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Abstract The biological effects on humans of low-dose

and low-dose-rate exposures to ionizing radiation have

always been of major interest. The most recent concept as

suggested by the International Commission on Radiological

Protection (ICRP) is to extrapolate existing epidemiological

data at high doses and dose rates down to low doses and low

dose rates relevant to radiological protection, using the so-

called dose and dose-rate effectiveness factor (DDREF). The

present paper summarizes what was presented and discussed

by experts from ICRP and Japan at a dedicated workshop on

this topic held in May 2015 in Kyoto, Japan. This paper

describes the historical development of the DDREF concept

in light of emerging scientific evidence on dose and dose-rate

effects, summarizes the conclusions recently drawn by a

number of international organizations (e.g., BEIRVII, ICRP,

SSK, UNSCEAR, and WHO), mentions current scientific

efforts to obtain more data on low-dose and low-dose-rate

effects at molecular, cellular, animal and human levels, and

discusses future options that could be useful to improve and

optimize the DDREF concept for the purpose of radiological

protection.
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Introduction

In October 2012, the International Commission on Radio-

logical Protection (ICRP) formally began discussions re-

examining the basis for estimating risks due to exposure to

low-dose and low-dose-rate exposure. These risks are the

foundation of a key concept in radiological protection: the

detriment-adjusted nominal risk coefficients, most recently

published by ICRP in its 2007 Recommendations (ICRP

2007). In April 2013, these discussions led ICRP to

establish Task Group 91 on Radiation Risk Inference at

Low-dose and Low-dose Rate Exposure for Radiological

Protection Purposes (ICRP 2013a).

Task Group 91 was given a mandate to review the

currently available information on the estimation of risk

coefficients, and prepare a position paper including rec-

ommendations for further action for consideration by

ICRP. Specifically, the Task Group was asked to provide

advice on ‘whether it is desirable to continue to estimate

risk at low doses by assessing the slope of the dose

response at high doses and then applying a dose and dose-

rate effectiveness factor (DDREF)’ and ‘whether such

coefficients are applicable to acute, protracted and pro-

longed exposure’ (ICRP 2013b).

Task Group 91 is now in the process of preparing this

position paper. Once concluded, ICRP will consider whe-

ther the method used to infer risk at low dose and low dose

rates for radiological protection purposes should change.

The result may be to maintain the status quo, to change the

method of calculation and possibly the numerical value

(now 2) of the DDREF currently recommended by ICRP,

or to use a different method entirely to infer risk at low

doses and dose rates. In turn, this may have an impact on

the values of the detriment-adjusted nominal risk coeffi-

cients recommended by ICRP of around 5 % per Sv

effective dose.

The work of Task Group 91 is focused first on issues

related specifically to the DDREF. For this purpose, Task

Group members and Japanese experts met in Kyoto,

Japan, on May 22, 2015. This paper summarizes

what was discussed and presented at this meeting in

order to provide an overview of the key points in

DDREF debate.

The dose and dose-rate effectiveness factor (W
Rühm)

Definitions

The biological effects of low-dose and low-dose-rate

exposures of humans to ionizing radiation have always

been a major interest in the field of radiological protection.

Various concepts have been suggested to extrapolate the

risk of damage that could be quantified at high doses and

dose rates down to levels of doses and dose rates that are

typical for the radiological protection setting, and the ter-

minology used in the literature is often confusing. In the

present paper, the concepts of a low-dose effectiveness

factor (LDEF) and a dose-rate effectiveness factor (DREF)

are used. The LDEF is defined herein as the ratio of the

slope of a linear extrapolation at a certain dose of a linear-

quadratic (LQ) dose–response curve for acute exposure,

and the slope of the linear component of this model. Thus,

it is assumed that the LQ curve can be described by a linear

component (a term) and a quadratic component (b term).

In contrast, the DREF can be obtained, when an acute

exposure (described by the LQ dose–response curve) is

fractionated and the number of fractions becomes large to

approach a chronic exposure. In this case, the numerical

value of the DREF becomes close to that of the LDEF,

provided that the slope of the linear term in the LQ dose–

response curve does not depend on dose rate. When ICRP

introduced the DDREF (ICRP 1991), it combined the

concepts of DREF and LDEF.

It is rather difficult (and may always be somewhat

arbitrary) to provide numerical estimates for what a low

dose and a low dose rate are; nevertheless, it is necessary to

set the dosimetric scene in which the current controversy

on DDREF is debated. For example, in 2012, the United

Nations Scientific Committee on the Effects of Atomic

Radiation (UNSCEAR 2012) defined low dose rates as

being less than 0.1 mGy/min averaged over 1 h. This

compares to a dose rate of about 2 9 10-4 mSv/min for

workers exposed to dose at the level of the ICRP effective

dose limit of 20 mSv/year, in a time period of 2000

working hours a year. In contrast, natural background

radiation exposures to 1 mSv/year correspond to a dose

rate of 2 9 10-6 mSv/min. As for low doses, the most

recent mortality report on the Japanese atomic bomb (A-

bomb) survivors (Ozasa et al. 2012) found a statistically

significant radiation-induced excess relative risk (ERR) per

weighted colon dose when data in the dose range of

0–200 mGy were combined. Accordingly, UNSCEAR

(2012) defines low doses as doses below 100 mGy.

Clearly, with respect to doses as well as dose rates, the

numerical values typical for the radiological protection

setting are often lower than what is relevant to experi-

mental and epidemiological approaches.

Historical positions of various international

organizations

Table 1 provides a historical overview on dose and dose-

rate dependence of biological effects induced by ionizing

radiation, including the development of the DDREF
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Table 1 Selected statements and positions of various institutions important to understand the historical development of DDREF

Organization Year Scientific state-of-the-art Position on shape of dose–

response curve

Position on dose-rate

effects

Numerical value References

UNSCEAR 1958 Effects of low radiation

levels must be

extrapolated from

experience with high

doses and dose rates

Knowledge of the

biological effects of low

radiation levels is

‘‘meager.’’

Understanding of the

basic mechanisms is

needed for assessing the

damage produced at very

low doses

Among other physical

factors, distribution in

time governs the effects

of ionizing radiation

– UNSCEAR

(1958)

UNSCEAR 1962 There is still no clear dose

response for leukemia

among the LSS study.

Usefulness of animal

data is limited ‘‘by the

difficulty of making valid

extrapolations from one

species to another,

particularly to man from

animals with a much

shorter life span’’

Based on theoretical

considerations and

experimental data from

cells and animals,

‘‘proportionality between

doses and corresponding

incidence of tumors

down to the lowest

doses’’ is expected

Very little is known on

radiation-induced effects

‘‘particularly following

small doses of radiation

received at low dose

rates’’

– UNSCEAR

(1962)

UNSCEAR 1964 Data on the incidence of

leukemia among A-bomb

survivors (in the dose

range from 100 to

900 rads) suggest a

linear dose response

Assumption of linearity ‘‘is

the only one which

allows the use of mean

doses in estimating

risks.’’ This assumption

is ‘‘likely to result in an

overestimate of the

degree of risk’’

– – UNSCEAR

(1964)

UNSCEAR 1969 New developments in

cytogenetics allow

assessment of radiation-

induced chromosome

aberrations in human

cells. However, the

‘‘incidence of

chromosome aberrations

and that of tumors both

increase with increasing

dose, but the relationship

between the two effects

is complex’’

Various dose–response

relationships are found

in vitro, for radiation-

induced chromosome

aberrations in human

cells, but a quantitative

evaluation turns out

difficult, due to lack of

standardization between

laboratories

Assessment of radiation-

induced chromosome

aberrations in human

cells as a function of

dose rate is also possible.

– UNSCEAR

(1969)

UNSCEAR 1977 Animal experiments are

considered important but

‘‘the only secure basis for

quantitative estimates of

the frequency with which

harmful effects may be

produced in man must

depend upon surveys of

human populations who

have been exposed to

known doses of

radiation’’

‘‘It is to be expected that

low-LET radiation is

likely to be less

carcinogenic per unit

absorbed dose at doses of

a few rads than at levels

of one of a few hundreds

rads’’

From animal data,

reduction factors are

reported when acute and

fractionated or protracted

doses of low-LET

radiation are compared

for a number of different

endpoints

Reduction factor:

2–20

UNSCEAR
(1977)
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Table 1 continued

Organization Year Scientific state-of-the-art Position on shape of dose–

response curve

Position on dose-rate

effects

Numerical value References

NCRP 1980 Introduces a DREF based

on data from animal

models. It is felt that the

deduced DREF values

might represent

somewhat higher values

than what is evident from

human exposures

– A range for the DREF is

provided, for an

absorbed dose of less

than 20 rad (0.2 Sv), or a

dose rate of less than

5 rad per year (0.05 Sv/

year)

DREF: 2–10 NCRP

(1980)

UNSCEAR 1986 Point mutations and

chromosome aberrations

by low-LET X and c
radiation mostly show a

linear-quadratic behavior

with dose. When these

curves were linearly

extrapolated from 1 or

2 Gy down to 0 Gy, the

effect would typically be

overestimated by a factor

of up to 5

For animals, in most cases

‘‘dose–response

relationships for X and c
rays tend to be

curvilinear and concave

upward at low doses.’’

For cancer induction,

however, ‘‘only

fragmentary information

supports the notion that

similar quantitative

relationships with the

dose might apply’’

For human tumors, a linear

extrapolation of risk

coefficients obtained at

higher acute doses down

to low doses and low

dose rates would result in

an overestimate of the

real risk, possibly by a

factor of 5

Reduction factor:

5

UNSCEAR

(1986)

UNSCEAR 1988 The report notes that any

reduction factor

‘‘…certainly varies very

widely with individual

(human) tumor type and

with dose-rate range’’

‘‘The problems in deriving

risk coefficients that are

also applicable at low

doses are the same as

before’’

‘‘The problems in deriving

risk coefficients … for

low dose rates remain’’

Reduction factor:

2–10

UNSCEAR

(1988)

ICRP 1991 Introduces the so-called

DDREF to ‘‘interpret

data for low-LET

radiation at high doses

and high dose rates to

give estimates of the

probability of effects at

low doses and low dose

rates’’

Suggests the DDREF to be

used for absorbed doses

below 0.2 Gy

Also suggests the DDREF

to be used for absorbed

doses above 0.2 Gy

when the dose rate is less

than 0.1 Gy per hour

DDREF: 2 ICRP

(1991)

UNSCEAR 1993 Specifies DDREF in more

detail and proposes a

numerical value, based

on radiobiological,

animal and

epidemiological data.

Notes, however, that

‘‘epidemiology results do

not exclude this value,

but except for leukemia,

they do not support it’’

DDREF should be applied

for doses below 0.2 Gy

DDREF should also be

applied for higher doses,
if the dose rate is less

than 6 mGy per hour

averaged over a few

hours

DDREF: 2 UNSCEAR

(1993)

UNSCEAR 1994 Notes that epidemiological

studies on different

human cohorts provide

different quantitative

results

– Risk coefficients for all

cancers and leukemia,

among US and UK

nuclear workers, are

close to those from the

A-bomb survivors, while

a reduction factor 2.7 is

found for Russian Mayak

workers

– UNSCEAR

(1994)
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Table 1 continued

Organization Year Scientific state-of-the-art Position on shape of dose–

response curve

Position on dose-rate

effects

Numerical value References

UNSCEAR 2000 Confirms the judgement in

UNSCEAR 1993

– Adds that ‘‘the effects of

dose rate on cancer risks

may differ among cancer

types’’

DDREF:\ 3 UNSCEAR

(2000)

UNSCEAR 2006 Emphasizes the unknown

role of ionizing radiation

on the immune system

that ‘‘may be suppressive

or stimulatory’’

Data from the A-bomb

survivors ‘‘are largely

consistent with linear or

linear-quadratic risk-

dose trends over a wide

range of dose level’’

Fits the data from the

A-bomb survivors using

a linear-quadratic model.

In this way, the chosen

approaches ‘‘implicitly

take account of

extrapolation of dose (if

not dose rate), so that to

some extent they take

account of DDREF’’

Extra adjustment for

chronic exposure is not

needed with this

approach

By comparing nuclear

worker and A-bomb

survivor data it is noted

that ‘‘There is no strong

evidence for a DDREF

greater than 1’’

No DDREF is

applied, but

approach

consistent with

a value for

DDREF of 2

UNSCEAR

(2006)

BEIR VII 2006 Bases its evaluation on

animal and human data

using a Bayesian

approach

– – DDREF: 1.5 with

a range of

1.1–2.3

NAS (2006)

ICRP 2007 The value proposed by

ICRP 1991 ‘‘should be

retained for radiological

protection purposes’’

– – DDREF: 2 ICRP

(2007)

UNSCEAR 2010 Conclusion of UNSCEAR

2006 still holds

The dose–response

relationship for mortality

at low doses … may be

described by both by a

linear and a curvilinear

function

– No DDREF

applied

UNSCEAR

(2010)

WHO 2013 Decided to abandon

DDREF in its Fukushima

report

– – DDREF: 1 WHO

(2013)

UNSCEAR 2013 Commented on the WHO

decision to abandon

DDREF

WHO decision consistent

with results from

A-bomb survivors, and

with UNSCEAR’s

estimates of cancer risks

after acute doses between

0.01 and 1.0 Sv

WHO decision consistent

with a meta-analysis of

low-dose-rate, moderate-

dose exposures

– UNSCEAR

(2013)

SSK 2014 Studies on cell cultures do

not provide a clear

picture, and animal

studies do not allow to

determine a clear dose

response at low doses or

to determine dose-rate

dependencies. Use of a

DDREF in radiation

protection is no more

justified

Data on the A-bomb

survivors do not allow a

clear distinction between

various types of dose–

response relationship

A comparison of data from

epidemiological studies

involving low and high

dose rates (Jacob et al.

2009) does not suggest

any dose-rate effect

DDREF should

be abolished

(corresponding

to a value of 1)

SSK (2014)

A-bomb Atomic Bomb, BEIR VII the 7th report of the Committee on the Biological Effects of Ionizing Radiation, DREF Dose-Rate Effectiveness

Factor, DDREF Dose and Dose-Rate Effectiveness Factor, ICRP International Commission on Radiological Protection, LET Linear Energy

Transfer, LSS Life Span Study, NAS National Academy of Science, NCRP National Council on Radiation Protection and Measurements, SSK

German Commission on Radiological Protection, UNSCEAR United Nations Scientific Committee on the Effects of Atomic Radiation, WHO

World Health Organization, 1 rad = 10 mGy
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concept. In its first report, UNSCEAR (1958) mentioned

the distribution of ionizing radiation in time as an impor-

tant physical factor, and noted that ‘‘opinions as to the

possible effects of low radiation levels must be based only

on extrapolations from experience with high doses and

dose rates.’’

In 1962, information from the A-bomb survivors was

still limited, and UNSCEAR (1962) considered that animal

experiments were important. However, their usefulness

was judged limited ‘‘by the difficulty of making valid

extrapolations … to man from animals ….’’

Two years later, UNSCEAR (1964) stated that ‘‘in

general, the assumption of a linear dose–incidence rela-

tionship at low-dose levels is likely to result in an over-

estimate of the degree of risk.’’

In 1969, chromosome aberration data became available

both in vivo and in vitro, and UNSCEAR (1969) noted that

‘‘the incidence of chromosome aberrations and that of

tumors both increase with increasing dose, but the rela-

tionship between the two effects is complex.’’

First, numerical values on a potential reduction factor,

i.e., values between 2 and 20, were suggested by

UNSCEAR (1977) in 1977. These values were mainly

based on animal data, but the Committee emphasized that

estimates of harmful effects on man should use data from

exposed human populations.

In 1980, the US National Council on Radiation Protec-

tion and Measurements (NCRP) introduced the first DREF,

and noted that values between 2 and 10 were observed for a

variety of endpoints in animal models (NCRP 1980).

Six years later, UNSCEAR (1986) also gave a first

numerical estimate, and stated that ‘‘for human tumors, a

linear extrapolation down to low doses and low dose rates

would result in an overestimate of the real risk, possibly by

a factor of 5.’’ UNSCEAR (1988) added in 1988 that ‘‘…
such a factor certainly varies very widely with individual

(human) tumor type and with dose-rate range. However, an

appropriate range to be applied… should lie between 2 and

10.’’

In 1991, ICRP (1991) introduced DDREF and proposed

a numerical value of 2, acknowledging that the chosen

value of 2 might be somewhat arbitrary, and it was felt that

it may be conservative. Two years later, this view was

adopted by UNSCEAR (1993), which took the same view

and suggested a value of about 2 for DDREF based on

radiobiological data and epidemiological data and empha-

sized the substantial uncertainties associated with this

value. This was in part because epidemiological studies on

different human cohorts provided different quantitative

results for this factor (UNSCEAR 1994).

In 2000, UNSCEAR (2000) confirmed the conclusion of

its 1993 report that ‘‘a reduction factor of less than 3 …
still appears to be reasonable in general,’’ whereas in 2006,

UNCEAR (2006) used an alternative approach when the

Life Span Study (LSS) data were fitted using a dose–re-

sponse curve including a quadratic component. In this way,

a DDREF was implicitly taken into account, and it was

stated that ‘‘values of DDREF of about 2 are consistent

with this approach.’’

In 2006, the 7th report of the Committee on the Bio-

logical Effects of Ionizing Radiation (BEIR VII) of the US

National Academy of Science (NAS) applied the Bayesian

analysis to animal and human data and came up with a

range of values (1.1–2.3) and a point estimate of 1.5 for

DDREF (NAS 2006). In contrast, 1 year later, ICRP (2007)

recommended that a value of 2 be retained.

Recently, the World Health Organization (WHO) used a

DDREF value of 1 in its 2013 Fukushima report (WHO

2013), on which UNSCEAR (2013) commented that ‘‘this

is not incompatible with the Committee’s estimates of

cancer risks … and with (Ozasa et al. 2012), ….’’ How-

ever, UNSCEAR (2013) acknowledged that ‘‘in contrast,

experimental evidence indicates values of DDREF greater

than one for high-dose exposures at low dose rate.’’

More recently, the German Commission on Radiological

Protection (SSK) published a comprehensive report dedi-

cated to various aspects of DDREF (SSK 2014). The report

deals with basic scientific principles and other criteria

relevant to radiological protection used to assess the

DDREF. From the scientific viewpoint, radiobiological

studies at molecular and cellular levels, animal studies,

epidemiological studies and mechanistic models were dis-

cussed. Furthermore, the report discussed operational

implementation criteria relevant to radiological protection

requirement, including influence of uncertainties, imple-

mentation in real-life radiological protection, international

involvement, consequences for stipulating limits, and risk

communication. The report expresses the SSK’s opinion

that various scientific criteria indicate that a DDREF would

not be introduced if it were not already in place. Based on

current scientific findings, the SSK no longer considers

justifications for the use of the DDREF in radiological

protection as being sufficient. The SSK therefore recom-

mends abolishing the DDREF or adjusting it to bring it into

line with more recent findings. Due to its importance to risk

evaluation and impact on radiological protection, however,

in the case of adjusting the DDREF, the SSK recommends

in parallel that all of the other parameters pertaining to the

detriment be adapted to the latest scientific findings. An

international agreement in these issues is urgently neces-

sary. In this regard, ICRP plays a fundamental role (SSK

2014).

DDREF has been a moving target for decades. Task

Group 91 is currently reviewing the historical development

of DDREF, the positions of various international organi-

zations on this issue, and the published molecular and

Radiat Environ Biophys

123



cellular data. Analyses of animal data and epidemiological

data are ongoing.

Does DDREF correctly predict DREF? (O Niwa)

NCRP (1980) first defined a DREF based on the LQ dose–

response equation. This was adapted by ICRP (1991) and

further extended to the concept of DDREF. ICRP proposed

the value of 2 to be applied when estimating the risk of low-

dose or low-dose-rate (LDLDR) exposures, thus equating

the risk of low dose and low dose rate. In a later publication,

ICRP (2005) stated that the linear-no-threshold (LNT)model

combined with DDREF serves as a prudent basis for radio-

logical protection at low doses and low dose rates. In a trial to

determine the value of theDDREF, the BEIRVII Committee

applied the LQmodel to the epidemiological data of A-bomb

survivors, yielding the numerical value of 1.5 (NAS 2006).

Furthermore, UNSCEAR (2006) assessed the low-dose risk

value without using the DDREF, by applying the LQ equa-

tion to the epidemiological study of A-bomb survivors,

yielding a risk value similar to that obtained by ICRP using

the DDREF of 2.

All above exercises utilized the LQ equation as shown

below. This can be used to estimate the risk of low-dose

and low-dose-rate exposures, and to calculate a value of the

DDREF. The LQ equation was used to describe radiation

induction of chromosome aberration by Neary (1965),

which was later extended by Kellerer and Rossi (1972).

The equation is well accepted in the field of radiological

sciences as a mechanistic model of radiation action. The

equation is composed of two terms: linear term and the

quadratic term. The LQ equation assumes that while the

linear term is independent of dose rate, the quadratic term

is dose rate sensitive. So, the dose response of a biological

effect for high-dose-rate exposures (EH) and low-dose-rate

exposures (EL) can be described as below, and the

derivation of DDREF is also shown, where D is the dose.

EH ¼ aDþ bD2

EL ¼ aD

DDREF ¼ EH=EL ¼ aDþ bD2
� �

=aD ¼ 1þ b
a
D

As referred above, ICRP relies on the LNT model with

the DDREF of 2. The LNT model means that the risk is

linear to dose without curvature, and the DDREF value of 2

indicates that the linear term is dose rate sensitive. This

approach differs from that using the original LQ equation.

In fact, numerous radiobiological data demonstrate the

dose rate-dependent reduction in the linear term. One

example can be found for radiation induction of chromo-

some aberration in vitro, where the linear term in the dose

response was found to be lower when the dose rate was

decreased from 1 Gy/min to 1 mGy/min (Loucas et al.

2004). In addition to the in vitro data, data from whole-

body animal systems also indicate a strong dose rate-de-

pendent reduction in the linear term. For example, the dose

response for the hereditary effects of radiation on male

mice was linear, but the slope decreased when the dose rate

was decreased from 1 Gy/min to 10 mGy/min (Russell and

Kelly 1982). The dose response in female mice varied with

dose rate much more drastically in that the slope of the

dose–response curve became zero at the dose rate below

0.01 mGy/min (Searle 1974).

DNA double-strand break (DSB) repair operates for

hours to days after irradiation of cells, so that the range of

the dose rate to consider would be a Gy per hour to week,

i.e., in the range of 1 mGy/min to 100 mGy/min. It is

important to note that in addition to DNA repair, another

mechanism is likely to contribute at the tissue level to the

dose rate-dependent linear term. This mechanism is the

radiation response of tissue stem cells, the target of radi-

ation carcinogenesis. Stem cells of certain tissues are under

constant competition for their residence in the tissue stem

cell niche. Stem cell competition has recently been pro-

posed to operate as a quality assurance system to eliminate

unhealthy tissue stem cells (ICRP 2015). Radiation-dam-

aged stem cells are likely targets of such system. It is likely

that this competitive elimination can best operate at a dose

rate of a few mGy per month to year (roughly 0.01 to

0.001 mGy/h) for low linear energy transfer (LET) radia-

tion, since under such conditions radiation-hit events are

effectively always singular, and the hit stem cell is also

singular, i.e., surrounded by non-hit healthy stem cells.

Thus, this competitive elimination of stem cells at dose

rates of a few mGy per month to year could contribute to

the decrease in the slope of the linear term.

As discussed above, the linear term of the LQ dose

response decreases by lowering the dose rate, and the

mechanism for such decrease includes DNA repair and

possibly preferential elimination of aberrant target cells by

stem cell competition for the residence of tissue stem cell

niche. Therefore, the DDREF assuming the dose rate-in-

dependent linear term is an erroneous concept and cannot

properly represent the dose-rate effect of radiation.

Effects at molecular and cellular levels (S Bouffler)

Studies of ionizing radiation effects at molecular and cel-

lular levels are essential to inform judgments on low-dose/

low-dose-rate risk extrapolation. Identifying the processes

that contribute to the diseases that occur after low-dose/-

dose-rate exposures and their dose/dose-rate responsive-

ness over wide ranges is critical in this context. Among
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radiogenic diseases, cancers and hereditary effects appear

currently to be of most importance, and these are consid-

ered in the current ICRP approach to calculation of low-

dose radiation detriment. However, this may have to extend

to other conditions such as circulatory diseases if risk at

low dose is established. Current evidence (e.g., UNSCEAR

2010, 2012) places greatest emphasis on gene mutations

and chromosomal aberrations arising following DNA

damage as the main mechanism by which radiation expo-

sure contributes to increasing the incidence of cancers and

hereditary effects. It is noted, however, that modulators

may exist that might change the level of disease risk, but

these are not well defined or understood.

The information relevant to risk extrapolation includes

studies on induction and repair of DSBs, gene mutations,

chromosomal aberrations, and thresholds for cell cycle

checkpoint activation and apoptosis. At the present stage of

preliminary analysis, one may conclude that multiple cel-

lular datasets tend to support the application of a DDREF

to estimate risk at low doses. The magnitude of the DDREF

value is not large, with chromosomal studies indicating

values around 4.

There are sound data indicating that DNA damage

responses and mutational processes operate at low doses

(down to 20 mGy) and low dose rates (down to

20 mGy/day and 1 mGy/day), as they do at higher

doses/dose rates. There are, however, pieces of evidence

that may indicate that responses over a wide range of dose

are not necessarily linear. For example, some studies have

been interpreted to suggest that the formation of protein

foci around DSBs may be supra-linear at low doses (e.g.,

Beels et al. 2009, 2010; Neumaier et al. 2012). Further-

more, several studies indicate that DSB repair as monitored

by foci of chromatin proteins is slower or incomplete fol-

lowing low-dose exposures (e.g., Rothkamm and Löbrich

2003; Ojima et al. 2011; Grudzenski et al. 2010). Some cell

cycle checkpoints have relatively high thresholds for acti-

vation. The G2/M checkpoint, for example, is not activated

at doses of low-LET radiation below 200 mGy and is

estimated to require the presence of 10–20 DSBs for acti-

vation (Löbrich and Jeggo 2007). At the molecular level,

there has been much interest in patterns of gene expression

at high and low doses and dose rates, and their similarity or

difference. While there can be differences in gene

expression following exposure at high and low doses and

dose rates (e.g., Ghandhi et al. 2015), some genes respond

over all doses and dose rates, notably p53-responsive genes

(Manning et al. 2013, 2014; Ghandhi et al. 2015). As for

the endpoints mentioned above, it is also therefore

important to develop an understanding of how gene

expression alterations relate to disease, especially as such

modifications are usually assessed within hours or perhaps

a few days following exposure.

This leads to what is perhaps the critical point; there is

much time that elapses between the induction of gene

mutations, chromosomal mutations, modulation of gene

expression, etc., and the clinical presentation of cancer.

Many processes are likely to modulate the development of

disease following the early induction of mutations or other

cellular or molecular alterations. In few situations is it

possible to link early post-irradiation events to disease,

though this may be possible in some animal models (e.g.,

Verbiest et al. 2015).

It is concluded that there remain key challenges to

identify the biological mechanisms leading to disease fol-

lowing radiation exposure, to understand their dose and

dose-rate responsiveness, and to identify the processes that

may modulate the rate and frequency of progression to

clinically manifest disease. All of these factors will be

relevant in evaluating DDREF from a mechanistic per-

spective. Clearly, there are currently only small insights

into the complete picture.

An increase in animal mortality risk following low-
LET radiation exposure is not linear-quadratic (G
Woloschak)

Ionizing radiation exposure is a ubiquitous health risk, and

the BEIR VII report estimates a 3–12 % absolute increase

in the risk of fatal cancer development per Sv of exposure

(NAS 2006). The BEIR VII Committee used A-bomb

survivor data to evaluate DDREF for the LSS and animal

data in order to estimate the relationship between dose,

dose rate and risk. DDREF is thus applied to estimate the

risk of low-dose exposures: the doses below 100 mSv, like

most contemporary exposures, are considered 1.5-fold less

of a risk per unit dose than the exposures of the A-bomb

survivors (NAS 2006).

Uncertainty about the value of DDREF has recently

been voiced by several studies. On one hand, Jacob et al.

(2009) performed a meta-analysis of results from epi-

demiological studies, and found that individuals exposed to

protracted radiation, and A-bomb survivors exposed to

acute radiation, showed comparable increases in cancer

risk per Sv. This result, albeit with substantial uncertainty,

implies that acute and protracted exposures pose equal risk,

i.e., DDREF is equal to 1. Ozasa et al. (2012) has made the

same conclusion based directly on A-bomb survivor data.

At low-dose exposures, the risk of carcinogenesis is

sometimes equal to or greater than the risk suggested by a

linear fit to the data. On the other hand, Hoel (2015) has

argued that the DDREF estimate made by the BEIR VII

Committee is too low, and that plausible alterations to the

BEIR VII assumptions result in higher DDREF estimates

closer to the value of 2.
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One way to improve the estimate of DDREF is to

increase the size of the dataset used to estimate it, which

can be done most easily by increasing the pool of animal

data. The BEIR VII Committee did not use many studies

with extensive numbers of animals. Efforts by the Inter-

national Radiobiology Archives (Gerber et al. 1996), the

European Radiobiology Archives (Tapio et al. 2008;

Birschwilks et al. 2011), and the Janus Tissue Archives

(Haley et al. 2011; Wang et al. 2010) have made many of

these datasets readily available on the internet.

Woloschak’s group revisited the BEIR VII’s DDREF

analysis adding 15 animal studies that were not included in

the original analysis. In the analyses performed, the dose

range was 0–1.5 Gy (the same as BEIR VII cutoff), dose

rates were from 0.001 to 4 Gy/min, number of fractions

were 1–60 (most were acute), the interval between frac-

tions was from 3 h to 1 week, and age at first exposure was

from *4 days (in utero) to 580 days. It was found that the

LQ model used by BEIR VII to estimate DDREF does not

explain this data, and concluded that the LQ model should

be modified or replaced in order to establish better radio-

logical protection policy (Haley et al. 2015).

The LQ dose–response model employed in the BEIR

VII report assumes that DDREF can be estimated from two

types of exposure data: acute exposures, or comparisons

between acute and chronic radiation exposures. According

to the LQ model, both of these datasets should lead to the

same DDREF estimate. Haley et al. (2015) found that this

is not the case. More specifically, the value of DDREF

estimated from the curvature observed in acute exposure

data alone was significantly lower than the value of

DDREF estimated from data that directly compared acute

and chronic exposures. This suggests that a different model

is required to estimate the risk of low-dose and low-dose-

rate exposures. When the data for acute exposure were

considered, BEIR VII’s LQ model and each of the varia-

tions tested produced low estimates of DDREF. Central

estimates ranged from 0.9 to 1.3. These estimates were

never significantly greater than 1. BEIR VII’s LQ model

assumes that one can use high-dose/high-dose-rate expo-

sures to extrapolate the effects of low-dose/low-dose-rate

exposures: nevertheless, when acute data were used to

extrapolate chronic exposures, calculated DDREF was

close to 1 (Haley et al. 2015). By contrast, when the

analysis was restricted to exposure data from strata

including both acute and protracted exposures, DDREF

estimates were consistently high. Central estimates were all

infinite, which would imply that protracted exposure has no

deleterious effects. All of the estimates were significantly

greater than 1 and also significantly greater than the cor-

responding analyses of acute data.

This same contradiction is also apparent in the original

BEIR VII analysis. Animal carcinogenesis and A-bomb

survivor data only included acute exposures, leading to low

DDREF estimates of 1.3 and 1.4. Animal mortality data,

however, compared acute and protracted exposures, lead-

ing to the highest DDREF estimate of 2.0. While this dif-

ference was not statistically significant, it is in line with the

current findings described above.

The described contradiction undermines the meaning of

the BEIR VII DDREF estimate and calls to question any

DDREF estimate based on an LQ model. The cumulative

estimate of 1.5 depends arbitrarily on the weight given to

acute exposure data versus data that compared acute and

protracted exposures. By analyzing a larger dataset, the

accuracy of BEIR VII’s DDREF estimate should have been

increased; instead, it was found that the type of data ana-

lyzed biases the estimate. Particularly, curvatures in the

dose response following acute exposures do not suggest a

DDREF correction, while comparisons of acute and pro-

tracted exposures do. A different dose–response model is

needed to develop an estimate that is not biased by arbi-

trary factors in the data being analyzed.

It is concluded that there is compelling evidence in the

analyzed animal data that protracted exposures are asso-

ciated with less risk than acute exposures. A range of

models suggest with 95 % confidence that DDREF form

protracted exposures is between 2.0 and infinity. This result

supports Hoel’s analysis suggesting that BEIR VII’s

DDREF estimate is too low (Hoel 2015). It also contradicts

findings by Jacob et al. (2009) that protracted exposures to

radiation workers were as much of a health hazard as acute

exposures to A-bomb survivors. However, the results of

Haley et al. (2015) are based on the small number of

studies that directly compared acute and protracted expo-

sures and also met the BEIR VII inclusion criteria. More-

over, like BEIR VII, they do not specifically address

differences in mean age at exposure between acutely

exposed animals and those given protracted exposures,

which, on average, were older when treated.

It is proposed that future estimates of the effects of

protraction should be based on linear, rather than linear-

quadratic, fits to data that include both acute and protracted

exposures that account for mean age at exposure. This is

not because the true dose response is necessarily linear, but

because the true dose response cannot be known with

certainty and linear fits provide simple models that

approximate observed data. Estimating the risk of low-dose

exposures is more challenging, because such risks are

statistically difficult to measure. Woloschak’s group

encourages lively debate as to whether these risks are best

estimated by protracted exposure risks as has historically

been done.

Finally, it would be prudent to use as much data as

possible to estimate the relative risks of protracted expo-

sures. The amount of data could be increased by
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considering a wider range of exposures (e.g., 0–3 Sv)

including both human and animal data, considering both

mortality and cancer incidence, and by adding more studies

to existing animal archives.

Biological effects of chronic low-dose-rate
irradiation in mice: a summary of the studies
performed in the Institute for Environmental
Sciences (IES) (T Ono)

Although humans are exposed daily to different kinds of

low-dose radiation, little is known about the health effects

of these low exposures. One of the approaches toward

understanding the effects on humans would be to examine

biological effects of low-dose radiation through experi-

mental studies. The focus of IES is on chronic low-dose-

rate exposures similar to those received by radiation

workers and astronauts.

Using the mouse as a model, the aim is to elucidate any

effect that could be induced by chronic low-dose-rate c-
irradiation. The exact dose rates chosen were 0.05 and

1 mGy/day, and the mouse exposure continued for

400 days starting from 8 weeks of age. Thus, the total

accumulated doses were 20 and 400 mGy, which are

comparable to the annual dose limit for radiation workers,

and the dose which astronauts receive after spending 1 year

in space, respectively. A third dose group, 20 mGy/day

(total dose of 8000 mGy) is included to serve as a positive

control. The chronic irradiation is interrupted for 2 h every

day from 10:00 am to 12:00 am, in order to examine health

conditions of each mouse as well as to supply new bedding,

food, and water. Biological endpoints examined so far are

life span (Tanaka et al. 2003), neoplasm incidence (Tanaka

et al. 2007), anti-tumor immunity (investigated by subcu-

taneously injecting tumor cells into 15 chronically exposed

mice per group, and evaluating tumor growth) (Takai et al.

2011), body weight change (Tanaka et al. 2007), chromo-

some aberration (Tanaka et al. 2009), gene mutation

(Okudaira et al. 2010), mRNA levels (Taki et al. 2009;

Uehara et al. 2010), protein levels (Nakajima et al. 2008),

and trans-generational effects. It is important to note that

the cause of death in about 90 % of the cases was cancer,

so that it is difficult to tell whether or not radiation expo-

sure affects the incidence of fatal cancer. Serial killing

experiments were conducted where 60 mice were killed

every 100 days after a start of chronic irradiation at

20 mGy/day. In some tissues, tumors appeared early in the

exposed group. Several other tumors emerged at similar

age, but the frequency was higher.

All of the endpoints mentioned revealed significant

alterations after 8000 mGy, except for the neoplasm inci-

dence in the offspring. After a total dose of 400 mGy,

small but significant alterations were observed in life span,

chromosome aberration, mRNA, and protein levels. All

observed effects were significant on a 95 % level. A total

dose of 20 mGy revealed no significant effects in all end-

points except for mRNA levels. The biological significance

of the altered mRNA levels is not clear, however, because

they are likely to disappear with time.

In conclusion, these results suggest that astronauts who

stay in space for more than a year and receive more than

400 mSv could suffer from radiation-induced health

effects. Chromosomal translocations induced by low-dose-

rate radiation in splenic cells showed that the efficiency of

induction is lower than that predicted from the acute

exposure dose–response curve using the LQ model.

DNA damage and tissue response in tissues/organs
exposed to low-dose and low-dose-rate c-radiation
in mice (K Suzuki)

Absorption of radiation energy in living cells gives rise to

DNA damage of various kinds, among which DSBs are the

most lethal and potentially carcinogenic. DSB induction

and repair have been well studied after high-dose and high-

dose-rate exposure. However, information is still limited

on the effects of low-dose and low-dose-rate exposure.

Therefore, accumulation of DSBs was assessed in various

tissues and organs exposed to c-rays at different dose and

dose rates using an in vivo animal model.

B6C3F1 mice were irradiated with 137Cs c-rays at a low
dose rate (LDR; 0.05 to 20 mGy/day), at a middle dose rate

(MDR; 400 mGy/day), or at a high dose rate (HDR;

850 mGy/min) in collaboration with IES. After the com-

pletion of radiation exposure over several days, mice were

killed, various tissues and organs were isolated, and tissue

slices were obtained. DSBs were quantified indirectly by

immunofluorescence using anti-p53 binding protein 1

(53BP1) antibody, together with the detection of prolifer-

ating cells using anti-Ki-67 antibody. It is noted that with

53BP1, the DNA damage response is evaluated, but not the

DNA damage repair itself. For example, in differentiated

tissues, 53BP1 foci are rarely detectable, while DSBs are

induced by radiation exposure. Therefore, one should

always be very cautious when using foci as the surrogate

markers for DSBs. Moreover, in this experiment, 8-week-

old mice were used. However, when 1-week-old mice were

used, the distribution of 53BP1 foci was totally different.

For example, most liver cells in 8-week-old mice did not

respond. In contrast, not only cells in Glisson’s capsules

but also hepatocytes formed foci in 1-week-old mice.

Damage repair response is thus age dependent, which

should be taken into account in relation to DNA damage

response in tissue stem cells.
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53BP1 foci were detectable in the epithelial cells of all

tissues and organs, but not in every part of them. For

example, 53BP1 foci were detected in ciliated columnar

cells in the bronchiolar regions, but were rarely detectable

in the alveolar regions. In non-irradiated mice, the spon-

taneous frequency of 53BP1 foci was quite low, and HDR

exposure (4 Gy) significantly increased the number of

DSBs. Residual foci were observed even 10 days after

HDR exposure, whereas the level of 53BP1 foci induced by

MDR exposure for 10 days (4 Gy in total) was reduced to

the control level by 7 days after the completion of expo-

sure. It should be noted that MDR exposure, but not LDR

exposure, accumulated DNA damage in tissues/organs.

The present study demonstrates that DNA damage

accumulation might not be manifested if the DSB level

does not exceed the ability of tissue repair response.

Intriguingly, the frequency of Ki-67 was significantly

increased in the bronchioles 3 days after HDR exposure at

terminal bronchiolar regions, where the lung stem cells are

assigned. It is concluded that such dose- and dose rate-

dependent tissue responses should be taken into account for

the estimation of cancer risks from the chronic low-dose

and low-dose-rate radiation exposure.

The intestinal stem cell turnover (T Iwasaki)

The dose-rate effect of radiation-induced cancer is one of

the most important issues in improving risk estimation for

radiological protection. The current concept of radiological

protection is based on the LNT model, which implies that

risk would increase dependent on total dose but indepen-

dent of dose rate. Some epidemiological data suggest the

possibility that radiation-induced cancer risks would not

increase at low dose rate (e.g., Nair et al. 2009), but this is

still controversial and needs to be underpinned by biolog-

ical mechanisms. Tissue stem cells have been discussed as

the cells of origin for cancers, and understanding the

behavior of tissue stem cells after ionizing radiation

exposure can therefore contribute to the clarification of the

mechanisms of radiation carcinogenesis.

In general, a constant number of stem cells are main-

tained in the tissue as stem cell pool. If an accumulated

dose becomes sufficiently higher than an elemental dose

(i.e., 1 mGy of c-rays), high-dose-rate radiation would

injure all of the tissue stem cells in the pool at the same

time. Furthermore, in this situation, loss of stem cells

would occur by radiation-induced cell death, or by aging

and exhaustion as a consequence of DNA damage induc-

tion. The stem cell pool can therefore be replenished by

proliferating damaged, radioresistant, and slow-cycling

stem cells. This replenishment could be observed as an

accelerated turnover of cycling stem cells. Thus, it can also

contribute to accumulation of radiation damage in the stem

cell pool.

When the dose rate is low enough, only a limited

number of stem cells in the pool would be injured.

Recently, cell competition between normal and cancer-

initiated cells has been reported (Kajita and Fujita 2015). If

the competition between radiation-damaged and sur-

rounding normal cells occurred in case of low dose rate,

damaged cells could be eliminated from the pool. If this

tissue level maintenance system for genomic integrity

exists, it may explain the low-dose-rate epidemiological

data (e.g., Nair et al. 2009). This hypothesis was verified by

a simple stochastic numerical model to simulate the

recovery mechanisms of cycling stem cells, and it was

found that even when the strength in competition was

small, damage accumulation was suppressed, when the

dose rate is lower than the turnover rate of cycling stem

cells.

To evaluate turnover rates of stem cells and their radi-

ation response, the conventional methods to observe loss of

tissue stem cells, such as via apoptotic cell death, only

provide snapshots of biological phenomena. However,

long-term, cumulative effects of radiation, characteristic of

low-dose-rate exposures, could not be estimated well. As

an alternative method, the lineage tracing system has been

used as a tool for chasing target cells in tissues. Here, Lgr5-

EGFP-IRES-CreERT2 9 ROSA26-LSL-LacZ mice were

used, which express CreERT2 in EGFP-expressing Lgr5?

intestinal stem cells. In this model system, administration

of tamoxifen results in translocation of CreERT2-fused

proteins into nuclei, and expression of the LacZ gene can

be induced by Cre/loxP recombination. Once LacZ is

expressed, Lgr5? stem cells and their daughter cells con-

tinuously express b-galactosidase, allowing visualization

of those cells in crypts. Loss of labeled crypts can indicate

the replacement of cycling stem cells by replenishment

from slow-cycling stem cells. It was found that colonic

Lgr5? stem cells are highly radiosensitive, and that the

stem cell pool was replenished by non-labeled, probably

slow-cycling, stem cells even after low-dose (1 Gy) irra-

diation (Otsuka et al. 2013). However, mice exposed to

1 Gy of low-dose-rate c-irradiation (3 mGy/h) did not

exhibit a significant acceleration of stem cell replenishment

(Otsuka and Iwasaki 2015).

Under some dose-rate conditions of less than 30 Gy/h,

clear dose-rate effects were found, and the trend suggests

that there may be a dose-rate limit to induce replenishment,

which is related to cancer progression. Under this ‘‘dose-

rate limit,’’ elimination of damaged stem cells by stem cell

competition as well as induction of DNA repair and

apoptotic cell death would be important to maintain

genomic integrity. However, the validity of the concept of

stem cell competition still has to be confirmed further. For
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example, it should be investigated whether radiation could

induce competition and whether even a single track of c-
irradiation could cause it. Low dose rate is defined as less

than 0.1 mGy/min, to provide evidence-based estimates of

the risks to human health (UNSCEAR 2010). The data

presented here may also suggest that the range of low dose

rate can be divided into at least two sub-ranges which have

different significance in terms of accumulating radiation

damage in tissues.

Cancer risk in epidemiologic studies of radiation
exposure at low doses or low dose rates (R Shore)

The amount of risk at low radiation exposure levels is

currently a major question in radiation risk assessment and

radiological protection, prompted by concerns such as the

adverse effects of Fukushima fallout, computed tomogra-

phy examinations, and occupational radiation exposures.

Radiological protection agencies are questioning how large

a DDREF should be applied to the A-bomb risk coeffi-

cients in estimating risk after LDLDR exposures of low-

LET radiations. DDREF is thought to represent two related

factors: an LDEF for single acute exposures, and a DREF

for exposures delivered as many small fractions or at low

dose rates.

The LDEF can be examined in the LSS of the A-bomb

survivors by determining whether there is evidence of

upward curvature of the dose–response function that sug-

gests a relative sparing effect at low doses. The LSS data

have historically indicated only a linear effect. The most

recent mortality report (Ozasa et al. 2012), however,

reported upward curvature for solid cancer deaths over the

range of 0–2 Gy, though the degree to which that curvature

is due to a low-dose sparing effect indicative of an LDEF is

uncertain. Note that the dosimetry for A-bomb survivors is

currently being improved in terms of the accuracy of

individual geographic locations and terrain shielding esti-

mates, which may have some influence on the shape of the

dose–response curve. The choice of the control population

is another parameter that is important and might influence

curvature in the LSS data. In general, in the analyses at

Radiation Effects Research Foundation (RERF), all those

within 10 km from the hypocenter were included in the

baseline, along with a ‘‘not in city’’ subsample of indi-

viduals. The modest differences in tumor rates among the

zero dose subgroups have been explored previously

(Cologne and Preston 2001; Preston et al. 2007), and a

composite of those subgroups has been used in recent

papers (Preston et al. 2007; Ozasa et al. 2012).

In recent years, a number of LDLDR epidemiologic

studies have provided risk estimates that can potentially be

used to derive an estimate for DREF. Based on

compilations from the literature, available LDLDR data for

total solid cancer mortality, and for some major cancer

subtypes such as breast, lung, colon, stomach, and liver,

were summarized. The DREF will be examined by com-

paring the quantitative risk estimates from LDLDR studies

with the LSS estimates.

Since whole-body irradiation can potentially affect all

organs, an analysis of total solid cancers is informative and

affords a risk assessment with greater statistical power and

precision than assessments for individual organs. In exam-

ining the available data, an attempt was made to minimize

data redundancy among reports inasmuch as possible. For

solid cancer mortality, 24 independent LDLDR studies with

dose–response-based risk estimates have been identified to

date. They represent about 940,000 individuals and 15.7

million person-years of follow-up, with a collective dose of

35,600 person-Sv and over 25,000 solid cancer deaths. All

except four studies had mean doses under 50 mSv, and most

were worker studies, other than two studies based on envi-

ronmental exposures (Techa River and Yangjiang, China).

Exposures were to low-LET radiation, except four that had

both external c exposures and significant high-LET internal

exposures (Mayak and Rocky Flats plutonium workers, and

Port Hope and German uranium processing workers),

requiring the authors to statistically factor out the internal

exposure contributions to risk.

If one examines the 19 of the 24 dose–response-based

LDLDR studies that had at least 100 solid cancer deaths, it

is notable that 13 out of the 19 studies had positive risk

coefficients, though only five were statistically significant

in the positive direction, which is not surprising since

individual LDLDR studies typically have low statistical

power. A meta-analysis will be performed of risk coeffi-

cients in the available studies in comparison with the

A-bomb LSS risk coefficients for the subsets of LSS

individuals with comparable composition by sex, ages at

exposure, and ages at observation.

Although an analysis of total solid cancer risk after

LDLDR exposures provides a broad assessment of

DDREF, it may represent a mixture of discrepant

DDREF’s for various types of cancer. Radiation effects for

various types of cancer may be modified diversely

according to differences in tumor biology—pertaining to

genetic pathways of varying complexity and redundancy,

epigenetic influences, and tissue and metabolic cofactors.

Various environmental or lifestyle risk factors may interact

with certain cancer types but not with others, e.g., smoking

effects may modify radiogenic lung cancer risk but not

breast cancer risk. Risk transport to different populations

appears to vary among cancer types as well. It is an open

question as to whether such factors may impact risks dif-

ferently at low doses or low dose rates for various cancer

types. To get an overview of variations in low-dose risk,
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LDLDR studies providing estimates for breast, lung, colon,

stomach, and liver cancers were reviewed. Meta-analyses

are planned, but at this time, only descriptions of the

individual studies are available.

Seven LDLDR studies of breast cancer were found that

had 70 or more cancer cases. These were mainly incidence

studies in view of the relatively low lethality of breast

cancer, though two mortality studies were also included.

Four of the studies were of fractionated or low-dose-rate

medical exposure (X-ray examinations for scoliosis, fluo-

roscopic examinations during pneumothorax treatment for

pulmonary tuberculosis, and radium applicators for skin

hemangioma). Five of the six studies had positive risk

coefficients, of which four were statistically significant. A

consideration in interpreting the findings is that the medical

exposure studies had fairly high dose rates, though they

consisted of many small dose fractions spread out over a

considerable time in the case of the scoliosis and two

tuberculosis fluoroscopy studies.

Of 12 LDLDR studies of lung cancer mortality with 100

or more cases, 11 were radiation worker studies. Of these,

six had positive risk coefficients; three were statistically

significant in the positive direction and two in the negative

direction. This suggests little evidence of an association for

LDLDR studies, although it is possible that variation in

smoking histories across the dose ranges might be con-

founding the risk estimates.

Only four LDLDR studies of stomach cancer had at least

100 deaths, and another three had 70–100 deaths. Five were

worker studies, and two were environmental exposures

(Techa River and Yangjiang, China). Six of the seven had

positive risk coefficients, but none was statistically signifi-

cant. The small numbers of LDLDR studies with 50 or more

deaths from colon cancer (4 positive:4 negative risk coeffi-

cients) or liver cancer (4:2, respectively) did not provide

material evidence of radiation effects for those endpoints.

It is concluded that, although meta-analyses of risk

estimates for the LDLDR studies of radiation effects in

comparison with LSS risk estimates are not yet available,

an informal assessment of the results suggests that there is

a positive effect for total solid cancer, and that there may

be risk for breast cancer and stomach cancer. However, the

data are unclear regarding risk for lung, colon, and liver

cancer after LDLDR exposures to low-LET radiation,

because of sparse data or possible confounding.

Results of epidemiological studies of the Mayak
worker and Techa River cohorts (T Azizova)

One of the main objectives of radiation research is

assessment of health effects of radiation exposure. Esti-

mates of risks of incidence and mortality from cancer and

non-cancer effects following radiation exposure are pro-

vided by epidemiological studies of various cohorts

involving radiation-exposed individuals (as a result of

nuclear accidents, occupational exposure, technogenic

exposure, or medical exposure).

Epidemiological studies in the Mayak worker cohort,

the cohort of workers of the first Russian nuclear enter-

prise, and the Techa River cohort, which includes indi-

viduals exposed to radiation due to radioactive releases in

the river, are a very important source of information on the

influence of radiation dose and dose rate on health effects.

Both cohorts have a number of key strengths such as: large

size of the cohorts; long follow-up periods; individual

estimates of doses from external and internal exposure;

heterogeneity by sex, age, and ethnicity; and known vital

status and causes of death. Moreover, for the Mayak

worker cohort, complete information on both incidence and

mortality is available, and regular data completeness and

quality assurance checks are performed (diagnosis verifi-

cation). Information on initial health status and non-radi-

ation factors such as smoking, alcohol consumption, body

mass index, hypertension and others is available for the

majority of the Mayak worker cohort (approximately

93 %). For both cohorts, sufficient statistical power may be

achieved to study incidence and mortality.

Efforts were made to obtain dose information that is as

reliable as possible for both cohorts. For example, radiation

exposures to the Techa River cohort members included

external c-ray exposure from river sediments and flood

plain soil, and internal exposure from the consumption of

water and milk contaminated primarily by strontium (89Sr

and 90Sr) and cesium (137Cs). The Techa River Dosimetry

System (TRDS) was developed to support epidemiological

studies of the Techa River cohort (Degteva et al. 2000,

2006, 2009; Shagina et al. 2012a, b). The TRDS uses the

large number of measurements of long-lived radionuclides

in the human body and in the environment, as well as

measurements of external exposure rates at places where

the Techa River cohort members lived.

External exposure was the major pathway for residents of

villages located in the upper Techa region close to the site of

the releases. The external dose rate peaked in 1951 and

subsequently declined with time. Doses from external

exposure markedly decreased with the distance along the

Techa River. The major pathway of internal exposure of the

Techa River cohort members was the intake of radionuclides

through the consumption of river water and cow milk.

Radionuclide intake decreased with the distance from the

release site, and also depended on the availability of drinking

water sources other than the contaminated river (such as

wells) in the riverside villages (Tolstykh et al. 2006, 2011).

The intake estimates were derived from numerous data

on tooth b-counts and whole-body counts for the Techa
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River cohort members. Dose was unevenly distributed

throughout the body due to the intake of strontium (89Sr

and 90Sr), which resulted in elevated levels of absorbed

dose to the bone marrow, bone surfaces, and the large

intestine. Exposures to other tissues, mainly from external

exposures and cesium (137Cs) intake, were lower and rel-

atively homogenous. Cesium is a major contributor to the

red bone marrow dose. The proportion is estimated from 50

to 90 %, and depends on the distance from the site of

radioactive releases into the Techa River. Cesium contri-

bution to the dose to soft tissues is significantly lower, i.e.,

15–20 % (Degteva et al. 2012).

With regard to the Mayak worker cohort, in contrast to

the Techa River cohort, individual doses from external c-
rays measured by individual film badges are available for

all workers (Vasilenko et al. 2007). Absorbed doses from

internal a particles to organs were calculated based on

individually measured a activity of plutonium in the urine

samples (Khokhryakov et al. 2013).

Results of epidemiological studies of these two cohorts

performed during the last years provide evidence for

increased risks of cancer and non-cancer effects associated

with both external and internal radiation exposures over

prolonged periods delivered at a low dose rate. With regard

to the Techa River cohort, there was a significant linear

association of leukemia [excluding chronic lymphocytic

leukemia (CLL)] mortality with absorbed dose from

external c-rays to the red bone marrow, suggesting an ERR

per unit dose (at 100 mGy) of 0.22 [95 % confidence

interval (CI): 0.08, 0.54]. In a model in which the ERR was

allowed to vary with attained age, the ERR was estimated

to increase in proportion to age to the power 0.45 (95 %

CI: -1.1, 3.0), but this effect was not statistically signifi-

cant (p[ 0.5). There was no evidence of heterogeneity in

the risk across four age-at-exposure groups (0–19, 20–29,

30–39, and 40 or more) (p = 0.45) (Krestinina et al. 2013).

As regards the Mayak worker cohort, leukemia excluding

CLL indicated a nonlinear dose–response relationship for

external c-ray exposure with exponential effect modifiers

based on time since exposure and age at exposure. In this

model, the central estimate of ERR/Gy is 0.54 (90 % CI:

0.18, 1.30) for 25 years of age at exposure 25 years since

exposure (Kuznetsova et al. 2015).

As for solid cancer, there was a significant linear asso-

ciation of solid cancer mortality among members of the

Techa River cohort with absorbed dose to the stomach with

ERR/Gy 0.61 (95 % CI: 0.04, 1.27, p\ 0.03). There were

suggestions that the ERR/Gy increased with either older

age at first exposure (p = 0.05) or older attained age

(p = 0.10). When age at first exposure was used as an

effect modifier, the ERR/Gy was estimated to increase by a

factor of 2.2 (95 % CI: 1.0, 8.0) for each decade increase in

age at first entry. With log-attained age as an effect

modifier, the increase in the ERR/Gy with increasing age

was estimated to be proportional to age to the power 5.1

(95 % CI: -0.7, 16.9). Estimates of the attained age effect

on the ERR/Gy depended rather markedly on how the

effects of attained age and oblast differences were

addressed in the baseline rate model; this complicates the

quantification and interpretation of this effect (Schonfeld

et al. 2013).

The most frequent cancer type observed is stomach

cancer, followed by lung cancer and breast cancer.

During the last decades, the proportion of breast cancer

has increased. However, due to a relatively low number

of followed cases, only a preliminary ERR estimate for

breast cancer was obtained in the Techa River cohort. In

addition, it should be noted that multiple non-radiation

factors may contribute to development of breast cancer,

such as age and the number of childbirths (Ostroumova

et al. 2008). As compared to stomach cancer, the pro-

portion of intestinal cancer is significantly lower. It is

noted, however, that risk analysis of a certain cancer site

including intestinal cancer has low statistical power due

to low number of cases.

In the Mayak worker cohort, there was also a significant

linear association of mortality from solid cancers (exclud-

ing lung, liver, and bone cancers related to internal a
particles) with absorbed colon dose from external c-rays
when adjusted for internal a dose, ERR/Gy = 0.12 (95 %

CI: 0.03, 0.21, p\ 0.01). There was no significant effect

modification by sex or attained age. Exclusion of the

adjustment for dose from internal a particles resulted in the

increase in the risk estimate with ERR/Gy = 0.16 (95 %

CI: 0.07, 0.26, p\ 0.001) (Sokolnikov et al. 2015).

It is concluded that epidemiological studies in the

Mayak worker cohort and the Techa River cohort are a

very important source of information on the influence of

radiation dose and dose rate on health effects, and may

contribute toward a quantitative estimate of DDREF based

on human data.

Epidemiological studies in high background
radiation areas (S Akiba)

The coastal belt of Karunagappally Taluk in Karunagap-

pally in Kerala State, India, is known for natural high

background radiation (HBR) from thorium-containing

monazite sand (Hosoda et al. 2015). In certain locations on

the coast, the ambient dose rate is as high as 70 mGy per

year. A cohort of all residents in Karunagappally Taluk was

established in the 1990s to evaluate health effects of HBR

(Nair et al. 2009). Radiation-related cancer incidence was

analyzed using the data obtained from the follow-up of a

radiation sub-cohort. Cumulative radiation doses, lagged
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by 10 years for cancer excluding leukemia, were estimated

for each individual, using outdoor and indoor doses of each

household as well as sex- and age-specific house occu-

pancy factors. Newly diagnosed cancer cases were identi-

fied through the Karunagappally Cancer Registry, which

was established in 1990. Cancer incidence data obtained

from this regional cancer registry are included in the

Cancer Incidence in Five Continents, published by the

International Agency for Research on Cancer (IARC) (Nair

et al. 1997, 2002; Jayalekshmi and Rajan 2007). Following

69,958 residents for 10.5 years on average, 736,586 per-

son-years of observation were accumulated, and 1379

cancer cases including 30 cases of leukemia were identified

by 2005. The Poisson regression analysis of cohort data,

stratified by sex, attained age, follow-up intervals, socio-

demographic factors, and bidi smoking, showed no excess

cancer risk from exposure to terrestrial c-rays. The ERR/

Gy of cancer excluding leukemia, assuming a linear dose–

response relationship, was estimated to be -0.13 (95 % CI:

-0.58, 0.46). In site-specific analysis of solid cancers, no

cancer site was significantly related to cumulative radiation

dose. Recently, cross-sectional studies on thyroid nodules,

atherosclerosis, and lens opacities were completed.

Yangjiang area in Guandong Province, China, is known

for its HBR area, where fine particles of monazite are

washed down the mountains by rain, and accumulated in

river basin and delta, giving rise to soil with high levels of

radioactive nuclides, such as 232Th and 238U. Most resi-

dents in Yangjiang have lived there for six or more gen-

erations (High Background Radiation Research Group,

China 1980). Ambient dose rates in the HBR and control

areas were estimated to be 2.10 and 0.77 mGy per year,

respectively. Individual dose from internal exposure has

not been estimated, but doses to the lung from internal

exposure through inhalation of radon and thoron progenies

are estimated to be larger than those from external expo-

sure (Kudo et al. 2015).

It is noted that the contribution of radon and its progeny

and thoron progeny to lung dose were found significant in

those two HBR studies. However, neither in the Yangjiang

study nor in the Karunagappally study, lung cancer risk in

the HBR areas was higher than that in the control areas.

Thus, those two HBR studies presented no evidence indi-

cating that radon and its progeny or thoron progeny con-

tribute to lung cancer risk. Note that thoron gas is not

considered to be related to lung cancer risk because of its

short half-life.

In a China-US collaborative study conducted in the late

1980s, the frequency of stable-type chromosome aberra-

tions in peripheral lymphocytes was found to be 0.29 (per

100 metaphases) in the HBR area and was 0.18 in the

control area, for which the difference was statistically

insignificant. On the other hand, the frequency of unstable-

type chromosome aberrations in the HBR and control areas

was 0.16 and 0.06, respectively, and the excess in the HBR

area was statistically significant (p = 0.04) (Wang et al.

1990). Recent chromosome studies in Yangjiang showed

that the cumulative HBR dose was significantly related to

the frequency of unstable-type chromosome aberrations,

but not to that of stable-type aberrations (Hayata et al.

2004). The major purpose of the China-US collaborative

study was to examine thyroid nodule prevalence, and no

excess thyroid nodules were found in HBR areas (Wang

et al. 1990).

Cancer and non-cancer disease mortality rates were

examined in the cohort of 31,604 men and women aged

30–74 years living in Yangjiang area during the period

1979–1998 examined (Tao et al. 2012). Cumulative doses

from external exposure, lagged by 10 years for cancer

excluding leukemia, were estimated for each individual

based on hamlet-specific indoor and outdoor doses, and

sex- and age-specific house occupancy factors. The follow-

up study accumulated 736,942 person-years at risk, and

ascertained 6005 deaths, including 956 cancer deaths (14

deaths of leukemia). Mean cumulative radiation doses

among the HBR and control area residents were 84.8 and

21.6 mGy, respectively. The ERR/Gy of cancer excluding

leukemia was estimated to be -1.01 (95 % CI: -2.53,

0.95). In site-specific analysis, liver cancer mortality was

inversely related to the cumulative dose (p = 0.002). Since

mortality of non-cancer liver disease tended to increase

with cumulative radiation dose (p = 0.061), misdiagnosis

between liver cirrhosis and liver cancer was suspected.

When liver cancer and leukemia were excluded from all

cancers, the ERR/Gy was 0.19 (95 % CI: -1.87, 3.04).

On the basis of studies of A-bomb survivors, the dose–

response relationship between solid cancer risk and radia-

tion exposure is considered to be linear. However, whether

the ERR per dose associated with chronic exposure is

lower than that of acute exposure remains unclear. It is

concluded that the Karunagappally cohort study appears to

provide a good chance to address this question, while the

Yangjiang cohort study does not seem to have a sufficient

statistical power for such a cancer risk comparison.

It should be noted, however, a comparison of the radi-

ation-related cancer risk among A-bomb survivors with

those obtained from studies on chronic exposure is not

straightforward. In the cancer incidence study in the LSS

cohort (Preston et al. 2007), for example, the ERR/Gy for

solid cancer was 0.47 for those exposed at age 30 and

attained the age of 70. This is the value based on the

assumption that the sex ratio in the population is 1:1. For

male subjects, the corresponding ERR/Gy is 0.35.

Although adjustment (more exactly, standardization) for
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sex is straightforward, age at exposure and attained age are

more complicated to handle. In the LSS, the ERR per Gy

decreased by about 17 % per decade increase in age at

exposure (90 % CI: 7 %, 25 %), and the ERR decreased in

proportion to attained age to the power 1.65 (90 % CI: 2.1,

1.2).

These modification coefficients are mutually indepen-

dent. In the case of HBR area residents, age at first expo-

sure is zero. However, since the exposure takes place over

a long period of time, it does not seem to be a good idea to

use age at first exposure as age at exposure. Therefore, a

complicated calculation is desirable, taking into account

the age-at-exposure structure of the HBR area population,

using a risk model obtained from the LSS. A possible

approach to obtain a single estimate is to calculate a

weighted sum of coefficients for age-at-exposure sub-

groups (taking into account other factors, including

attained age). However, the ERR estimate obtained from

such a calculation can be approximated by an ERR esti-

mate at a weighted sum (e.g., average) of age at exposure if

the modifying effect is small enough.

In the IARC 15-country study of nuclear workers, the

ERR estimate at the age at exposure of 35 was calculated,

using the risk model obtained from the LSS. It should be

noted, however, that a more complicated approach is nec-

essary if the magnitude or direction of age-at-risk depen-

dence of ERR/Gy in the population to be compared is

different from that in the LSS. Another problem is the

attained age.

For illustrating the problem of using an average

attained age, an extreme example seems useful. Consider

a male cohort consisting of two sub-cohorts with dif-

ferent attained age structures. Both sub-cohorts consist of

exposed and unexposed cohort members. Suppose that

the follow-up of a young sub-cohort accumulated 5

million person-years, and the average attained age for

this sub-group is 35 years. Also suppose that 4 million

person-years are accumulated by the follow-up of the

other sub-cohort with the average attained age of 70. In

this case, the average attained age for all the cohort

members in this study is approximately 45 years. How-

ever, if the younger sub-cohort does not have any cancer

cases during the follow-up regardless of exposure status,

and all cancer cases are found only among the older sub-

cohort, then the young sub-group does not make any

contribution to ERR estimation; the ERR/Gy estimate is

determined only by the older subgroup. In this case, it

does not seem a good idea to compare the ERR/Gy

estimate obtained from this study with that of male

A-bomb survivors using attained age: needless to say,

age at exposure should also be taken into account in this

comparison, but it was ignored for the sake of simplicity.

Discussion

The above-mentioned issues already indicate a number of

questions that remain open and probably need to be

addressed in future studies. Some of these questions are

raised below in an effort to stimulate and structure the

current debate on DDREF.

Should DREF and LDEF be separated or combined

as DDREF?

The DREF is a correction factor for low-dose-rate expo-

sure, while the LDEF corrects for low-dose exposure. As

was outlined above in more detail, based on an LQ dose–

response curve, the numerical values of DREF and LDEF

are similar at low doses and low dose rates if the a term of

the curve does not depend on dose rate. If this assumption

is not correct, DREF and LDEF should first be investigated

separately before one decides whether to combine them in

one factor. While such a debate is based on scientific

arguments, one should also keep in mind that ICRP intro-

duced the DDREF for radiological protection purposes.

The system of radiological protection must be practicable

and therefore reasonably simple, while an introduction of

two different factors might complicate the situation. Nev-

ertheless, it is important to understand the scientific aspects

to make the best possible decisions on the radiological

protection aspects.

Should a DREF also be applied to leukemia?

It is generally accepted that the incidence of leukemia other

than CLL or adult T cell leukemia (ATL) among A-bomb

survivors can be described by an LQ dose–response curve

(Hsu et al. 2013), and that the curvature observed suggests

a significant reduction in effect at low doses. Consequently,

any low-dose effects are already described by the linear

term of the curve, and application of an LDEF is not

necessary in this case. For this reason, ICRP has decided

not to apply the DDREF to leukemia in its system of

radiological protection (ICRP 2007). It is noted again,

however, that this approach implicitly assumes that the a
term in the LQ dose–response curve does not depend on

dose rate. In contrast, for example, if the a term in an LQ

model depends on dose rate, as was argued above, then one

should consider this possibility also for leukemia, and a

DREF could be applied in addition to the LQ curvature. As

a consequence, the risk for leukemia in the radiological

protection setting (characterized by low doses and low dose

rates) may be less than currently assumed.

An aspect that complicates the discussion on leukemia

might be that dose dependence is not the same for the
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induction of different types of leukemia. For example, it is

the incidence of acute myeloid leukemia (AML) in the LSS

that drives the LQ dose response observed for leukemia

other than CLL and ATL, while the data on acute lym-

phoblastic leukemia (ALL) and chronic myeloid leukemia

(CML) among A-bomb survivors suggest a linear dose

response (Hsu et al. 2013). This suggests that biological

aspects should also be considered for leukemia. Moreover,

the results of different leukemia studies must be compared

to care, because the development of leukemia is highly

time dependent, and the risk is highest in the first 10 years

after exposure (Hsu et al. 2013).

Nonetheless, it may be argued that leukemia is one of

the cancer types in which low-dose-rate exposure is

important and could be studied. In this context, the avail-

able datasets of 7000 dogs (Carnes and Fritz 1991, 1993)

have never been analyzed for leukemia induction at low

dose rates, and it may be valuable to initiate such analyses

in the future. Regarding human epidemiological studies,

there are a number of low-dose and low-dose-rate studies,

for example, on nuclear workers (Daniels et al. 2013;

Leuraud et al. 2015), or on populations exposed to natural

levels of ionizing radiation (Kendall et al. 2013; Spycher

et al. 2015), which could be used, and their results could be

compared to those obtained from A-bomb survivors.

As aforementioned, however, if the situation turns out to

be scientifically complicated, there will be a need for some

simplification, to translate the scientific findings into

approaches that are usable for radiological protection

purposes.

How robust are the scientific results obtained

from human epidemiological studies at low doses

and low dose rates?

Robustness concerns pooled analyses versus meta-analy-

ses, and many believe that pooled analyses are more reli-

able. However, one should keep in mind that confirmed

risk factors are different from cancer to cancer, and from

country to country, and that when different studies are

compared, one is limited to factors with commonly avail-

able data in these studies. There are many known factors

that contribute to induction of solid cancers or leukemia,

and their influence on risk estimates deduced from epi-

demiological studies must be carefully studied. For

example, smoking is important for the induction of lung

cancer, while chronic alcohol consumption is important for

liver cancer. Indeed, adjustment for smoking and particu-

larly alcohol consumption altered risk estimates in the

Japanese worker study (Akiba and Mizuno 2012). How-

ever, this is not necessarily true in other studies. For

instance, the IARC 15-country study did not find substan-

tial confounding by smoking (and no alcohol data were

available); the main potential confounders in that study

were duration of employment and socioeconomic status

(Cardis et al. 2007). Adjustment for duration of employ-

ment (Vrijheid et al. 2007a, b) was important, because

those who were employed for a short time might have a

lifestyle different from those employed for a longer time,

meaning, for example, that short-term workers may tend to

consume more alcohol and tobacco than long-term work-

ers. Therefore, alcohol and tobacco consumptions are again

important factors. So, investigators of occupational studies

should adjust for duration of employment if needed. For

these reasons, it is preferable to identify the relevant factors

for each epidemiological study separately before conduct-

ing a combined analysis.

However, combining epidemiological studies can be

helpful.After exposure to lowdoses of ionizing radiation, the

probability of induction of effects such as chromosome

aberrations at the cellular level or cancer and leukemia

induction at the organism level is rather low. It is therefore

difficult to quantify any such effects with high precision at

these low-dose levels. With regard to epidemiological

studies, for example, the number of investigated individuals

in an exposed cohort is critical, and pooling several exposed

cohorts using individual raw data is usually beneficial for

statistical reasons. This was already demonstrated in studies

on the cancer risk of nuclear workers due to occupational

exposures (Cardis et al. 2005) or on lung cancer risk of

populations due to indoor radon exposure (Darby et al.

2005). It is highly desirable that individual raw data be made

available from all large epidemiological studies, to allow for

more of such combined pooled studies. If such data are not

available, however, meta-analyses can still be performed

where the risk estimates deduced from single studies are

combined to obtain an average risk value. In such studies, it is

important to avoid analyses where one study dominates the

overall result, making the deducedmean value less robust. In

a meta-study by Jacob et al. (2009), results from various

studies were analyzed separately and compared to results

from A-bomb survivors (matched for age distribution, and

sex) before weighted averages were calculated. The robust-

ness of the combined results was then tested by leaving out

each single study, in an effort to quantify the influence of any

single study on the combined result.

In this context, it might also be important to note that

even within a low-dose-rate epidemiological study, there

could be some differences in dose rates that might be dif-

ficult to quantify. For example, in a nuclear worker study,

there could be workers exposed at a low dose rate and those

at a high dose rate. It may well be that those who work

closer to the reactor core at higher dose rates are mostly

contractors whose lifestyle could be different from those

who work farther away from the reactor core at lower dose

rates who may be mostly permanent employees.
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Animal studies: how variable are other factors

besides radiation?

When BEIR VII published their estimate on DDREF, the

committee used as a major input grouped animal data that

had been produced at the US Oak Ridge National Labo-

ratory, and data from this single source of information

greatly influenced the DDREF value. If more animal

studies could be included in such an analysis, the robust-

ness of the BEIR VII estimate of DDREF could be tested

and enhanced. It is important to note that since publication

of the BEIR VII report in 2006, the US Janus Tissue

Archives (Haley et al. 2011; Wang et al. 2010) and the

European Radiobiology Archives (Tapio et al. 2008;

Birschwilks et al. 2011) collected individual data on many

additional animal experiments. These archives have

incorporated data from past studies. To allow the archiving

of recent animal and human studies, a web-based reposi-

tory named STORE for data and a pointer to biomaterial

has been developed (http://www.storedb.org or http://

rbstore.eu). Moreover, there is currently a large animal

experiment ongoing at IES. In the context of cooperation,

IES could be an important counterpart from Japan,

although the IES dose rate data may still require some

additional time until they will become available. In any

case, nowadays there are many more animal data available

for analysis than there were at the time when BEIR VII

published their report on DDREF, and it is argued here that

as much data as possible should now be used to address the

influence of ionizing radiation and other factors on various

biological outcomes. Any animal study may have specific

problems, but by using large datasets (e.g., 200,000 ani-

mals), one may be able to address at least some of these

problems, especially for dose-rate studies.

Are animal data applicable to humans?

The difficulty to extrapolate from mice to humans has been

acknowledged for a long time. For example, in the US

Argonne National Laboratory (ANL) animal dataset

available for life shortening, some mice got exposed at an

older age, and despite chronic exposure, their life span did

not change considerably compared to non-exposed mice.

This was especially true for 6-month-old mice. In contrast,

humans at younger ages are more sensitive to radiation

than at older ages, but some sensitivity remains at older

ages as well (Preston et al. 2007; Hsu et al. 2013). Thus,

proper mathematical models are needed to correct for this

effect.

It is noted, however, that if dose-rate effects observed

among mice and dogs could be compared in a reasonable

way, then one would get at least a rough idea on inter-

species differences. This could also help to judge the

validity of any extrapolation from animal data to humans.

The ANL datasets involving about 21,000 dogs could

contribute to investigating this problem. It is therefore

emphasized here again that there is a need to better use the

tissue archives that have recently become available, and

that the opportunity to do so now is thanks to recent and

ongoing efforts to preserve these data.

Which endpoints are relevant in radiobiological

studies?

In general, DNA damage is considered important, but

currently, it is not really clear which specific DNA damage

is relevant to the DDREF issue. There is no clear molecular

endpoint identified specific for carcinogenesis, in particular

because other parameters such as ethnicity or the immune

system may also play an important role in carcinogenesis.

It is thus concluded that further studies are needed to

identify the radiobiological endpoints relevant to the pre-

sent discussion on DDREF. Additionally, there is a grow-

ing awareness from cancer research in general that cancer

development requires consideration of the microenviron-

mental and tissue context in which cancer cells develop as

well as the primary target cells and cancer cells themselves.

How to integrate information (especially animal vs.

human data)?

Regarding how to integrate information, statistical progress

is currently being made. For example, the BEIR VII

methodology of using state-of-the-art Bayesian models to

integrate data is considered as an important step forward

compared to earlier approaches. There may be further

improvements in statistical capabilities. In addition, much

larger datasets are now available, and machine learning-

based approaches and neural networks may help interpret

the available data. As these methods evolve, they may

support some of the analyses needed for DDREF. It is

noted, however, that although modern statistical techniques

may be powerful, the need to reconcile human and animal

data remains before applying these techniques. Use of

archived tissue samples could open the way for an in-depth

comparison between animals and humans.

Conclusions

Extrapolation of biological effects observed at high doses

and high dose rates to low doses and low dose rates of

ionizing radiation typical for radiological protection set-

tings has become a central issue. Since the discovery of

X-rays by Röntgen in 1895, the scientific evidence on this

issue has continually been reviewed. In particular,
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UNSCEAR has published a series of reports since 1958,

which have been used by ICRP, in their efforts to protect

workers, patients, and the public from the adverse effects

of ionizing radiation without unduly limiting its beneficial

uses.

Because scientific knowledge on the effects of ionizing

radiation at molecular, cellular, tissue, and organism levels

is continually increasing, a number of international bodies

such as BEIR, SSK, UNSCEAR, and WHO have reviewed

the scientific literature on this issue during the last decade.

In particular, the concept of DDREF and its numerical

estimate were critically analyzed, and depending on orga-

nization, different conclusions were reached.

The present paper has discussed the concept of DDREF.

The DDREF concept as suggested by ICRP combines dose

and dose-rate effects for radiological protection purposes,

with the rationale being to keep radiological protection

simple and practical. Given the discussion above, there is

the need to reassess this approach. In particular, the sug-

gestion is made that dose and dose-rate effects should be

considered separately, at all levels of biological effect,

keeping, for example, in mind that the linear term in an LQ

dose–response curve might depend on dose rate. This does

not exclude, however, that in the end, for the sake of

simplification, ICRP will continue to use a combined single

factor to describe extrapolation of risks from high doses

and dose rates to low doses and dose rates typical for most

radiological protection scenarios. However, the assessment

must be made in light of the best scientific evidence.

As for endpoints at molecular and cellular levels, it is still

unclear which endpoint is most relevant to the DDREF dis-

cussion, andmore research is needed to identify markers that

are indicators for carcinogenesis. However, molecular and

cellular studies are indispensable for investigating the

mechanisms behind radiation action. Many new biological

phenomena, such as genomic instability, bystander effects,

adaptive response (Hamada et al. 2011; Morgan and Sowa

2015), have been discovered during the last two decades,

some showing different dose–response behavior at low

doses. This highlights the complicated action of ionizing

radiation. At present, it is still unclear to what extent such

effects are of relevance to human disease and therefore for

radiological protection. A significant challenge is presented

by the lapse of time between the induction of effects at

molecular and cellular levels, and the development of

stochastic effects on the organism level such as cancer or

leukemia, and furthermore there may be other and still

unknown processes which also influence cancer develop-

ment, the role of the immune system just being one example.

Animal experiments may offer some potential in this

regard, because radiation-induced effects such as life

shortening or tumor incidence manifest at the organism

level, and on a timescale of several months or years.

Nevertheless, the question of how to transfer results

obtained in experimental animals to humans has been an

issue for decades, and is still difficult to answer. It is

important to note that, in contrast to earlier times, it is now

much easier to analyze data jointly from many more animal

studies that were performed in the past, due to the existence

of newly established databases and tissue archives in the

USA and Europe. Combined analysis of these data may

offer the possibility of investigating radiation-induced

effects (in particular in terms of dose and dose rate) with

better statistical precision than before, thus providing

results that are more robust, or to investigate inter-species

differences among different animal models that would

allow judgment of the uncertainties involved when results

from animal experiments are extrapolated to humans.

Finally, there are a number of human cohorts with

individuals who were exposed to ionizing radiation in the

past, such as the A-bomb survivors, the population living

downstream along the Techa River, various nuclear worker

cohorts from all over the world, individuals who were

exposed for medical reasons, and populations living in

HBR areas. These studies are ongoing, and they regularly

produce updates of the observed health effects with

increasing follow-up period. It is now time to look at these

new results and combine them in pooled studies or meta-

analyses, albeit with care. The outcome of these studies is

closest to what one is interested in radiological protection.

It is also clear, however, that the results that can be

obtained at dose and dose rate relevant to radiological

protection will be difficult to quantify with high precision,

because the probability of occurrence of stochastic effects

such as the incidence of cancer or leukemia at those low

doses and dose rates is low, and spontaneous incidence of

cancer in the human population is high.
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