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1. Executive Summary

The Multidisciplinary European Low Dose Initiative (MELODI) is a European Platform dedicated to
low dose ionizing radiation risk research. The challenge is to improve the quantification of risks
and reduce the uncertainties in the risk estimates, as well as to develop and validate risk models
that best characterise health effects at low doses, drawing on both epidemiological and
radiobiological understanding. In 2010, MELODI was founded as a registered association with 15
members; membership has now increased to 44 institutions.

A major activity of MELODI is the establishment and periodic revision of a long term Strategic
Research Agenda (SRA) for research on low dose risk for radiation protection in Europe. MELODI
considers low doses to be those where there remains substantial uncertainty on the magnitude of
health risk. The SRA is intended to guide the priorities for national and European research
programmes and the preparation of competitive calls at the European level in order to fill research
gaps and test the hypotheses on which the current RP system is based. The ultimate goal is to
provide an improved evidence-based protection of the population. A key priority for radiation
protection research is to improve and reduce the uncertainties associated health risk estimates for
exposures at low doses and dose rates that are relevant for the dose limits for occupational
exposures, reference levels for the exposure of the population in emergency situations, diagnostic
reference levels for medical exposures, damage to normal tissues during radiotherapy, reference
levels for radon exposures in buildings and occupational compensation scheme claims, amongst
others. The approaches have to be multidisciplinary and innovative to provide the best
opportunities for advancing understanding of low dose and low lose-rate effects. Incorporation of
expertise outside of the conventional fields of radiation research is essential to widen the prospects
for broadening approaches and adopting novel methods in health research in the assessment of
health risk relevant to radiation protection. MELODI is also concerned to ensure the availability of
key infrastructures as an essential basis for research activities, and to maintain competences in
radiation research and health risk assessment in the long term via an integrated European
approach for training and education. For these purposes, in February 2014, MELODI established
three working groups (WGs), one on the MELODI SRA, one on Infrastructures and a third on
Education and Training.

The SRA is periodically updated by the MELODI SRA Working Group (WG), systematically taking
into account results of recent research and emerging radiation protection research issues. Open
consultations via website and the annual MELODI workshops are regularly conducted, the results
of which are taken into account in the revised SRA. Prior to calls from the European Commission
(EC) or EC-funded projects in radiation protection, in addition to the SRA, a short MELODI
statement presenting the top priorities is developed by the MELODI WG SRA and an open
consultation process initiated.

In recent years, large parts of radiation protection research in Europe have been organized within
a European Joint Programme (EJP), CONCERT. The aim of the EJP was to bring together relevant
funding agencies from the EC and its Member States to integrate European research and to
administer calls for research proposals in radiation protection on behalf of the EC. This activity is
built upon and aimed to promote integration of the SRAs from six European radiation protection
research platforms and aims to establish interaction and synergies between the different areas of
expertise: MELODI (low dose and dose-rate risk research), ALLIANCE (Radioecology), NERIS
(Emergency management), EURADOS (Dosimetry issues), EURAMED (Medical associations), and
SHARE (social sciences/humanities). Research findings arising from projects
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funded by the CONCERT calls have, along with other developments, contributed to updating the
SRA. When CONCERT comes to an end, it is not clear how future integrated European radiation
protection research will be funded. Some follow-on project(s) to CONCERT may emerge,
alternatively the EU EURATOM programme may directly fund research or substantial national
programmes may be launched, either way the SRA aims to provide a guide for these funding routes.

The activities of MELODI can be seen to be complementary to other co-ordination activities
elsewhere such as the IDEA initiative in the USA, the Japanese PLANET initiative and others. Most
recently the OECD’s Nuclear Energy Agency Committee on Radiation Protection and Public Health
(https://www.oecd-nea.org/rp/crpph.html ) has been working to co-ordinate efforts on a global
scale.

The current 9™ MELODI SRA for the year 2019 describes two research topics and two cross cutting
topics (which are relevant for both of the research topics) in low dose or low dose-rate radiation
risk research. The topics relate to the diseases of concern, (1) cancers and (2) non-cancer diseases.
The cross-cutting topics that are relevant to both of these disease categories are (3) individual
variation in risk and (4) effects of spatial- and temporal-variation in dose delivery on disease risk.
Each if these is considered in detail in the SRA.

The research required to improve the evidence base for each of the four topics may be grouped
into two categories:

1) Research to improve understanding of the mechanisms contributing to radiogenic diseases
following low dose and dose-rate exposures

2) Epidemiological research that integrates, where possible and informative, biological and
molecular markers to improve health risk evaluation of radiation exposure

The current and former versions of the MELODI SRAs and statements can be downloaded from the
following website: www.melodi-online.eu. The current SRA structure is outlined in Figure 1.



https://www.oecd-nea.org/rp/crpph.html
http://www.melodi-online.eu/
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2. Importance of low dose radiation health risk research

Exposure to ionizing radiation is unavoidable. Everybody encounters exposure from a range of
natural and artificial sources. Medical and natural sources are the largest components of the
average dose received by the general public. Exposures to artificial sources can vary between
individuals depending on their occupation (e.g. employment in the nuclear industry, in air transport
and in medicine, particularly interventional radiologists), medical exposures (diagnostic and
therapeutic procedures) and in somecases due to environmental contamination. Exposure from
naturally occurring radiation involves background from terrestrial and cosmic sources, and internal
exposure from radioisotopes such as radon and uranium, there is notable geographic variation in
radon exposure. There are many and varied uses of radiation in modern society. Nuclear power
generation is viewed as a carbon neutral and efficient energy source; industrial radiography plays
important roles in safety assessment; medical uses of radiation for diagnostics and therapy are
extensive and rapidly increasing. Long distance air travel can lead to exposures, typically 0.08 mSv
for a transatlantic flight though altitude, duration and other parameters can affect the actual
exposure level. Other sources are exposures to ‘NORM’ (Naturally occurring radioactive materials)
in the oil extraction and other industries. Broadening access to space travel is anticipated, with
both longer exploratory missions likely as well as some commercial space travel under
development.

Not only is exposure to ionizing radiation unavoidable and variable in the population, but it is
known to damage health at certain exposure levels. At very high doses radiation exposure can be
lethal, while tissue damage can occur following more localized high dose exposures. Whole body
exposures at these levels are very rare, but for localised exposures, severe tissue damage can be
observed in some patients following radiotherapy for cancer.

Evidence accumulated over many decades demonstrates that radiation can cause cancer in
humans following acute exposure in the dose range of a few Gy down to 100 mGy or less, with
children often showing higher sensitivity. There are indicationss that these more moderate
exposures may also be associated with other conditions such as circulatory diseases, cataracts,
cognitive impairment, immunological effects — collectively described as ‘non-cancer diseases’ and
effects on future generations (hereditary or transgenerational effects). The risks to humans in
terms of cancer are established down to around 100 mGy in adults, for circulatory diseases and
lens opacities down to about 500mGy and about 200mGy for defects on brain development and
cognition after prenatal exposure during neurogenesis. The risks to human health below these
levels, especially following protracted or other non-homogenous exposures are less certain.
Currently, the system of radiation protection aims to avoid tissue injury and minimize the risk of
cancer and the possibility of hereditary disease. For radiation protection purposes, risks of cancer
and possible hereditary effects below 100 mGy are regulated on the basis of an assumed linear
non-threshold (LNT) relationship between dose and incidence. However, there remains
uncertainty about the exact dose-response relationship for such low-dose exposures, and the
impact of protracting exposures over long periods such as during a working lifetime.

Striking the appropriate and acceptable balance between the benefits accrued from activities
involving exposure to radiation on the one hand and the health risks posed on the other is
important. The regulation for protection of individuals and populations comes at a financial cost —
there are, therefore, disadvantages to both under- and over-protection. This applies in all
situations — existing elevated exposure situations such as high radon areas, occupational settings
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such as the nuclear industry and the medical sector, and accidental situations where difficult
decisions on countermeasure implementation such as sheltering and evacuation are required. In
all these contexts, it is critical to utilise robust and accurate information on the magnitude of health
risks posed by given radiation doses, ranging from high to low.

The main uncertainties in radiation health risk evaluation are in the magnitude of cancer risk at low
and protracted doses below 100 mGy, the magnitude of non-cancer effects below 500mGy, the
variation in individual risk within the population, and the variation in risk with dose distribution in
space and time. These are therefore the key areas requiring further exploration to provide better
and more reliable evidence for appropriate decision making in all areas of radiation protection.
Accurate and reliable low dose human health risk estimation is an essential foundation for a robust
and acceptable system of radiation protection.

2.1 Dose and dose rate ranges to be considered

For the purposes of this document, MELODI considers low doses to be those where there remains
substantial uncertainty on the magnitude of health risk. For low LET radiations these are taken to
be those of 100 mGy and below when considering cancer risks, and 500 mGy and below when
considering non-cancer diseases as recognised by international organisations such as the

United Nations Scientific Committee on the Effects of Atomic Radiation (UNSCEAR) and the
International Commission on Radiological Protection (ICRP). In the context of cancer risk,
moderate doses are those between 100 mGy and 2 Gy, with high doses being those above 2 Gy.
For non-cancer diseases, MELODI considers moderate doses as those between 500 mGy and 5 Gy,
and high doses those above 5 Gy. Low dose-rates are those of 0.1 mGy min or less for low LET
radiation, or one-track traversal per cell per hour for high LET radiations. These definitions apply
both for organ and whole-body doses. Note that units of Sievert (effective dose, a radiation quality
and tissue sensitivity weighted quantity) are frequently used for cancer risk. Effective dose, as
defined by ICRP, relates specifically to cancer and hereditary effects, it is therefore not appropriate
to use for non-cancer outcomes. Sieverts are also not directly quantifiable and sothe absorbed dose
units of Gray are generally used in this document; furthermore, these are the units used for dose
quantification in experimental and epidemiological investigations.

3. MELODI

The purpose of the MELODI Association, as given in its Statutes, is to constitute a European
Research Platform in the field of low dose ionizing radiation health risk assessment and its
application for radiation protection and to coordinate and promote research and long-term
competence on effects and risks to human health associated with low-dose and low-dose rate
exposures to ionizing radiation.

MELODI currently has 44 members including national bodies responsible for defining, funding and
implementing research on low dose risk, as well as universities and research institutes committed
to contribute to R&D efforts. It is a research association that contributes to the definition of priority
objectives in low dose risk research, fostering of research programmes and initiatives to achieve
these objectives, assessment of results obtained, and promotion of communication on these issues
between the various parties involved as well as sustainability of key research capacity and
infrastructure. These functions are performed by organizing scientific and stakeholder workshops,



SRA MELODI 9

promoting the visibility of the research area, establishing working groups on specific topics and
facilitating collaborative research.

To achieve these goals, the establishment and regular updating of a long term (>20 years) SRA for
research to improve protection from low dose health risks in Europe remains a major activity of
MELODI. It provides guidance on the priorities for national and European research programmes
and the preparation of competitive calls at the European level. Furthermore, MELODI supports the
availability and maintenance of key infrastructures as an essential basis for research activities, and
the retention and development of competences in radiation research and health risk assessment
in the long term via an integrated European approach for training and education. As the primary
aim of the MELODI SRAs is to provide Euratom, national authorities and funding agencies with
scientific research agendas to guide the preparation of calls and areas for prioritization, the
significance of this work should periodically be evaluated for its impact on the content of calls and
research prioritizations, and advances made through funded projects. Ultimately, the research
guided by the SRA is anticipated to make an impact on radiation protection policy.

Following the recommendations and roadmap established by the High Level and Expert Group on
European Low Dose Risk Research (HLEG) in 2009
(https://cordis.europa.eu/docs/publications/1070/107087891-6 en.pdf ), and supported over
time by DoReMi, OPERRA and CONCERT, the latter moving to integrate SRAs covering all aspects
of radiation protection research in Europe, the radiation protection research community within
Europe has been progressively more deeply integrated over the past decade.

In October 2010, the first draft of a MELODI SRA was published on the MELODI Website and opened
for public consultation. The contents were based on the considerations and key priority issues
formulated by the HLEG and DoReMi. In February 2014, the MELODI Board of Directors (BoD, now
re-constituted as the MELODI Executive Committee) established three working groups (WG’s), on
the MELODI SRA, Education & Training and Infrastructures. The MELODI SRA is updated periodically
by the SRA WG, taking into account recent and emerging research results and radiation protection
research issues. The updated draft and a short MELODI statement (usually in years where an EC or
EC-funded project call will be launched), presenting the top priorities, is posted on the public
MELODI website, usually before the annual MELODI workshop - now European Radiation
Protection Week (ERPW), and an open consultation process is set-up via the website and the
workshop to seek input from other scientists and stakeholders before the SRA’s and statement’s
revision. The updated SRA and MELODI statement are also sent to the independent Scientific
Advisory Committee of MELODI for comment. The final SRA and MELODI statement are prepared
for approval by the MELODI Executive Committee. The current edition of the SRA will be the ninth
version.

3.1 MELODI in the context of other radiation research platforms

Currently, large parts of European radiation protection research are organized within the CONCERT
European Joint Programme (EJP). The EJP has brought together relevant funding agencies from the
EC and Member States to integrate European research, and to administer calls for research
proposals in radiation protection on behalf of the European Commission. This activity builds upon
the Strategic Research Agendas from six European radiation protection research platforms,
MELODI, ALLIANCE (radioecology), NERIS (emergency management), EURADOS (dosimetry issues),
EURAMED (medical associations), and SHARE (social sciences and humanities), and aims to


https://cordis.europa.eu/docs/publications/1070/107087891-6_en.pdf
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establish interaction and synergies between the different areas of expertise. Integration across
the different platform areas is being fostered and developed through the drafting of a roadmap to
guide all research related to radiation protection, and further integration can be anticipated in
future years. CONCERT will come to an end in 2020, and it is not yet clear if any similar cross-
platform integration will continue to be funded.

MELODI’s activities can be seen to be complimentary to other co-ordination activities elsewhere
such as the IDEA initiative in the USA (see Cool, 2019, Int J Radiat Biol. 95(10):1358-1360 ), the
Japanese PLANET initiative and others described by Cho et al (Cho et al, 2019, Int J Radiat Biol. 2019
95(7):816-840, Repussard, 2019, 95(10):1354-1357 . Most recently the OECD’s Nuclear Energy
Agency Committee on Radiation Protection and Public Health ( https://www.oecd-
nea.org/rp/crpph.html ) has been working to co-ordinate efforts on a global scale. Furthermore,
MELODI aims to be responsive to the key challenges in the system of radiation protection as
identified by international organisations such as UNSCEAR and ICRP.

4. Summary of Developments since last SRA update

Recent advances in radiation epidemiology are starting to provide evidence of risk to health at
doses below the 100 mGy level used to define low dose exposure. The INWORKS series of pooled
occupational exposure studies suggests that significantly increased risks of solid cancer and
leukaemia can be detected at doses of 100 mGy when delivered over a working life. Though the
subject of continued debate, several studies of cancer risks associated with exposure to CT scans
in childhood suggest significant increases in leukaemia and brain cancer risk at 50 mGy and above.
Likewise, some studies have shown increased risk of childhood leukaemia from natural background
radiation, though the evidence is not consistent and dose assessment often not based on individual
measurements. Thus, this SRA edition is being written at a time of strengthening evidence of
cancer risks at 100 mGy and below, even when exposures are protracted over time. Much of this
evidence has been drawn from European cohort studies.

When this SRA was last updated the research projects running under the CONCERT European Joint
Programme were starting and results of the 2017 and 2018 EURATOM calls were not available.
The research areas covered by these projects is summarised here.

The 2016 and 2017 CONCERT calls have funded nine projects. Those most relevant to MELODI are:
e LDLensRad - an investigation of mechanisms underlying radiation-induced lens opacities
and dose/dose-rate effects at low exposure levels. The project relates to SRA topic, Non-

cancer disease, basic mechanistic investigations.

e LEU-TRACK — an investigation into the role of micro-vesicles and their ‘cargo’ in radiation
leukaemogenesis. The work relates to SRA topic, Dose and dose-rate dependence of
cancer risk, basic mechanistic investigations.

e SEPARATE - concerns the effects of partial body irradiation, particularly out-of-field
effects, and how they may affect health risk following exposure. This project relates to SRA
topics, Non-cancer diseases, basic mechanistic investigations and consideration of
spatial/temporal variation of dose delivery.

In 2017 EURATOM ran a call for research in medical radiation protection that resulted in the
funding of one project:


https://www.oecd-nea.org/rp/crpph.html
https://www.oecd-nea.org/rp/crpph.html
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e MEDIRAD —is a wide-ranging project with elements of epidemiology, real time organ dose
estimation from diagnostic and nuclear medicine procedures, testing of multinational
image and dose repositories, experimental work and modelling, relating mainly to impacts
of therapeutic and diagnostic medical exposures on cancer and non-cancer diseases,
including consideration of individual variation in response. This project relates to SRA
topics, Dose and dose-rate dependence of cancer risk/non-cancer diseases/individual
variation in risk by mechanistic and epidemiological investigations.

In 2018 a further EURATOM call in radiation protection resulted in the funding of one project:

e HARMONIC is a large multi-disciplinary project to contribute to improvements in the
understanding of health effects of medical IR exposure of paediatric patients, focusing on
two distinct scenarios: (1) Paediatric patients undergoing modern radiotherapy (including
proton therapy); (2) Paediatric patients undergoing interventional cardiology. The project
will explore potential effects at very early ages, exposure to a wide range of doses from
photons, protons and secondary neutrons radiation. It will also build European cohorts
and registries for long term follow-up in the context of very rapid technology evolution.
The study will use state-of-the art dosimetry, complemented by non-invasive imaging and
molecular epidemiology to assess: endocrine dysfunctions, cardio and neurovascular
diseases, societal impact and cancer. The project will also investigate radiation-induced
cellular responses in samples of blood and saliva, and the mechanisms involved in the
processes that may lead to cancer and vascular diseases. Ultimately, HARMONIC will
develop tools and allow definition of guidelines on optimization techniques to guide
treatments toward reduction of patient doses in paediatric cardiology and oncology.
Relates to SRA topics, dose and dose-rate dependence of cancer risk/non-cancer diseases,
individual variation in risk and consideration of spatial/temporal variation in dose delivery
by mechanistic and epidemiological investigations”.

Additionally, MELODI has sponsored two workshops, one concerning individual sensitivity to
radiation and another concerning non-cancer disease. Outputs and recommendations from the
former are currently under review, in press or published (Gomolka et al, 2019, Int J Radiat Biol. Jul
26:1-17. doi: 10.1080/09553002.2019.1642544, Seibold et al, 2019, Int J Radiat Biol. 2019 Sep 20:1-
16. doi: 10.1080/09553002.2019.1665209, and further publications submitted or in press). Key
recommendations for research from these publications will be considered here when available.

Beyond the activities of MELODI, there have been documents of relevance to this SRA publushe
dby UNSCEAR in recent years — most notably UNSCEAR 2017, Annex B - Epidemiological studies of
cancer risk due to low-dose-rate radiation from environmental sources and the UNSCEAR 2018
White paper, Evaluation of data on thyroid cancer in regions affected by the Chernobyl accident.
There have been no publications directly relevant to MELODI from ICRP since the last SRA edition.
NCRP have published in 2018 its Report No. 181 — Evaluation of the Relative Effectiveness of Low-
Energy Photons and Electrons in Inducing Cancer in Humans, and Commentary No. 27 —
Implications of Recent Epidemiologic Studies for the Linear-Nonthreshold Model and Radiation
Protection; and in 2019 its Report No. 183 — Radiation Exposure in Space and the Potential for
Central Nervous System Effects: Phase II.
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5. Strategic Research Agenda

Radiation protection is one particular area of health protection concerning the prevention of
radiation induced non-communicable diseases and tissue damage, notably cancers and some non-
cancer diseases in the general public, patients and workers. The health impacts of radiation
generally concern diseases or biological effects that are multi-factorial in origin, with both intrinsic
and extrinsic risk factors. The intrinsic, non-modifiable risk factors, include age and sex as well as
less well characterised genetic and other factors, all of which, in addition to being important risk
factors in themselves, may also modify the health impact of radiation. There is also, a wide range
of modifiable risk factors affecting the incidence of these diseases, including ‘lifestyle’ factors such
as diet, tobacco smoking and exercise, as well as natural and human-made environmental factors
including co-exposures to other environmental and occupational carcinogens and medicinal drugs.
Radiation protection research therefore needs to be viewed in this wider context where any
radiation exposures and effects on health are rarely, if ever, experienced alone; rather individuals
and their disease risk can be influenced by their genome, epigenome, exposome, microbiome and
other factors. This wide range of influences on individual and population health risk can pose
problems for discerning the impact of radiation exposures, especially when exposure levels are
low. As stated earlier, radiation protection is but one element of general health protection relevant
in public, occupational and medical exposure settings.

The MELODI SRA is based on the key policy goals defined by the HLEG (www.hleg.de/) to address
the robustness of the current radiation protection system (see Figure 2).

Radiation exposure/dose Health outcome
o Cancer
External radiation \ / - Lung, Stomach,
- acute Breast, Thyroid, .2
- protracted Dose-response relationship etc. '3
- fractionated - Leukemia §
9]
\ Non-cancer 2
Internal radiation Modification of risk by - Cardiovascular 2
- acute - Lens opacities
- protracted - Genetic factors - Neurological dis.
- fractionated - Age, sex, lifestylefactors - Stem cell senescence
- Other exposures - Others
Radiation quality

Figure 2: Key policy issues in European low dose radiation risk research defined by the High
Level and Expert Group
(https://cordis.europa.eu/docs/publications/1070/107087891-6_en.pdf)
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The key policy issues identified in the HLEG report are:

>

The shape of the dose-response for cancer;

>

Tissue sensitivities for cancer induction;

>

Individual variability in cancer risk;

>

The effects of radiation quality (type);

>

Risks from internal radiation exposure;

>

Risks of, and dose response relationships for, non-cancer diseases and hereditary effects.

For the purpose of the MELODI SRA, these issues were restructured into two topics relating to
disease types and two cross-cutting issues (Figure 1):

TOPICS
(1) Dose and dose-rate dependence of cancer risk;
(2) non-cancer effects;
CROSS-CUTTING ISSUES
(3) individual variation in risk; and
(4) effects of spatial- and temporal-variation in dose delivery

As discussed by the HLEG and confirmed by MELODI, research at low dose-rates or low doses
presents significant challenges in the investigation of both radiation-related health effects and
underlying biological mechanisms, because the magnitude of health risk and biological effects is
expected to be low. A multidisciplinary approach is therefore essential, both epidemiological and
experimental studies will also require sufficient statistical power and sample sizes to be effective,
nested case-control study designs are likely to be suitable, as well as “meet in the middle
approaches” for example.

For these reasons, discussion of each key question is sub-divided below into two categories:

. Research to improve understanding of the mechanisms contributing to radiogenic diseases
following low dose and dose-rate exposures.

. Epidemiological research that integrates, where possible and informative, biological
approaches to improve health risk evaluation.

5.1 Dose and dose-rate dependence of cancer risk

Current risk estimates used in radiation protection are based upon epidemiological studies of
exposed populations. Radiation protection standards aim to avoid tissue reactions and minimize
the incidence of the late developing stochastic effects of cancers and possible hereditary effects in
future generations. Thus, it is of fundamental importance to radiological protection that the health
risk estimates are evidence-based, robust, and credible. Most important among the
epidemiological studies are the follow-up studies of Japanese populations exposed as a
consequence of the atomic bombings of Hiroshima and Nagasaki that provide risk estimates per
unit dose for cancer and, more recently, non-cancer effects. While the Japanese studies remain
the main basis for the cancer risk estimates used in radiation protection, they relate to a specific
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population and a specific exposure scenario. The exposure was essentially an instantaneous, high
dose rate total body gamma ray exposure with a small neutron component. Information about
cancer risk from the A-bomb survivor studies is, to an increasing extent, complemented by studies
of occupational, environmental and medical exposures, which allow direct investigation of effects
of fractionated or protracted exposures in current European populations.

As noted earlier, epidemiological studies provide direct evidence of dose-related increases in total
cancer risk after acute exposures with doses of about 100 mGy and above. Recent studies have
provided better evidence of risk at doses below 100 mGy and with protracted exposure. Some
reports indicate a possible increased risk of childhood leukaemia from doses below 100 mGy due
to natural background gamma radiation and from paediatric CT imaging..

Nevertheless, there are major uncertainties concerning (i) the magnitude of total and organ-
specific cancer risks following specific exposure situations such as protracted exposure
encountered in the environment as well as in occupational and medical settings, and when the
dose is inhomogeneously distributed more particularly after internal contamination; (ii) the risk
for individual cancer sites due to possibly different tissue sensitivities, and (iii) the best evidence-
based models to infer risk at doses and dose-rates that are lower than those for which direct
epidemiological evidence is available. In this context, there are also a number of ethical questions
that need to be addressed, such as the use of the LNT model for extrapolation to very low doses,
and whether other risk factors may substantially modify radiation risks.

Classical epidemiological studies will need to be continued to refine the knowledge of risk directly
in human populations, particularly in the context of low dose, protracted and non-uniform
exposures. Accuracy of risk estimates can potentially be increased by more precise dose estimation
and outcome assessment, larger studies or pooling of data from several studies. Mechanistic and
epidemiological approaches should be integrated whenever feasible to address cancer risks from
acute whole-body exposures with low-dose (<100 mGy) or from fractionated, protracted and
inhomogeneous exposures resulting in low-to moderate dose. Studies also need to address the
impact of different radiation qualities and effects of both internal and external exposures, alone
and in combination. Knowledge of health risks from low dose-rate exposures is of direct relevance
for radiological protection in emergency situations, in medicine (with children, who are known to
be more sensitive than adults, easily receiving doses of several hundred mGy to the brain from
multiple brain CT scans), and in occupational settings, with the current dose limit of 20 mSv/year
averaged over 5 years with no single year exceeding 50 mSv. Radiation protection in the medical
context is particularly important as exposures have been increasing, and novel radiation modalities
are both in use and under development. Clear and coherent principles for justifying the long-term
risks with more immediate benefits are needed. Radiation protection in the context of long-term
space travel, where radiation exposures have some very specific characteristics and differ from
terrestrial exposures, is likely to grow in importance in the future. Beyond studies of specific
irradiated populations, there exist some major cohorts established and followed primarily for
reasons other than the assessment of radiation risk, some consideration of the benefits of utilising
such cohorts and adding radiation exposure information may be of use in the future.

Research line: Health risk evaluation

Quantification of cancer risk at moderate dose or dose-rates from acute or protracted non-uniform
exposure, and at low dose or dose-rates from acute, homogenous exposure are key challenges for
improved radiation risk assessment. The large size of epidemiological studies required to detect
small increases in cancer risk at low dose and dose-rates, the need to capture all major sources of
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radiation exposure, and the potential for bias and confounding present practical challenges,
particularly at the lowest doses. The priorities in this area include the maintenance and
improvement of key cohorts by continued follow-up, pooling of different studies, collection of
information on confounders and reduction of misclassification of dose and health data. Key cohorts
are characterized by large populations with exposure conditions and dose distributions that are
relevant for radiation protection, good individual dosimetry, long and complete follow-up with
good quality of health outcome data, particularly in relation to cancer occurrence; and the
possibility of collecting information on relevant potential confounders either on the whole cohort
or through targeted nested case-control studies.

These studies should include, where possible and likely to be informative, the collection and
appropriate storage of a large number of relevant biological samples, including tissue samples from
cancer cases and somatic tissue from affected individuals; while this is generally difficult in large
scale cohorts, it can be integrated in nested case-control studies. Through identification, validation
and integration of relevant biological endpoints and markers into epidemiological studies, further
insights will be gained into the risks associated at the population and individual level with such
exposures. The integration of both epidemiological and mechanistic studies will improve cancer
risk evaluation through molecular epidemiological studies or by mechanistic modelling.

Priority research areas are:

. To determine the shape of the dose and dose-rate response relationships in humans for total
cancer, and where possible specific cancer sites, based on key informative epidemiological
studies, including medical and occupational cohorts as well as those accidentally exposed.

. To determine the risk for different cancer sites based on key cohorts (see above) in order to
investigate differences in tissue sensitivity.

. To evaluate the dose-response for tumour types, ideally defined by molecular
characterisation

. To investigate pre-stages of cancer in any available biological samples, e.g. tissue or
saliva/blood and by imaging methods in study populations with well-characterised exposure
to allow modelling of carcinogenesis, including adverse outcome pathway approaches.

. To identify and validate biomarkers of exposure and health effects related to cancer, both
working from early exposure biomarkers through intermediate steps to disease, and from
epidemiological studies to disease markers and back to exposure —the ‘meet in the middle’
approach (Vineis and Perera, 2007, Cancer Epidemiol Biomarkers Prev. 16(10):1954-65).

. To determine the value of evaluating cancer risks through systems biological analyses and
models of carcinogenesis based on mechanistic studies and epidemiological data, and
integration of the two.

Research line: Basic mechanisms

An LNT extrapolation model is currently used to estimate risk at low doses from higher dose
epidemiological data. An important aspect of the justification of using this model is that radiation
carcinogenesis is assumed to be primarily driven by damage to DNA and subsequent mutation of
growth-regulating genes in target cells. Yet, a number of other potential mechanisms contributing
to and modulating radiation carcinogenesis have been proposed, including epigenetic mechanisms
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of gene regulation such as DNA methylation and miRNA expression, transmissible genomic
instability, bystander effects and adaptive response, and it is important to determine their roles.
The extent to which these modulating effects and non-mutational mechanisms challenge the
validity of the LNT risk extrapolation model needs to be determined. For this purpose, the use of
well validated animal and human cellular / tissue models of radiation carcinogenesis (both solid
cancers and leukaemias) is required.

Priority research areas are:

. To determine the nature,roles and radiosensitivity of the various target cells for radiation
carcinogenesis. The most important of these are generally taken to be stem and progenitor
cell populations, which may have specific responses to radiation.

. To determine the contribution of DNA damage / mutational processes at low doses and
dose-rates and with differing radiation qualities.. Further information on the specific genes
affected at low doses in the development of specific cancers and quantitative aspects can
contribute to refining risk extrapolation models and the identification of radiation exposure
and cancer biomarkers.

. To determine the contribution of epigenetic modifications. Gene function and cellular
processes can be regulated at the epigenetic level, the extent to which radiation affects
epigenetic states that relate to carcinogenesis needs to be elucidated, and also how
epigenetic factors affect response to radiation.

. To determine the influence of cell micro-environmental, non-targeted and systemic
processes that may promote or restrict the growth of pre-malignant cells in tissue, and how
radiation exposure affects the tissue environment to facilitate or retard the growth of (pre)-
malignant cells. For example, the influences of low dose radiation exposure on inflammatory
reactions and effects of radiation on of immune surveillance against cancer cells.

. To examine the extent to which any of the above are different at high dose / dose-rate by
comparison with low dose / dose-rate.

5.2 Non-cancer effects

It has been traditionally assumed that health effects other than cancer and hereditary diseases
show a threshold (defined as the dose required to lead to 1% excess incidence) at doses that are
well above the levels of exposure typically encountered in the public environment, at work or in
diagnostic medical uses of ionizing radiation. Recent results from epidemiological and
experimental studies indicate possible increased risks of circulatory diseases, cataracts,
cognitive/neurological effects and others not only at high doses but also at down to 500mGy and,
possibly even lower. Based on these findings the ICRP issued in 2011 a statement on tissue
reactions (formerly termed non-stochastic or deterministic effects) that noted evidence that the
threshold in absorbed dose for effects on the lens of the eyes is of the order of 500mGy (acute and
protracted exposure). Consequently, a recommendation was made for a reduction in the annual
equivalent dose limit for the eye lens to 20 mSv per year averaged over 5 years, with no one year
exceeding 50 mSv. In addition, ICRP suggested that the dose threshold for circulatory diseases may
be as low as 500mGy.

Evidence for radiation-related hereditary effects is based on experimental animal studies. There
is no direct evidence for hereditary/transgenerational effects from human studies, though 2nd
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and 3rd generation studies are likely to be feasible in specific cohorts, e.g. in the Urals. The as yet
uncertain contribution of hereditary risk to overall risk is expected to be small in comparison with
that of cancers. While the system of radiation protection includes hereditary effects in the
calculation of low dose detriment along with cancers for risk management purposes, the range of
diseases occurring among the offspring of irradiated parents includes both cancer and non-
cancer diseases

For all outcomes, there are uncertainties and concerns about possible effects at low doses, which
may have important implications for radiation protection. Results of available epidemiological
studies are not always consistent, as in the case if cancers the risk estimates are prone to bias and
confounding, and the biological mechanisms of relevance for health risks at these low doses are
not known. The possibility of a stochastic nature of non-cancer effects without dose thresholds
raises a wide range of questions and needs further investigation. In contrast to cancer, knowledge
on the underlying biological mechanisms for radiation-related non-cancer effects in the moderate
and low dose range is very sparse. Therefore, research to understand the mechanisms is necessary.
In addition, epidemiological research of key cohorts with good information on potential
confounding factors is needed to provide information on radiation-related risk of non-cancer
diseases following low dose, protracted or fractionated exposure, relevant for radiation protection.
Individual variation in risk, mixed exposures and impact of characteristics of radiation exposure will
also need to be explored.

Research line: Health risk evaluation

Quantification of non-cancer disease risk in humans at moderate or low doses or dose-rates is a
key and difficult challenge for radiation protection, because the magnitude of risk due to radiation
is expected to be low and the potential for bias and confounding is high. Informative
epidemiological studies in this field will be characterized by cohorts of large size with exposure
scenarios and dose values relevant for radiation protection, good dosimetry, high quality of health
data, long follow-up and the possibility of collecting information on relevant potential confounders
either on the whole cohort or through nested case-control studies. In addition, these studies
should include — where possible and informative — collection of biological samples, relevant tissue
samples from the relevant organ to allow mechanistic investigations, and extensive data on the
health status during follow-up.

Through improvement of key epidemiological studies (e.g., increasing the statistical power by
pooling studies using standardized study protocols; improvement of appropriate organ and tissue
dose assessment, e.g. different parts of the heart, main arteries and veins, as well as blood, brain,
eye lens, etc) and, where possible and informative, the identification and integration of relevant
biological endpoints and markers into epidemiological investigations further mechanistically-
informed insights will be gained into the risks associated with such exposures.

Priority research areas are:

. To determine the shape of the dose-rate and dose-response relationship, notably the
presence or absence of threshold doses, in humans for non-cancer outcomes at low or
moderate doses based on key informative epidemiological studies (molecular or otherwise,
as appropriate). While increasing numbers of studies concern circulatory diseases, little
work is available on cognitive impairment and neuropathies, and there is little current work
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on hereditary and transgenerational effects. Any such studies require careful and explicit
definition of the disease outcomes being assessed.

. To identify, develop and validate biomarkers for exposure (especially for low doses and
protracted/inhomogeneous exposures), early and late non-cancer effects. Relevant tissue
banks are currently available. The development of such biomarkers should allow better
estimation of the actual doses received and inform the evaluation of the dose-response
relationship of non-cancer effects.

. To investigate early stages in the progression of non-cancer effects in tissue or disease-
related endpoints in biological samples from members of appropriate epidemiological
studies or individuals with similar living conditions and known exposure in order to
understand spontaneous pathogenesis. This is a pre-requisite to understand radiation
effects on pathogenesis.

. To evaluate non-cancer risk through systems biological analyses and mathematical models
combining and integrating mechanistic studies and the epidemiological data.

Research line: Basic mechanisms

Deterministic effects or tissue reactions are classically thought to arise as a consequence of cell
killing or functional inactivation by high radiation doses. They are characterised by steeply
increasing dose-response relationships at doses exceeding a defined threshold. It is unlikely that
cell killing/inactivation will explain fully the effects of lower radiation doses on circulatory diseases,
cataract and cognitive dysfunction. Epidemiological investigations of populations with well-
characterised exposures require support from studies to identify the underlying mechanisms that
lead to each of the non-cancer diseases. Each disease may have a different mechanistic basis, and
it is not clear, if there will be any similarity with the mechanisms that lead to radiation related
cancers.

Low dose radiation may induce cellular senescence. The occurrence of this phenomenon in tissue
stem cell compartments is an event that could have profound pathophysiological consequences.
Alteration of stem cell functions may impair tissue renewal and homeostasis or on the contrary
may promote non-cancer diseases or cancers.

Priority research areas are:

* To develop animal and in vitro models of radiation-related non-cancer diseases (circulatory
diseases, cataract, cognitive/neurological dysfunctions, hereditary/transgenerational effects
and other non-cancer effects), including organoids (e.g. cerebral, retinal, and others) derived
from human pluripotent stem cells in order to clarify the pathways involved and conduct
appropriately powered induction studies. In particular early stages of disease should be
explored to define adverse outcome pathways for radiation-induced non-cancer effects.

* To apply a full range of analytical methods including ‘omics’ technologies and consideration of
the target cells and surrounding microenvironment. In this context emerging technological
innovations including single cell ‘omics’ may help to identify differences in radiation sensitivity
between relevant cells and tissues. The mechanistic knowledge gained is likely to be useful for
the identification of relevant biomarkers, e.g. specific metabolic and pathological changes that
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are clearly radiation-induced, and the development of mechanistic models of disease
development.

* To determine the contribution of radiation-related changes in the immune function and
inflammatory processes in the pathogenesis of non-cancer effects at low doses and dose-rates.

* To determine if other pre-existing conditions, such as neuropathies, inflammatory conditions
or metabolic and mitochondrial diseases for example, affect the incidence of radiation-
induced non-cancer outcomes

5.3 Individual variation in risk

Individual variation in radiation-related cancer risk is a key area to address for radiation protection.
Differences in the magnitude of radiation-induced risks between individuals, or groups, may relate
to sex, age at exposure, state of health, genetic and epigenetic make-up, lifestyle, and attained
age. Such differences, if significant, raise the very important ethical and policy questions as to
whether some individuals or groups are inadequately- or over-protected by the present system
and regulations. Similar concerns on variation in risk between individuals apply to non-cancer
outcomes.

At present, there is insufficient information about the size of the differences in response between
individuals or groups of individuals and their consequent influence on risk estimates at low doses
and dose-rates. In order to address policy questions, it is necessary to obtain better scientific
information on the extent of the variations in sensitivity in the population, in the sizes of the
variations, characteristics affecting the variation and in the proportions of the population that are
affected. Importantly, reliable and robust biomarkers predictive of individual risk need to be
identified and characterised through basic mechanistic research before application in
epidemiological studies.

Healthy aging is an increasing concern in western countries, since there is a progressive aging of
extant populations. Research in this field aims to improve quality of life for elder people. In this
situation, any unnecessary or overlooked stresses have to be avoided.

Treatments with low dose radiation for medical purposes is increasing worldwide. These
procedures are beneficial to the patient. Nevertheless, there is scant awareness of health risk
associated with their uncontrolled use. In particular, health risk may be higher in elderly patients
due to increased vulnerability and poor recovery of homeostasis following a stress such as low dose
radiation exposure.

Consideration of how individual differences affect the relationship between absorbed dose (and
dose distribution) and risk is required. For internal intakes of radionuclides, the dose and dose
distributions can be very different in individuals for the same exposure because of anatomical and
physiological differences (e.g. in airway morphology or breathing mode). These variabilities should
be taken into account by accurate dosimetric and physiologically relevant biokinetic models. In
addition, the nature of the interaction of ionizing radiation with co-exposures to other agents (e.g.
tobacco smoke, heavy metals) and existing risk-modifying conditions (e.g. iodine deficiency for
thyroid cancer) for the onset of various cancers and diseases are important in considering risk
transfer between different populations.
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Research line: Health risk evaluation

The quantification of the contribution that individual variation in response to radiation makes to
radiation health risk on both an individual and population level is a key question. Realistic estimates
of the magnitude of differences in response between individuals and groups are needed.

Priority research areas are:

. To identify and validate candidate biomarkers of individual sensitivity identified from
mechanistic or clinical studies in cohorts of exposed and non-exposed subjects who have
developed cancers or non-cancer diseases. As few suitable large cohorts with biological
samples are currently available, proof-of principle studies with higher dose exposed cohorts
should be conducted to refine methodologies and to extrapolate to low doses.

. To improve or set-up molecular epidemiological cohorts or case-control studies to
determine factors (host and environmental) that modify individual risk of radiation-induced
cancer and non-cancer effects and quantify their effects.

. To quantify the variation in risk between different population groups and the impact of
different factors, for example, age at exposure, and attained age, as well as co-exposures
and host factors, including anatomical and physiological differences. Knowledge of the
nature of possible interactions between ionizing radiation and these factors on health risk
(e.g. multiplicative, additive) is important in considering risk transfer between different
populations.

. To develop mechanistic or other mathematical models of radiation-induced disease
pathogenesis that can account for individual risk factors.

Research line: Basic mechanisms

Basic research is needed to establish which factors and processes (including genetic, epigenetic
and environmental factors/processes, co-morbidities, co-exposures and lifestyle factors) lead to
greater individual risk of late effects in terms of cancer or non-cancer diseases. This includes the
discovery of genetic, phenotypic and molecular markers of these pathways, and the integration of
mechanistic studies in the quantitative evaluation of health risks. A major focus should be the
understanding of how these different factors may modify risk, keeping in mind that the
radiosensitive phenotype is likely to be multifactorial. Another important question is whether
biomarkers of radiation normal tissue reactions are related to risk of developing late effects
following exposure to low and protracted doses of different LETs including internal exposures.

Priority research areas are:

. To develop an understanding of the cellular, organ and systemic responses determining
individual susceptibility to radiation-induced health effects including, for example,
inflammatory processes and immunological states) so that differences between individuals
in the response pathways can be predicted, and biomarkers be identified.

. To investigate mechanisms by which age at exposure, attained age, sex, lifestyle and other
factors, including co-exposures to other agents and diseases affecting dose from a given
exposure may modulate radiation risk.
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. To investigate the impact of anatomical and physiological differences between individuals
on radiation dose and dose distributions.

. To start to explore modelling methods to predict differences in outcome at both individual
(qualitative changes affecting health-relevant pathways) and population (quantitative
changes in health outcomes) levels.

5.4 Effects of spatial and temporal variation in dose delivery

In the system of radiological protection, risk mainly depends on absorbed dose averaged over a
given target mass. The biological outcome of the exposure is determined not only by the dose but
also by the time frame of the dose delivery, and by the specific kind of radiation responsible for
the energy deposition (radiation quality). In order to account for the effects of temporal variation
in dose delivery, a single dose- and dose-rate effectiveness factor (DDREF) is currently applied for
low LET radiation in radiation protection; however, the evidence base for this judgement continues
to be debated. Concerning spatial variation, radiation weighting factors are currently applied for
radiation protection purposes to account for the difference in the spatial pattern of energy
deposition at the subcellular scale, due to different radiation qualities. At a larger scale, the effects
of intra-organ (but supra-cellular) variation in dose delivery are not considered: the same health
risk is assumed for all exposure types if they result in a given amount of absorbed energy,
independently of whether the energy is absorbed by a single target cell or homogeneously
distributed among all target cells of the same organ. However, the biological effects and so the
health consequences are unlikely to be the same.

Inhomogeneity in dose delivery, both at the temporal and spatial level, is a real feature of many
environmental, medical and occupational exposure scenarios. Mechanisms responsible for
biological effects of different dose-rates or of inhomogeneous dose deposition are not fully
characterized: at the cellular level they can be investigated with in vitro studies, but when it comes
to how they finally affect health risk (both for cancer and non-cancer diseases) few relevant
experimental models or valid datasets exist. In many situations, mixed field exposures are also
relevant, but again there are few studies that consider risk in such exposed populations.

The effects of spatial and temporal variation in dose delivery are also gaining importance because
of the more wide-spread availability of external beam hadrontherapy, where out-of-field doses by
scattered neutrons are of concern, the increasing clinical use of radionuclides, and the perspective
of longer duration space travel (as well as space tourism) in the future. There is also a need to
characterize how internal exposure, dose inhomogeneity and radiation quality influence the
formation of candidate biomarkers so-far identified in response to low LET external exposure.

Research line: Health risk evaluation

Quantification of health risk at low/moderate dose or dose-rates from internal exposures and from
inhomogeneous dose distribution from external exposures is a key challenge for improved
radiation risk assessment. As exposures frequently involve all three features noted above (effects
of dose rate, radiation quality, and intra-organ dose distribution), relevant cohorts have to be
identified or consolidated, where the separate effects of these three variations can be studied. In
addition, collection and maintenance of relevant biological sample collections, including tissue
samples from cancer cases and somatic tissue from affected individuals may also help to estimate
the contribution of the effects of these three exposure characteristics. Sound individual dosimetry
is particularly important in case of internal exposures.
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Priority research areas are:

e To determine cancer and non-cancer risk related acute and chronic internal emitter-
exposures in epidemiological studies, incorporating detailed dosimetric assessment and
evaluation of dosimetric uncertainties and, where appropriate, microdosimetric
considerations. Where feasible and informative, these studies should include collection of
appropriate biological samples and analysis of biomarkers of dose.

e To determine the Relative Biological Effectiveness (RBE) for selected endpoints in
epidemiological studies for specific cancer sites through comparison of risk related to low-
and high-LET radiation exposure.

e To better determine the risk (as well as possible countermeasures) associated with
protracted exposure to the space radiation environment, in view of future interplanetary
missions, both for cancer and non-cancer diseases (e.g. targeting possible impairments of
cognitive and cardiovascular functions).

e To develop and apply more detailed biokinetic and dosimetry models in order to better
characterize dose distributions.

Research line: Basic mechanisms

Effects of radiation quality and dose-rate on individual cells and at the cell population level are well
documented. Many biological endpoints show a dose-rate dependence (notably DNA damage
response) and data supporting an inverse dose-rate effect also exist. This raises the question of the
effects of protracted exposures, particularly at low dose and low dose-rate. It is recommended to
consider fluence (in addition to dosimetric information) when dealing with exposures to charged
particles (particularly for high LET). Concerning spatial variation at the sub-cellular level, the
biological outcome is clearly modulated by radiation quality indicators such as LET. Using e.qg.
microbeam irradiations, mechanisms determining the response to a highly inhomogeneous energy
deposition can be addressed under controlled conditions.

To provide further insights in the effects of intra-organ dose distribution, experiments with
organotypic tissue models and animal models are required. The effects of locally high doses, when
small parts of the tissue/organ are irradiated with high doses while the average dose remains low
have to be quantified and compared to homogeneous exposures. Whether and how effects of the
locally high dose propagate in the less exposed tissue also deserves investigation. Organotypic
tissue models and animal models also allow to study the changes in tissue architecture in order to
analyse the effects of intra-organ dose distribution.

Priority research areas are:

. To conduct experimental studies in vitro and in vivo to test exposure scenarios where
dose/fluence modulation plays a role, e.g. localized versus uniform exposures, acute versus
protracted exposures, to inform specific biomarker development and risk quantification.

. To further develop suitable tissue and in vivo models for the quantification of the impact
of dose inhomogeneity and radiation quality.
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. When addressing the effects of internal contamination, specifically consider the role of
chemical speciation in determining spatial distribution (at all scales) and biokinetics of
radionuclides.

. For all adopted experimental models, to develop in parallel modelling approaches able to
tackle and quantify inhomogeneity at all scales: nano- (radiation track structure) and
microdosimetric, dosimetric and biokinetic models at different levels of biological
organisation.

° To study mechanisms elicited by inhomogeneous dose deposition, integrating “dynamic”
dose assessment and identification of relevant pathways (both for cancer and non-cancer
diseases) in a systems biology approach, in order to characterize the response of the
complex system as a whole.

. To develop innovative ways in experimental studies to determine the Relative Biological
Effectiveness (RBE) at low doses to determine/compare the effects of to low- versus high-
LET exposure. To characterize how internal exposure, dose inhomogeneity and radiation
quality will affect the nature of candidate biomarkers so-far identified in response to low
LET external exposure.

. To develop experimental and modelling strategies to characterize the effects of exposures
to mixed fields.
. Build on knowledge acquired from basic mechanisms to identify relevant pathways for the

quantification of the risk for cancer and non-cancer diseases, also using an adverse outcome
pathway approach, determining those operating in case of inhomogeneous exposures

6. Education and Training

6.1 The role of education and training in low-dose radiation research

The HLEG Report of 2009 (http://www.hleg.de/fr.pdf) identified a problem with the maintenance
in Europe of the range of expertise essential to an effective programme of research into the risks
to humans from low-dose radiation. The report advises that specific programmes aiming at
knowledge management across generations have to be designed in order to achieve sustainable
continuity and development.

A large proportion of the groundwork of research is carried out as student projects and thesis work.
For this reason, the research effort relies on a continuing relationship with universities, and on a
healthy stream of high-level students. It is essential that this symbiosis is recognised and taken into
account in research funding structures.

A further intrinsic role of E&T within any specialized research area is in dissemination of new
technologies, skills, and knowledge. To obtain maximum impact and benefit from research there
should be an actively managed programme of workshops, seminars, summer schools, etc. which is
integrated into the design and funding structure of all research. The programme should be aimed
both at the sharing knowledge within the European low-dose research community and also at the
wider radiation protection field including radioecology, emergency response, and the medical use
of radiation.
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6.2 Priorities for strategic support of E&T

Following the comments in the previous section, support for E&T has two priority areas: support
for students and young scientists, and promotion of E&T for dissemination.

Support for students and young scientists

e Students need to be able to find places at universities and placement with research groups
for project/dissertation work. This requires that the places must be available, but also that
there are sufficient incentives to attract top students. Universities are autonomous and
develop new courses in response to a perceived need, taking account of staff expertise and
specialization. Financial support from outside is not needed to achieve this end, although
there is a role for influencing the perceived need. On the other hand, increasing the access
to students Europe-wide to university courses through industry-funded scholarships could
significantly help to attract students. Setting up such a post-graduate scholarship scheme for
attendance at approved universities should be seen as a priority.

e Inorder to complement support at the post-graduate level and to help provide a career path
for the most promising graduates, a scheme for provision of one or more post-doctoral
fellowships should also be offered, to be taken up at approved research institutions.

Promotion of E&T for dissemination

e |t should be explicitly in the wording for RTD calls that proposals will be judged favourably if
a planis included that explains how E&T will be integrated into the overall research
programme, providing workshops or training courses dedicated to the presentation of new
science/technology which is being used or developed in the project.

o Parallel to the E&T supported by the RTD calls, it is seen as essential that a separately funded
body (or part of a body with a ring-fenced budget) is responsible for the organization and
sponsorship of targeted initiatives in order to promote the specialized skills and knowledge
needed to maintain the full competence of the low-dose research community. These will be
made readily available to postgraduate students and scientists. The benefit to the former
will be the provision of supplements to their university courses and to give them experience
of the different areas of science on offer to them in their future careers. For the latter, this
will be a very effective way of providing continuing professional education, and for sharing
knowledge with other research and educational institutions.

Coordination and collaboration of E&T providers

In order to get maximum benefit from E&T in the low-dose research area (both that which is
already provided and the new initiatives proposed here) there should be an overall coordination
of resources within the European community. Recommended priority actions are as follows:

e Continuation and extension of the MELODI Education and Training Forum in order to bring
together all platforms and other interested parties regularly to discuss needs and broaden
the awareness of what is happening in EU member states. This should be seen as both a
problem-solving and an advertising forum. There should be active participation by all other
platforms involved in radiation protection (ALLIANCE, NERIS, EURADQOS, EUTERP, EURAMED
etc.) in order to share mutual experience and resources.
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e There should be an active cooperation among groups promoting and supporting E&T in the
radiation protection and research area (EURAYS, ENEN, etc.) and possibly use of mailing lists
or social media to advertise programmes, courses, scholarships, fellowships, etc.

7. Infrastructures

One of the roles of MELODI is to ensure the availability of and facilitate ready access to the state
of-the-art research infrastructures required to support the research efforts of radioprotection
researchers. The priority is to promote the use of mature and up-to-date infrastructures and avoid
unnecessary duplication. Furthermore, an effort should be made to harmonize practices amongst
multiple facilities. Finally, the sustainability of rare but necessary facilities (such as those for
internal contamination) needs to be guaranteed. This should include recommendations on the
provision of the financial means to harmonize, sustain and access these facilities.

Infrastructures include so-called large infrastructures such as exposure facilities such as those for
animal experimentation, as well as the collection and storage of cohort data, data bases, biobanks
and analytical platforms.

Within the project DoReMi, an extensive list of relevant infrastructures was generated for low dose
research in particular irradiation facilities for internal and external exposure. In order to assess
which infrastructures meet the needs of radioprotection scientists, it is necessary to develop and
apply quality criteria determined by experts, specific to each type of infrastructure, for the listed
large infrastructures. Financing for access to these facilities to support specific topics can then be
included in future calls in which the selected facilities are partners in the future projects.

Within the project DoReMi, a list of relevant cohorts was established and is currently being
updated. Priority should be given to cohorts and biobanks that permit studies to improve the
quantification of the risk associated with low dose and low dose-rate radiation exposure, for cancer
and/or non-cancer diseases and/or to identify groups of individuals with specific sensitivity. In the
relative short-term, some of the existing epidemiological cohorts can be used to support modelling
and/or, in general through nested case-control studies, molecular epidemiological studies. In the
long-term, new prospective cohorts can also be envisaged, as well as the development of new
collections of biological material that will be necessary to support radiation research in the next
decades.

Within CONCERT infrastructures are highlighted via AIR2 bulletin and AIR2D2 Database. A
webhandbook is ongoing, describing exposure facilities, cohorts, data bases, biobanks and
analytical platforms.

Within the EU-funded project STORE, an internet-based platform for sharing data from
epidemiological studies, as well as data and biological samples from radiation experiments (new
and past), has been developed and has been further carried forward and supported first by DoReMi
then by CONCERT. Going forward, it will be necessary to promote activities to maintain the STORE
data base by supporting the service of a curator, to further update and continuously expand the
content of the data base, and to elucidate to what extent data from other radioprotection
platforms (ALLIANCE, NERIS and EURADOS, EURAMED, SHARE can be incorporated into STORE or
whether a separate but comparable data base would be more appropriate.

The use of STORE as a repository for data linked to all publications arising from EU-funded projects
in radioprotection research should be required, where appropriate and possible (ethics
requirements and informed consent in epidemiological studies may prevent the data to be
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uploaded into STORE, though collaborations with these studies can be envisaged) in line with the
recent guidelines for H2020 supported projects.

Furthermore, pointers to existing data sets from cohort studies or from radiological experiments
(with animals or from the radioecology field) will need to be maintained and strengthened, and it
will need to be indicated to what extent biological material is available. This should include the
support of activities to identify valuable materials and archives that could be included in the
database and the tissue bank, as well as to maintain relevant biobanks and rescue material from
endangered biobanks. Furthermore, the use of biobanked material, where applicable, should be
encouraged by including its use in future calls either indirectly for all relevant proposals or by
specific topics dedicated to its use. In addition, funding should be included to support the
biobanking of samples arising from Euratom/H2020 funded projects where appropriate. In
addition to studies of specific irradiated populations, there exist several major epidemiological
cohorts established and followed primarily for reasons other than the assessment of radiation risk,
some consideration of the benefits of utilising such cohorts and adding radiation exposure
information could be assessed in the future.

The maturation of the so-called ‘omics technologies, imaging and systems biology may offer novel
opportunities for European radiation protection research. As the quality of the technologies and
supporting managerial and technical support varies widely, quality criteria will need to be
established and applied in order to determine a limited number of facilities in each area which best
meet the needs of radioprotection research. The use of these facilities should be linked to receiving
funds in future calls, or at the very least a procedure will need to be put into place to assure the
quality of those facilities outside of those on the list of recommended sites, such as for example,
testing an agreed upon standard sample set, already tested by the listed facilities, within the scope
of the funded projects.

It is obvious that in the case of a major nuclear accident or attack, analytical platforms such as
RENEB are accessible for the assessment of radiation exposure in order to differentiate “exposed”
and “worried well” as support for medical triage, but later potentially for long-term risk assessment
and subsequent screening of individuals. In addition to the use of such platforms in the cases of
emergency, they can also contribute to research, e.g. for molecular-epidemiological studies or
long-term follow up, when large numbers of bio probes need to be analysed. Therefore, the use of
RENEB for research purposes needs to be actively pursued and supported in future calls where
appropriate.

Next steps will rely on further harmonisation of quality standards, practices and protocols, and co-
operation between the European radiation protection research platforms in relation to the
provision and use of infrastructure. Huge efforts will be dedicated to sample/data acquisition and
sample/data storage with the aims to re-use of archived materials. There is a need need of trans-
national agreement on a strategic work plan for maintenance, updating, mutual use of suitable
infrastructures. Meanwhile, education and training actions will promote the use of European
research infrastructures the advantage of using newer, larger, faster, more powerful
infrastructures although not at the bench of each user.

Priority areas are:
* Improvement of the access to infrastructures

*  Favour open access to radiation research data within STORE
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* Re-use of archived materials and existing epidemiological studies using specific
retrospective approaches

* Enlargement and sustainability of RENEB including inter-comparison exercises

* Improvement of the awareness of existing infrastructure via E&T courses

8. Research priorities (MELODI Statement)

The purpose of the MELODI Association is to define priority scientific goals and to encourage the
implementation research in the field of low dose rate radiation research. The Strategic Research
Agenda of MELODI identifies these priority goals and the specific resources, infrastructures and
training capabilities needed to further develop low-dose risk research within a time frame of 20
years.

Planning for the next EU research framework, Horizon Europe, is underway and this Statement
strongly recommends the continuation of EU-funded radiation protection research to ensure that
citizens are adequately and appropriately protected from radiation health risks. This is at a time
when exposures are increasing in the medical area, will continue to be a concern for members of
the public in areas surrounding nuclear installations, and when terrorist threats remain a concern
for many.

The key priority for radiation protection research is to improve health risk estimates for low dose
and dose-rates exposures encountered in occupational, medical and public/emergency situations.
The approaches will need to be multidisciplinary and innovative. The integration of expertise
outside of the conventional fields of radiation research will widen the possibilities to integrate
modern technologies in health research in the assessment of health risk relevant to radiation
protection.

The ongoing MEDIRAD EU project has a specific focus on cardiovascular effects and diseases from
radiotherapy in breast cancer patients and cancer following CT-scan among children, which
constitute very specific exposure situations in specific populations. The HARMONIC project focuses
on paediatric patients, undergoing interventional cardiology or proton therapy. As proton therapy
applications in the clinic are relatively recent, this 5-year project will focus on short to medium
term non-cancer outcomes (endocrine dysfunctions, cardiovascular toxicities and neurovascular
damages) and will not assess cancer or cardiovascular risk directly. The objective of the WP on
interventional cardiology, however, will be to assess risk of cancer.

The ongoing LDLensRad, LEU-TRACK and SEPARATE projects, respectively focusing on dose and
dose-rate effects on lens opacity, role of exosomes in radiation-induced leukaemogenesis and out-
of-field effects in normal tissues, are the only CONCERT-funded projects covering topics relevant
to MELODI related to basic mechanistic investigations.

While no specific EU- or EU-funded project calls for proposals are currently anticipated, the
priorities may be used by national funding agencies, and are suitable for longer-term planning

Priorities for 2020 — 2025 period:
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To explore and define the shape of the dose-response relationships for radiation-induced
health effects (cancer and non-cancer outcomes, in particular cognitive and
neurodevelopmental effects and immunological effects) (Overall priority)

To identify, explore and define adverse outcome pathways AOPs) for radiation-induced health
effects, and determine if those operating at low doses and dose-rates are the same as those
operating at higher levels of exposure, and when the triggering of an AOP is sufficient to disrupt
normal homeostasis

To explore and define the role of epigenetic modifications in radiation-induced health effects

To identify, develop, validate and implement the use of biomarkers for exposure, and for early
and late effects for cancer or/and non-cancer diseases.

To understand the potential impact of individual susceptibility on radiation-induced health
effects.

To understand the health effects of inhomogeneous dose distributions, radiation quality and
internal emitters.

To identify and enumerate the specific target cells for radiation-induced late developing health
effects

The current and previous MELODI statements can be found on the MELODI website. They generally
provide information about short-term research priorities for specific calls. The definition of
research priorities for the medium and long-term (“roadmap”) is currently under development.

MELODI encourages, where appropriate, (1) the use of archived biological materials from prior EU
funded research, (2) the integration of experienced laboratory networks (such as e.g. RENEB), (3)
the consolidation and use of important epidemiological studies (both radiological and non-
radiological) where feasible, (4) the integration of expertise from outside the conventional fields
of radiation research.

9.

Abbreviations, Websites

ALLIANCE (European Radioecology Alliance) http://www.er-alliance.org/

DoReMi Network of Excellence (Low Dose Research towards Multidisciplinary Integration)

www.doremi-noe.net

CONCERT https://concert-h2020.eu

EURADOS (The European Radiation Dosimetry Group) www.eurados.org/

EURAMED (European Alliance for Medical Radiation Protection Research)

http://www.eibir.org/scientific-activities/joint-initiatives/european-alliance-for-
medicalradiation-protection-research-euramed/

HLEG (High Level expert group) http://www.hleg.de/

MEDIRAD (Implications of Medical Low Dose Radiation Exposure) http://www.medirad-project.eu/
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MELODI (Multidisciplinary European Low Dose Initiative) http://www.melodi-online.eu/

NERIS (European Platform on preparedness for nuclear and radiological emergency response and
recovery)
http://www.eu-neris.net/

OPERRA (Open project for European Radiation Research Area) http://www.melodi-
online.eu/operra.html

SHARE (platform on social science and humanities)
http://sites.exeter.ac.uk/nuclearsocieties/shine/

STORE (platform for the archiving and sharing of the primary data outputs from
research on low dose radiation) https://www.storedb.org
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