3 An example of another type of application for remainder models: risk models for assessing remainder cancer risks after head CT

Model parameters (Zstandard errors) All solid cancers'

All solid cancers minus CNS Brain and CNS!

17,167 281
25,551 25,554

n 17,448
df 25,551
ERR model: ERR(d, a, e, s) = (1 + t.5). kg d exp[—ge (e — 30) + g, In (a/70)]
t 0.2465 4+ 0.0676
kq 0.4666 £ 0.0441
ge 0.01849 + 0.00636
ga —1.621 £ 0.306
Deviance 14,736.0

EAR model: EAR(d, a, e, s) = (1 + £.5). kq d expl—ge (e — 30) + g. In (a/70)]

t 0.1622 4+ 0.0699
kg 51.63 + 4.982

ge 0.02805 + 0.00622
ga 2.406 + 0.2731
Deviance 14,739.9

0.2764 + 0.06840 None

0.4730 £+ 0.0447 0.6192 £ 0.2806
0.01849 + 0.00642 None

—1.566 £ 0.311 None

14,620.8 1853.9

0.1967 £ 0.0720 None

50.51 £+ 4.91 None

0.02717 %+ 0.006270 None

2.432 £ 0.279 None

14,628.8 None

All variables and fit parameters are as described in Table 1. The central nervous system (CNS) model is with respect to brain dose, and the other

models are with respect to colon dose

! Fit parameters as reported in Preston et al. (2007) from www.rerf: filename: 1ss07sitemod.log

description of the LAR calculation and full details of the
Japanese population statistics applied.

The lifetime attributable risk from one yearly dose (d),
LAR (d, e, s), specifies the sex (s)- and age-at-exposure (e)-
specific cumulative probability of specific cancer
attributable to radiation exposure over a period up to a
maximum age (dmax). LAR is based on the combined excess
risk (ER) model calculated with Japanese age- and sex-
specific baseline cancer incidence rates m(a, s):

ER(d, e, a, s) = 0.5 EAR(d, e, a, s)
+0.5(ERR(d, e, a, ) -m(a, s)), (1)
Amax
LAR(, e, s) =

e+L

ER(d, e, a, 5)Sqj(a, s)/S4i(e, s)da

(2)

where d is the dose delivered to the organ/tissue during
1 year of exposure for age-at-exposure e and L is the
minimum latency period between the delivery of the dose
to the organ and the expression of the radiation-induced
risk (i.e. 5 years, for the risks presented in Table 2). anax
was taken to be 89 years (an arbitrary choice). The survival
curve ratio, Sq(a, s)/Sqi(e, s), is the probability of sur-
viving to age a, adjusted for cancer-free survival, with the
condition that the probability equals one at age at begin-
ning of risk, corresponding to age-at-exposure for exposed
people. LAR was obtained from Eq. 2 by numerical inte-
gration over age, a, in 1-year intervals.

The lifetime attributable risk, based on a lifetime organ/
tissue dose accumulated over a maximum of 70 years, D,

@ Springer

LAR (D, e, s), is a summation of integral terms from Eq. 2,
ie.

70
LAR(D, e, 5) = > LAR(d;, e, s) (3)
i=1

13

where d; is the yearly dose during the ith year and e is the
age-at-exposure in year i (i.e. the doses were treated as age-
at-exposure dependent on conferring the risk). The choice
to base the LAR results given in Table 2, on 10 mGy first-
year organ/tissue dose or 20 mGy lifetime organ/tissue
dose is partly arbitrary because the presented risks may be
linearly scaled to other doses. However, the ratio of the
lifetime dose to the first-year dose, of two, came from an
expert evaluation (WHO 2013) that took observations from
the Chernobyl disaster, considerations of remedial envi-
ronmental clean-up actions in the Fukushima prefecture
and some other factors into account.
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