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STATEMENT

Common strategic research agenda for radiation
protection in medicine
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Abstract 3. Optimisation of radiation exposure and harmonisation of
Reflecting the change in funding strategies for European re- practices
search projects, and the goal to jointly improve medical radé4. Justification of the use of ionising radiation in medical
ation protection through sustable research efforts, five practice
medical societies involved in the application of ionising radib. Infrastructures for quality assurance
ation (European Association of Nuclear Medicine, EANM;
European Federation of Organizations for Medical Physics. The SRA is a living document; thus comments and
EFOMP; European Federation of Radiographer Societiesyggestions by all stakeholders in medical radiation protec-
EFRS; European Society of Radiology, ESR; Europeation are welcome and will be dealt with by the European
Society for Radiotherapy and Oncology, ESTRO) have iderAlliance for Medical Radiation Protection Research
tified research areas of common interest and developed tHEURAMED) established by the above-mentioned
first edition of the Common Strategic Research Agendaocieties.
(SRA) for medical radiation protection.
The research topics considered necessary and most urgklain messages

for effective medical care and efficient in terms of radiation Overcome the fragmentation of medical radiation protection
protection are summarised in five main themes: research in Europe

« Identify research areas of joint interest in the field of medical
1. Measurement and quantification in the field of medical radiation protection

applications of ionising radiation  Improve the use of ionising radiation in medicine
2. Normal tissue reactions, radiation-induced morbidity ane Collect stakeholder feedback and seek consensus
long-term health problems « Emphasise importance of clinical translation and evaluation

of research results

*  European Society of Radiology - Keywords Radiation protectionResearch Optimisation:
E-mail: kathrin.tauer@european-radiology.org Justification- Medicine- Dosimetry

European Association of Nuclear Medicine (EANM)

1 EANM, Schmalzhofgasse 26, 1060 Vienna, Austria

2 EFOMP, Fairmount House, 230 Tadcaster Road, York YO24 1ES,

UK Reflecting the changing funding strategies of research

European Federation of Radiographer Societies, Catharijnesingel Tojects within Europe and the goal of jointly improving

Utrecht 3511 GM, The Netherlands . . :

. medical care by sustainable research efforts, the following
ESR, Neutorgasse 9, 1010 Vienna, Austria medical societies involved in the application of ionising

5 ESTRO, Rue Martin V 40, 200 Brussels, Belgium radiation, namely,

Preamble
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The stakeholders are involved through a formal consultd&8ackground
tion process that has been initiated, is ongoing and will be
reflected in future updates of the SRA presented here. Over the last 5 to 10 years the structure of research funding by
the European Commission (EC) has gradually changed. The
intention is to bring together all interested parties to facilitate
European research projects in the field of radiation protection
Summary research antto set up a European umbrella structure for the
administration of radiation protection research call$o this
Reflecting the change of funding strategies for research prend, SRAs have been developed or are currently under
jects within Europe, and the goal of jointly improving medicaldevelopment.
care by sustainable research efforts, the medical societies in-Therefore, a medical SRA is especially important in view
volved in the application of ionising radiation have identifiedof the applications of ionising radiation in the medical field,
research areas of interest and agreed upon these in this caince the medical use of ionising radiation is the largest man-
mon SRA endorsed by the medical societies. made source of exposure to the human population. The ad-
The research that is seen to be necessary and most urgesmitages of such SRAs include:
for effective medical care, under the best harmonised practice,
and efficient in terms of radiation protection can be& Providing guidance on/help to identify the most relevant
summarised to the following five main topics: and urgent research topics in the fields they cover
& Demonstrating the importance of research areas to the
1. Measurement and quantification in the field of medical stakeholders

applications of ionising radiation & Justifying research expenditure in defined areas
2. Normal tissue reactions, radiation-induced morbidity and. Facilitating discussions with other members of the scien-
long-term health problems tific community in the field of radiation protection
3. Optimisation of radiation exposure and harmonisation o& Determining important topics and influencing research
practices calls of the EC, OPERRA and CONCERT.
4. Justification of the use of ionising radiation in medical
practice Since medical applications are among the most important
5. [Infrastructures for quality assurance contributors to exposure of the population in Europe to ionis-

ing radiation, for medical radiation protection research to be
The subtopics defined for each topic describe the specifeffective, it is critical that the results of the research projects
research aspects that are identified as areas of great importaaeedirectly transferred into clinical practice, i.e. translational
regarding research for establishing optimal radiation protecesearch.
tion in the field of medical applications. These descriptions This SRA has been the cornerstone for a common platform
can be found in Chap. 3. of the European medical societies dealing with topics related
Itis important to highlight that the approach to improve thé¢o the use of ionising radiation. In September 2016 the
use of ionising radiation in medicine by pure fundamentaEuropean Alliance for Medical Radiation Protection
research would lack impact and influence unless having inResearch(EURAMED ) was launched by EANM, EFOMP,
mediate consequences for and being translatable to everydalyRS, ESR and ESTRO and is currently run as a joint initia-
clinical practice. It is also important that the results of theive under the umbrella of the European Institute for
research are not only translatable but really translated inRiomedical Imaging Research (EIBIR). The medium-term
daily routines. Therefore it is essential that the research gmal is to establish EURAMED as a separate legal entity with
undertaken in a concise manner by persons educated amdustainable governacne and membership structure to allow
trained for good medical practice. The results have to be evalther stakeholders to pargeite actively in the platform.
uated in clinical practice and have to be made public in a waypdates are availableatvw.euramed.eu
that it is easy to access (results and implementation guidelines
available on the internet) and to implement the methodologies
developed. Itis also essential that the same level of importanBesearch topics
is placed on educating the staff working in the field to guar-
antee a direct clinical impact and to ensure high-leveMeasurement and quantification in the field of medical
standardised medical care and related radiation protection falpplications of ionising radiation
ly exploiting and profiting from all research conducted with
regard to radiation protection in the medical field throughouf key priority for radiation protection research in radiation
Europe. This aspect of the SRA is reflected in Chap. 4. oncology, nuclear medicine and also interventional and
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diagnostic applications of ionising radiation is to improve  structures in the eye, the brain and the heart, and also other
techniques and methods for measurement and quantification. organs depending on the basis of future research results.
The research approaches will need to be multidisciplinary ar&l Different types of radiation (photons, electrons, protons,
innovative. The key research questions in measurement and heavy ions, secondary neutrons) are used for and/or asso-
quantification research are: ciated with medical purposes. Correct determination of
doses to and dose-distributions within patients at different
levels of spatial resolution is necessary depending on the
required purpose in terms of radiobiological questions or
The basic quantity for the characterisation of exposure is the optimisation of procedures. Also mixed fields and energy
absorbed dose, so whereever possible dose measurements ospectra need to be taken into account for reliable measure-
calculations/calibrations should be stated in terms of absorbed ments and calculations of dose-distributions.

dose {-3). One of the main challenges for future research i& Knowledge on track structure and/or microdosimetry
the pronounced anatomical heterogeneity of (absorbed) doses of internal emitters (alpha, beta, Auger) is a prerequi-
within and between critical organs in all areas of medical uses site to predict the associated biological effe®s (

of radiation. This needs to be supplemented by optimisation of Therefore, computational methods need to be further
models and model parameters to translate absorbed doses intodeveloped and connected to the results of correspond-
equivalent, organ, biologically effective doses or any other ing research on measurements and calibration proce-
indirect dose entities. Accurate and precise measurements dures (see above).

with known uncertainty4, ) are a prerequisite for the adequate® Development of updated or alternative quantities and con-
implementation of dosimetric techniques into medical practice cepts for describing the anatomical dose distributions
and medical routines, specifically for different types within organs, tissues and the body as the basis for
(qualities) of radiation and levels of spatial resolution. predicting health effects rather than mean absorbed doses
Therefore, the following issues need to be addressed in (e.g. dose averaged over an organ) or dose volume
research: histograms.

Methodologies have to be developed for determination,

Characterisation of exposure

&

& Calibration of dosimeters for medical applications is cur-

rently performed using secondary standards non-specific
to the radiation fields used in medical application of ion-

ising radiation leading to undefined measurement uncer-
tainties. Therefore, exact measurements require calibra-

description measurement and calculation of doses outside
the planning target volume (PTV) for radiation therapy,
i.e. the peripheral dose. This is urgently required to build
and optimise prediction models for secondary tumours,
but also tissue effects, and to enable comparison of differ-

tion against radiation fields specific to medical enttechniques and/or technologies.

applications.

There is a limited availability of dosimeters for use inside This research would be a prerequisite for the accurate and
the human body; this implies that currently simulations oprecise evaluation of the dose as the basis for better radiation
radiation transport and deposition are necessary, e.g. usipgtection of the patient and medical personnel as explained
Monte-Carlo (MC) method$(7), as is normalising them below.

to measured quantities.

Real-time measurement of doses is relevant to redutedividual dosimetry

doses to staff. Therefore, the development of specific do-

simeters is required, allowing real-time monitoring, e.g. ofndividualised patient dose assessment methods, e.g. by ad-
eye structures and extremity/finger doses, from intervefusted phantoms for measuremetd,(size-specific conver-
tional radiology/cardiology and nuclear medicine. Thesion factors, dose measurements taking into account imaging
existing dosimeters are either not for online measuremerpggsrameters shielding, etc., are needed to allow for accurate
or they suffer from technological limitations in terms ofpatient dose estimatio®)(and risk assessmeritlj. Many
highest dose rates as in pulsed radiation fields or size dose distributions would depend on individual patient consti-
practicability. tution (e.g. size, weight, shape, age and biological factors such
Non-uniform spatial (3D) and temporarily varying (4D) as the distribution and kinetics of radioactive markers () or
dose distributions can lead to differences of up to severalisceptibility to different therapeutic procedures). Therefore,
orders of magnitude in local dose distributioB$. ( the following dosimetric procedures need to be addressed in
Therefore, micro-dosimetric measurement devices amdsearch:

techniques for use within and between cells, the anatom-

ical structures of organs and the human body are nece®- Development of computational methods for dose distribu-
sary, e.g. for dosimetric use with regard to individual tion calculations based on patient-specific and equipment-
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specific characteristics for all medical procedures using
ionising radiation, including for example CT, interven-
tional and nuclear medicine procedures as well as
radiotherapeutic procedures avoiding different dose ind&
cators for different types of procedures in order to get
comparable meaningful information about organ doses
of individuals.

facilitate comparability of methods used in radiation ther-
apy and to allow more standardised research regarding
clinical treatment outcomes.

The concepts and the use of diagnostic reference levels
(DRLs) and achievable dose levels (ADLSs) have to be
redefined to meet the requirements of organ-specific dose
distributions or critical organ structures doses.

& Development of optimal measurement protocols in nucle-
ar medicine for accurate estimation of absorbed doses This research enables the translation of quantitative tech-
using patient-specific and equipment-specific characterigiques to widespread clinical use for the benefit of the patient.
tics. Refinement, validation and implementation of newn addition, this research is also a prerequisite for the
biokinetic models for dosimetry in molecular radiotherapyharmonisation of practices and quality assurance.
using for example physiologically based pharmacokinetic
(PBPK) models for the individual assessment of
biokinetics (3), including uncertainty budget$4). Sources and influences of uncertainty
& Development of methods to estimate or measure the actual
delivered radiation dose in radiotherapy. Uncertainties need to be determined for all techniques
& Development of a unique dose indicator that describes tliescribed above, be it measurements or computations.
absorbed dose to organs in order to perform risiMany components independently contribute to the uncer-
assessment. tainty in the determination, reporting and performance of
medical applications and in its characterisatignl@). It
This research would be essential for accurate and preciseof utmost importance to delop methods to assess the
determination and evaluation of indication-, therapy- and/arontributions of different stages in the chain of medical
subgroup-specific doses and therefore risks of radiatiomterventions to be able to define the relevant points of
induced morbidities of individual patients and thus on a pemptimisation, which means putting effort into those parts
patient basis for better radiation protection of patients anaf a medical application scheme where there is the highest
medical personnel. benefit. Therefore, the following issues need to be ad-
dressed in research:
Quality metrics for diagnostic imaging and therapy
& Quantification of the influence and sensitivity of different
For the use of quantitative imaging approaches, standardised parameters (technique dependent, system dependent, pa-
protocols for each clinical indication and/or specific disease tient dependent, medical staff dependent).
common clinical indication need to be developé&8)( & Development of methodologies for classifying different
Therefore, the following issues need to be addressed in influencing parameters and to build a system that allows
research: the optimisation of medical applications of ionising radi-
ation for individual patients or methods.
& Development of dosimetric and image quality metrics to
fully assess the impact of novel detector technologies (e.g. Knowledge of the integral uncertainty and its components
low or lowest noise as well as energy-resolving detectorsd key to identifying the most relevant steps, to allow for
and image reconstruction methods available for reducingyioritisation and targeted optimisation, thus making more ef-
radiation exposure to the patients. To this end, researchfexctive use of clinical and research resources.
needed on which requirements (system stability, noise re-
duction, influence of individual patient characteristics, it-
erative reconstruction parameters) have to be met fdformal tissue reactions, radiation-induced morbidity
quantitative imaging to yield reliable and reproducibleand long-term health problems
results.
& Measuring methods (e.g. phantoms, reading protocolgy key priority for radiation protection research in radia-
etc.) need to be improved or developed and standardisédn oncology, nuclear medicine and also interventional
to address the improvements in medical technology amnd diagnostic applications of ionising radiation is to im-
well as new methods, e.g. particle therapy or new mole@rove health risk estimates. The corresponding research
ular imaging technologies. approaches will need to be multidisciplinary and innova-
& There is an increasing need also for quality metrics dfive. The key research questions in tissue reactions and
treatment plans to allow eas quality assurance to biological risk research are:
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Exposure-associated cancer risk: dose, dose distribution  heart, or the effect of additional treatments, such as chemo-
and dose-rate dependence therapy 18, 19). These factors, however, must be included to
get appropriate estimates for the patterns of risk of any indi-
Knowledge of the dose dependence of the radiation inductiondual patient with regard to modern techniques in radiother-
of primary or secondary cancers, in particular in relation tapy, nuclear medicine and radiological diagnosis.
dose inhomogeneities and dose rate, is of major importance to
optimise therapeutic efficiency and reduce unwanted side dfidividual patient-related radiation sensitivity and early
fects. In radiation oncology, this refers to high doses within theiomarkers of response and morbidity
planning target volume (PTV) as well as to out-of-PTV doses,
e.g. low to moderate doses) particular in intensity- The individual sensitivity of patients may be considered in the
modulated and image-guided radiotherapy, but also in brachghoice of specific diagnostic procedures and/or therapeutic
therapy and molecular (radionuclide) radiotherdy. (talso  strategies. This can be based on intrinsic factors (age, gender,
needs to include other, additional treatment modalities, partigenomics, proteomics) of their tumours or different normal
ularly chemo- and biologically targeted therapy. Diagnostitissues, but also on concomitant diseases impacting on general
procedures must also be considered, especially in view of specific normal tissue tolerance, lifestyle (e.g. reduced
interventional or fluoroscopic procedures or nuclear medicaling/liver tolerance due to smoking and alcohol consumption)
imaging techniques and those applied in preparation far previous/parallel treatments.
treatment. In a number of tumours, biological factors affecting radio-
sensitivity, i.e. predictive factors, such as local hypoxia, tu-
Non-cancer effects in various tissues and radiobiology-basedour heterogeneity, or viral infections, were identified. Such
effect models for individual morbidity endpoints investigations need to be extended and may also consider the
early response of the tumour to a specific treatment. Imaging
Radiation-induced morbidity (cancer and non-cancer diseadeismarkers of tumour radiosensitivity are needed in this con-
and disorders) may be observed early or late (occurring aftetéxt, as well as biomarkers of morbidity, which can be identi-
months to 5 years after radiation exposure), not only in thiteed before or early in the treatment phase and may help in the
tissues and organs exposed to high doses. Also, very lagelection of the adequate treatment of the individual patient.
health effects (occurring after more than 5 years to many dé&hese have so far been rarely studied. However, patients with
cades after exposure) may not only be observed in high-doaehigh risk for a certain, severe, morbidity symptom may re-
radiotherapy (>5 up to 50 Gy) but also in the intermediate (0.§uire a change in dose distribution or in treatment strategy, or
to 5 Gy) or low-dose (<0.5 Gy) ranges. Examples of thesillow-up protocols may need to be adjusted to the individual
very late occurring normal tissue morbidities, which may benorbidity risk pattern based on early biomarker expression ().
induced by localised radiation exposure outside the planning
target volume of radiotherapy or by repeated intervention&adiobiological mechanism of radiation-induced side effects
procedures, are: cardiovascular or cerebrovascular diseases] protective strategies
functional or structural damage to eye structures, various de-
layed, persistent immunological changes, progressive micrdhe radiobiological molecular mechanisms of radiation-
vascular injuries, but also late and very late developmental aimluced morbidities in normal tissues and organs are very
functional detriments after radiation exposures in diagnostmomplex and vary between different signs and symptoms of
procedures and paediatric radiotherapy and many momorbidity in the same organ and between different organs.
radiation-associated health disorders. The contribution of otidso the tumour responses to therapeutic exposure to ionising
er treatment modalities, particularly chemo- and biologicallyadiation, including radiotherapy using hadrons, are currently
targeted therapy, to the development of very late side effectsl@&gely unknown. The radiobiological molecular mechanisms
currently poorly understood and needs also to be considerade even more complex for combined radiotherapy and
along with any diagnostic procedures, especially for interverchemo- or biologically targeted treatment strategies. These
tional or fluoroscopic and nuclear medicine procedures andechanisms need to be clarified for specific clinical morbidity
those applied in preparation for treatment. endpoints in order to develop specific strategies for protection,
Current morbidity risk models and normal tissue complimitigation or management of the clinical consequences of
cation probability (NTCP) models are largely empirical orexposure. They are even more important for medical radiation
based on hypothetical data-fitting models of assumed procegsocedures in paediatric patients given the evidence showing
es of damage development and lack the evidence of a medhat the complexity and severity of morbidities and develop-
anistic basis. Moreover, they do not consider the influence ofental injury and the risks of therapy-induced malignant dis-
the position of the doses within one organ or the interaction @fases are particularly high after radiotherapy (in almost all
dose distributions itcorrespondingorgans, such as lung and instances in combination with chemotherapy).
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Similarly, novel strategies for improving the diagnosticlargely yet to be fully addressed. Furthermore, imaging is
and/or therapeutic efficacy for the application of ionising raessential to patient-tailored therapy planning, therapy moni-
diation may be based on the synergistic combination witloring and follow-up of disease, as well as targeting non-
upcoming technologies su@s combinations with high- invasive or minimally invasive treatments, especially with
intensity focussed ultrasound and biology-based approachtbe rise of theranostics (combination of diagnostic and thera-

relying on tumour genomics, proteomics or metabolomics irpeutic procedures to optimise treatment).

cluding local enhancement of drug delivery.

For the reasons given above, and in view of reducing radi-

Both the protective and sensitising strategies need to la¢ion exposure to the patients by individually tailoring their
established and validated in preclinical as well as in subsdiagnosis and treatment, research needs to be conducted with
quent clinical studies. These investigations need to focus @agard to the following currently unresolved issues:

the efficacy of the novel approaches and also on their selec-
tivity for the respective target tissue to guarantee a therapeugc
gain.

Optimisation of radiation exposure and harmonisation
of practices &
According to the European Basic Safety Standard (BSS)
(2013/59/EURATOM) 21), the radiation protection of indi-
viduals subject to public or occupational exposure must be
optimised with the aim of keeping the magnitude of individual
doses, the likelihood of exposure and the number of individ&
uals exposed as low as reasonably achievable (ALARA) tak-
ing into account the current state of technical knowledge, eco-
nomic and societal factors. The optimisation of the protection
of individuals subject to medical exposure should be consis-
tent with the medical purpose of the exposure. &
The EU Directive on patientgights in cross-border
healthcare (2011/24/EU22) calls for a concerted strategy
in terms of harmonisation of clinical practices, meeting pa-
tients expectations of the highest quality healthcare, including
when they seek treatment away from home. &
According to the literature, high variability of mean effec-

Development of quantitative imaging biomarkers for each
common clinical indication and/or specific disease/organ
and their standardisation with regard to required image
quality in conjunction with related radiation exposure.
Recent advances in imaging using specific radiotracers
will provide additional tools for better characterisation of
a lesion at the molecular level. This will provide an insight
into lesion heterogeneity and targeting, with perspectives
in guiding biopsy of lesions, prediction of treatment re-
sponse and image-guided therapy.

For optimal treatment prescription in targeted radiothera-
py the knowledge of the dose-response relationship is es-
sential. In targeted radiotherapy, patient-specific dosime-
try is essential for both the prediction of the adverse events
of a treatment and of the tumour resporiz®. (

Research on the requirements that have to be met for
quantitative imaging to yield reliable and reproducible re-
sults, e.g. in view of system stability, image reconstruction
techniques, influence of individual patient characteristics
and applied radiation exposure.

Development of approaches for low-dose time-resolved
volumetric imaging (4D), e.g. of blood flow or volume

tive doses or organ doses of patients across Europe persistsdistribution (perfusion) as well as organ-motion depen-

across all medical ionising radiation procedures and is seen
across single countries, hospitals or even at the departmental
level 23), despite technological developments facilitating re&
ductions in patient dose, thus highlighting the importance of
harmonisation of ionising radiation procedures and the devel-
opment of new and more efficient optimisation methods in-
cluding evaluation criteria. For this optimisation, there needs
to be a general definition as to what is an acceptable level of
quality, what kind of optimisation should be performed and
what is the optimal level. With the main goal of maximising
the clinical outputs of the procedures while minimising the
exposure of patients and staff, the key research questions are:

Patient-tailored diagnosis and treatment

The comprehensive tailoring of imaging and therapeutic pré&
cedures in terms of the clinical question, anthropometric and
physiological parameters of each patient, especially children,
and lesion-specific characteristics is a key challenge that is

dent imaging, especially in view of therapy planning and
treatment response imaging.

Development of body-mass index (BMI)-specific image
acquisition protocols and specific dose-reduction algo-
rithms for obese patients, since obese patients require
higher than average radiation doses, and exploitation of
techniques normally used for radiation exposure reduction
to achieve diagnostic image quality.

Development of approaches for low-dose treatment re-
sponse and follow-up imaging solely focussing on the
detection of changé (relative to a standardised baseline
acquired at higher radiation exposure) providing reliable
diagnostic assessment, e.g. through development of
standardised disease- or treatment-specific imaging proto-
cols especially for those patients frequently imaged.
Research for identifying underlying relationships among
demographic, disease-related amdics biodata and im-

age and treatment data for fully developing personalised
medicine in order to offer the best medical diagnostics and
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treatment associated with the lowest possible dose to each optimisation, standardisation and harmonisation (through
individual patient. the definition of European DRLS) as well as for extraction
of higher-order patterns of disease, its diagnostics and
The benefit of this research could be to develop systems for treatment along with associated doses, and the possible
diagnosis and treatment allowing for more efficient treatment interrelation of this data, e.g. to genomic data
techniques, which may also offer economic benefits. This re- (radiogenomics).
search could also provide further insights into disease process-
es of individual patients and therefore foster precision While research with regard to technology development may

medicine. remain basic research that is institution- or manufacturer-
driven and controlled, though requiring and relying on input

Full exploitation and improvement of technology and feedback from medical research and routine clinical appli-

and techniques cations, research on clinical applicability, improvement and

full exploitation of technology and techniques enabling radia-
Despite the potential for the exponential growth in the techtion exposure reduction is driven by, and requires, active med-
nological features of medical imaging equipment to decreaseal research in the fields of radiological diagnosis and radio-
patient doses, such benefits are not always realised in dapgparmaceutical and therapeutic treatment. There needs to be an
clinical practiceZ5). emphasis on the close link between technology developments
Therefore research on development, improvement, clinicat research institutions, especially at manufactusigess, and
applicability and full clinical exploitation of (new) technology the clinical research facilities with feedback options and espe-
and techniques for offering diagnosis and treatment deliveally to define a process to consolidate the achievements in
associated with the lowest technically possible radiation exerms of harmonisation.
posure to the patients is required. In this context, currently the Any optimisation in medical imaging techniques, including
following topics need to be addressed by research: dose reduction strategies, must be evaluated thoroughly in
terms of the resulting image quality. In determining whether
& Low-dose CTimaging enabled by low tube potentials anén image is diagnostic or fit for purpose, it is important to take
current-time products in view of its clinical applicability, into account not only the physical measurements of image
indication, standardisation as well as its potential diagnostuality [e.g. sighal-to-noise ratio (SNR), modulation transfer
tic and technical limitations. function (MTF) and detector quantum efficiency (DQE)] but
& Novel image reconstruction techniques enabling low- oalso to include psychophysical methods (e.g. contrast detail
lowest-dose image acquisitions, with regard to their rouassessment and spatial resolution assessment) and clinical,
tine clinical applicability and their limitations in view of diagnostic performance approaches such as visual grading
ensuring diagnostic accuracy and reliability. analysis (VGA), receiver-operating characteristic (ROC) and
& Novel detector technology in medical imaging in view ofpsychometric scales. The current variability and absence of
its clinical applicability and potentially associated technivalidated approaches and guidelines represent a significant

cal limitations. barrier to effective optimisation research. The 1996
& Diffraction enhanced imaging and other newly developeEuropean Guidelines on Qitgl Criteria for Diagnostic
approaches. Radiographic Image7) aimed to provide some assistance

& Further development, implementation and application ofiith image quality assessment but these were very limited,
patient- and disease-adapted techniques and protocolshafve deficiencies, were never validated and are now dated.
combined modalities as for example SPECT/@8),( There is thus an urgent need for establishment of robust, val-
PET/CT, PET/MRI and LINAC-MRI. idated approaches to facilitate this critical aspect of optimisa-

& Optimisation of image guidance procedures irtion research.
radiotherapy. Technologically meaningful developments, with re-

& Strategies for a reduction in peripheral doses in radiothespect to the possible output for patient, staff and public,
apy, e.g. by defining indications for ion therapy. are at varying levels of maturity in terms of a technologies

& Research for, and production of, novel radionuclides anstatus as a product line and their applications in the med-
radiopharmaceuticals for either improving diagnostic anttal environment.
therapeutic outcome or reducing associated exposure.  In this context, multi-professional engagement together

& Data-crawling and -mining approaches based on largavith educational institutions and equipment manufacturers
scale data contained in imaging and treatment biobanksijll facilitate the required development of strategies for the
e.g. for extracting indication-specific acquisition or treatharmonisation of ionising radiation procedures and standards
ment protocol parameters along with associated patienf practice, since several studies have highlighted the hetero-
exposure data for the purposes of diagnosis and treatmeygneous use of technology and the unanticipated patient and
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staff dose increases. This is of particular importance in paed- To establish a model for providing information, in radia-
atric populations as well as for patient cohorts requiring mul-  tion diagnostics and nuclear medicine, about patient dose
tiple consecutive diagnostic, radiopharmaceutical or therapeu- exposure in an easily accessible way (e.g. by integrating
tic procedures. visual scales for the referring physicians to understand the
level of exposure).
& To facilitate the rapid determination of local, national and
European DRLs.
To facilitate establishment, in radiation oncology, of dose
response relationships for adverse events in organs at risk
as well as for stochastic radiation effects both close to the
PTV and in the periphery of the patient.

Clinical and dose structured reporting

Clinical reporting: Medical imaging procedure workflow in- &
volves several steps, ending with a clinical report. Currently,
medical imaging reports are often presented with little or no
structure to the text. This can present difficulties in under-
standing the content of the report for both referring physicians

; : Structured dose reporting in radiation diagnostics (or doc-
and patients. The development of a structured reporting sys- . o L NN
L L S . ““Umentation of administered activities in nuclear medicine) is
tem will improve the clinical outcome of a medical imaging

. . ~“an essential tool for the harmonisation of the dose manage-
procedure, by focussing on the essential message, in_a . .
. S L ment systems and the comparison of doses, creating a com-
harmonised way, thus facilitating the communication process . .
- : prehensive, common language for health professionals.
along the clinical pathway of the patient.

. Structured dose reporting in radiotherapy is essential to estab-

There are man van f h reports, including im-, " . ! .
ere are many adva tages Of such repo .ts’ cluding rnsh firm dose-effect relationships for adverse deterministic
proved follow-up for returning or chronic patients, easy re-

trieval of pertinent information enabling clinical and transla-a nd stochastic events.
tional research, integratiorf the information in imaging
biobanks and automated translation. Protection of staff, patients, carers and the general public
Another related issue is the lack of a centralised med-
ical databank on imaging procedures for each individuahside from the optimisation of protocols and procedures, their
patient on a national and European level, often leading tstandardisation and their personalisation, it is most important
unnecessary repeated diagnostic procedures and hence taneptimise radiation protection using existing radiation pro-
necessary radiation exposure. Harmonisation of clinicaéction measure2®). To optimise radiation protection in
reports could facilitate the development of such d@erms of applicability and best benefit for staff and patients,
centralised medical registry at a European level. Also, the establishment of key indicators of safety and quality in
centralised dose data collection algorithm for therapeuti@diation protection is essential according to the general
procedures would allow for improved analyses of doseALARA principle discussed before. The primary goal of the
effect relationships for adverse events, including stochadevelopment of safety programmes is to reduce morbidity
tic radiation sequelae. risks from excessive exposure to ionising radiation for specific
procedures and populations, e.g. interventional radiology and
Dose reporting: Structured dose reporting in radiation dit-he pa_edlatrlc _populaﬂon. Another floc_us IS on c.ost-ber?eﬂt
agnostics and therapy (or documentation of administere%PalySls of the implementation of radiation protection devices

L - . : and safety programmes. Neither proven criteria of cost nor
activities in nuclear medicine) is a growing area of focus

. ) . . . . roven criteria of benefit have been established so far.
and will benefit all professions directly involved in the P . L
Research must explore both external and internal radiation

ionising radiation procedures and patients undergoing . . .
. Xposure and their associated protection measures.
such procedures in the years to come. However, the ade-

gquate specification of dose distributions has not been ad-

dressed yet in research and clinical practice sufficientlyustification of the use of ionising radiation in medical

(1). In radiation oncology structured dose reporting needgractice

to address absorbed doses in organs at risk and/or at their

subvolumes, relevant for adverse event endpoints. Thehe principle of justification is one of the key pillars of radi-

latter needs to be specified and their scaling to be definedtion protection underlined in the recently revised European

Moreover, anatomy-related doslistributions in the irra- BSS Directive 21). This principle focusses on weighing the

diated volume and in the periphery, at least down to thbenefits versus the risks. Further important elements are pa-

1% isodose, need to be reported or re-constructible frotient communication, as the basis for shared decision-making

the documented treatment information and then specificalcluding the patient rights for influencing the decision, as

ly related to potential radiation sequelae. well as the appropriateness of the radiological procedure with
The main benefits would be: respect to the clinical setting. The key research questions in
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research into the justification of the use of ionising radiation ilhased on the successful completion of the cost-benefit re-
medical practice are: search activities outlined above.

Improvement of use of evidence-based guidelines
Benefit/risk assessment and communication

Clinical imaging guidelines are intended to help physicians
While the clinical benefit of a diagnostic or interventionaldecide when an imaging study would be useful and identify
imaging procedure is assumed to be established, an estimattbe most appropriate examination for a particular patient. In
of the risk related to effective dose exposure for a given patiergcent years, imaging guidelines, in view of the referral pro-
is a difficult step because the current estimations are foraess, have received much attention from the radiation protec-
general population. The current uncertainties in this area maken community and international organisations given the in-
the establishment of a reliable benefit/risk assessment virtuatfyeasing number of medical imaging procedures and studies
impossible. that have shown that about 30% of the imaging procedures

Therefore there is the urgent need for research aimed at rig&rformed in Europe were found to be inappropriz@e The
estimation for an individual patient. However, it is unclearecently revised European BSS Directi2€)(requires that
how this can be implemented for the stochastic mechanismbnical imaging guidelines are available in all EU Member
based on epidemiologic data. Increased risk factors for orgaBtates.
specific patient groups or patient-parameter-based changes orin 2011, the European Commission awarded a European
optimal imaging procedure setups may however be investigaender project to assess the availability and implementation of
ed. For the development of such a research programme fdmical imaging guidelines in EU member states. One of the
diagnostic imaging and interventional procedures, referengey conclusions, also highlighted in subsequent studies, was
to a centralised repository of imaging data would be an inthe recommendation that the awareness and use of clinical
portant resource for data mining and the following risk assessnaging guidelines in Europe need to be improved and novel
ment (see Sects. 3.5.1 and 3.5.2). approaches are needed for that purp88e (

The proposed research will have a direct benefit for the The proposed research work should identify and develop
patient in general and especially in the context of screeningethods to improve the use of clinical imaging guidelines in
methods based on the use of ionising radiation. Europe especially in view of the referral process at large, e.g.

Most new therapeutic radiation technologies are clinicallyhrough incentives, regulatory requirements, IT tools, etc. The
introduced to reduce exposure to healthy tissue. In the ne@search work is related to a key priority in medical radiation
future, an increasing number of cancer patients will be treatguiotection as outlined among others in the Bonn Call for
with particles (e.g. protons and carbon ions). Although partiAction (31) and must be relevant for all diagnostic applica-
cle therapy will result in lower dose levels to many critications of ionising radiation. To define the proposed methods, an
structures as compared to the currently used photon-basexdhluation and impact assessthof the use of currently
technologies, the consequences in terms of reduction of lagisting European and national guidelines must be performed
and very late side effects remain to be determined and havewith an emphasis on evaluating the usability of the guidelines
be weighed against the higher costs. and their impact on daily clinical practicZ9( 32).

In the context of the current drive for patient empowerment The outcome of the proposed research work should be a
and involvement in the decision-making process, the develofuropean recommendation paper on how to improve the dis-
ment and subsequent evaluation of novel tools for patiesemination, integration into the clinical workflow and use at
communication have become necessary. Some professiotabe of clinical imaging guidelines in view of the referral
organisations such as the ACR, ESR, RSNA and nationgkocess. In addition methodologies and guidelines for adop-
clinical societies have developed communication guidelinggon/localisation/adaptation of the guidelines need to be
and platforms for diagnostic imaging; however, a unified approposed.
proach regarding methodology and content is currently The recommendation paper shall serve as guidance for pro-
missing. fessional societies and policy-makers in Europe.

The proposed research work will aim to develop a
European evidence-based electronic communication platformfrastructure for quality assurance
focussing on all types of diagnostic imaging using current
information technology that is endorsed by the relevant proFo perform investigations on tissue reactions, optimisation
fessional organisations, patient organisations and other refgocedures as well as risk and benefit evaluations, it is
vant stakeholders. The European platform will be designed important to rely on optimal, quality assured data, which are
a way to allow for localisation and adaptation to the nationajathered under defined conditions and which are necessary for
regional settings. The establishment of such a system has toksious reasons includingdal questions pertaining or
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specific to the research to be performed. In addition, theomprehensive medical database orimaging biobank. It might
clinical system of medical applications of ionising radiatiorbe important for various reasons:
has to be standardise2B] and evaluated concerning its effec-

tiveness in radiation protection. Importance for dose collection: The concepts and the use of
DRLs and achievable dose levels (ADLs) have to be redefined
Data coding, collection and management to meet the requirements of organ-specific dose distributions

or critical organ structure doses as mentioned in Sect. 3.1.

It is crucial for the future of medical imaging in Europe toLarge-scale (national, regional) patient inter- and intra-organ
develop a European medical imaging coding systerdose distribution monitoring is necessary for the purpose of
(EMICS) including radiology and nuclear medicine imagingdefinition, optimisation and periodic assessment of DRLs and
procedures. EMICS should apply to all medical procedure&DLs. This aim can be achieved by developing large-scale
based on ionising radiation, giving policy makers andarchives and automatic data analysis using the recently devel-
healthcare providers an objective and clear view, on aped standards allowing sending and archiving of dose
procedure-level basis, at the national and EU levels. Thisformation.
would be a fundamental tool for future studies such as popu- The development of automatic methods for phantom image
lation dose studies and/or parameter-dependent image quatityality assessment (and patient image quality assessment) to-
studies. According to the recently published Dose DataMed @ether with the use of advanced IT technologies (e.g. large-
report‘in order to compare x-ray examination frequency datascale archives, data-mining methods, expert system tech-
between countrieand to assign typical effective dose valuesnique) is required for supporting users in the optimisation
to examinationsit is crucial that an‘X-ray examinationis  process.
defined and counted in a consistent vé84). Therefore, the
development of EMICS, based on an alphanumerical codmportance for long-term follow-up of cohorts: There is clear
structure, must be facilitated and must be integrated into alvidence that radiotherapy may cause, in organs and tis-
HIS/RIS systems. sues close to the PTV but also in organs in the periphery,

EMICS would also support the harmonisation of‘tle@-  an increased risk for late and very late side effects that are
guagé for medical imaging and therapy across Europe givinglinically relevant and have a major impact on quality of
healthcare providers a powerful tool for the future planning dife. Although there is an increasing awareness of
health systems at local, regional, national and Europeaadiation-induced very late side effects, the infrastructure
levels. This should be extended to the acquisition of data do systematically collect relevant data to get more insight
the long-term consequences of radiation exposure, diagnostic the factors that contribute to these risks is largely
or therapeutic, potentially in combination with other therapedacking.
tic procedures, to allow structured long-term follow-up, as- The proposed research work should involve the develop-
sessment and documentation of treatment-related morbidityent of a structure for a European imaging biobank infrastruc-
and the possibility to relate morbidity to anatomical dose disture integrated with a European radiation oncology biobank
tribution. Requirements and structures, along with administréafrastructure.
tive characteristics, including data protection issues, need to
be defined. Such data management structures will provideCzeveloping key performance indicators for quality and safety
basis for epidemiological investigations into relevant medical
guestions. Data should be collected throughout Europe akey performance indicators (KPIs) have been successfully
cording to this standard using defined mandatory and whenetroduced as a performance measurement in many areas of
possible additional data regarding exposure and if possiblealthcare in line with the EU Agenda on Quality of Health

image quality as well as certain patient-specific data. Care and Patient Safety put forward by the EC DG SANTE.
Currently there is no recognised gold standard in the fields of
Comprehensive medical database/imaging biobank medical imaging or radiation therapy. A general concept of

performance indicators for imaging and radiation therapy is
Biobanks are repositories for the storage and retrieval of bithus needed and should also include indicators for the safety
logical samples of a large number of subjects. A major goal af patients and of procedures and how to maintain safety stan-
biobanks is the organised collection of biological material andards, according to the optisation and justification
associated information to spread access among scientists pescesses.
quiring this information. Extending this concept to medical The proposed research work will consist in the establish-
imaging and especially to radiation protection is needed tment of KPIs for the quality achieved regarding specific med-
collect radiation protection metrics and to allow for long-ical procedures and in general terms of radiation protection
term follow-up for specific cohorts, which will be called aand harmonisation at the European level. For integration into
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the workflow, pilot studies in dedicated centres and impadtaining provision is neede®T) and should be provided
assessment before dissemination are envisaged. by a European accreditation body.

It is important to develop through research:
Audit systems & A metric system to measure the knowledge, skills and
competence outcomes from education and training in ra-
diation protection for the different health professions in-
volved in ionising radiation procedures.
An assessment system to measure:

Clinical audit is a tool designed to improve the quality of
patient care, experience and outcome through formal re-
view of systems, pathways and outcome of care againat
defined standards, and the implementation of change
based on the results. Audit cannot be carried out without
a preset standard against which performance can be
assessed.
As laid down in the revised European BSS Direct®H,(

Member States shall ensure that clinical audits are carried out
in accordance with national procedures. Clinical audit is a

relatively new concept in radiation protection. It seeks to im-

. . Thereisan r Eur n certification m for
prove the quality and outcome of patient care through struc- ereis aneed to create a European certification system fo

. . . ) . éducation and training in radiation protection, based on the
tured review of medical radiological practices, procedures an -
evelopment of standards of proficiency for health profes-

results, whereby these are examined against agreed standards .
sionals, as an instrument to guarantee safety procedures to

for good medical radiological procedures, with modiﬁcatior|E . . )
. . I uropean citizens, through harmonisation of practice through
of practices, where appropriate, and the application of new

: education and training.
standards if necessary.
In October 2009, the EC published guidelines relating
to clinical audits for radiolgical practice, including all
investigations and therapies involving ionising radiatio . -
(35). In spite of this document, clinical audit is still clear—r]EducmIon and training

y underdeveloped in Europe. To address this shortcort, iopiyeq n he recent EC Radiation Protection No. 175
g prop P s)éuidelines on radiation protection education and training of

T L medical professionals in the European Unitirere is a con-
tool taking into account existing initiatives from profes-

to-use, cost- and time-effective European clinical audit
. L . . . tinuing and growing need for high-quality education and train-
sional organisations. The tool will facilitate implementa- g g N gn-q Y

. . . g in the field to ensure the radiation protection of patients,
tion of the relevant requirements in the European BS . . . .

. . . . staff and the public. This education and training must be ac-
Directive and could potertily provide the basis for fu-

o cLessibIe and delivered at an appropriate level for all profes-
ture European accreditation processes based on quall I)é L ) AT o
and safety. sionals working in the field of medical ionising radiation as

well as those utilising the services provided by medical ionis-

ing radiation professionals. EC Radiation Protection No. 175
Education and training metrics came about as an outcome of the MEDRAPET project and

describes education and training in radiation protection using
There is a strong demand for new education and trainintdpe European qualifications framework (EQF), knowledge,
models in medical radiation protection because of the rapgkills and competence (KSC) structure and European credit
development of medical techniques based on ionising radiransfer system (ECTS}&).
tion, growth of hospitals and the continuous need to produce It is essential that any research in the area of medical ion-
competent health professionals. The major challenge is ading radiation is translated into clinical practice to ensure that
dressing the variety of professions and professionals, withatients and staff see the direct benefits of this research. As
different knowledge background and different needs, but aflighlighted in Sects. 3.3 and 3.4 of this SRA, there is evidence
working towards the same objective: patient and staff safethat this translational research often fails because of the ab-
(36, 37). sence of parallel education and training programmes. High-

To achieve that objective it is necessary to establish guality education and training programmes will raise aware-

harmonised and sustainabdafety culture in radiation ness of ongoing EU research projects and initiatives and en-
protection amongst health professionals througkure their uptake into clinical practice at local, national and
specifically oriented education and training courseskEuropean levels. Separately, there has been an identified need
External assessment of the quality of education oto also develop high-quality education and training

the impact of the implementation of a continuous profes-
sional development model for education and training in
radiation protection;

the type of needs for education and training, considering
the installation of new equipment and/or new procedures.
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specifically for researchers to help strengthen the medical ioof projects reflecting the rearch topics identified above

ising radiation research community. especially in terms of optimal patient care and radiation
Education and training may consist of traditional, face-toprotection.

face lectures and practical sessions but should also focus onin this respect it is important to deal with best practice

becoming more clinically focussed and case based. Online, mgarding:

e-learning, approaches to the delivery of content at all levels

utilising mobile devices is a key consideration, which include& literature and citation practices;

the development of dedicated appropriate e-learning tools, e&. statistical power of investigations;

facilitated by a multidisciplinary European e-learning& uncertainty budget calculation of measurements and cal-

platform. culations/simulations;
& clear hypothesis-driven project definition;
Education of staff & pre-research feasibility estimates of proposed outcomes.

In the former chapters necessary and relevant topics for re- ACR, American College of Radiology; ADLs, Achievable
search related to the optimal use of ionising radiation anbose Levels; ALARA, As Low As Reasonably Achievable;
radiation protection in medical applications have been eXALLIANCE, European Radioecology Alliance; BMI, Body-
plained. Also, measures have been mentioned concerniMass Index; BSS, Basic Safety Standard; CT, Computed
how these optimisation have to be implemented througho@omography; CONCERT, European Joint Programme for
European by means of standardisation and harmonisatidhe Integration of Radiation Protection Research; DE, Dual-
However, it is obviously not sufficient just to define methods€Energy; DRLs, Diagnostic Reference Levels; EANM,
for harmonisation but this has to be reflected within the edu=zuropean Association of Nuclear Medicine; EC, European
cation of the staff48, 39). Commission; ECTS, European Credit Transfer System,;
This education needs to reflect the basic aspects of: EFOMP, European Federation of Organisations in Medical
Physics; EFRS, European Federation of Radiographer

& radiation physics, Societies; EMICS, European Medical Imaging Coding
& radiation biology, System; EQF, European Qualifications Framework; ESR,
& radiation protection, European Society of Radiology; ESTRO, European Society
& radiation communication and for Radiotherapy and Oncology; EU, European Union;
& specific parts for the procedures/areas that are supposeddRADOS, European Radiation Dosimetry Group;
be covered by the staff. EURAMED, European Alliance for Medical Radiation

Protection Research; HIS, Hospital Information System; IR,
Therefore, within this SRA it is proposed to develop anterventional Radiology; IT, Information Technology; KPIs,

standardised education rule describing topics that have to Key Performance Indicators; KSC, Knowledge, Skills and
covered. In addition there is a need for securing the highe§tompetence; LINAC, Linear Accelerator; MC, Monte
level of knowledge transported reflecting state-of-the art teciéarlo; MEDRAPET; Medical Exposures Directige
nology as well as standardisation and harmonisation effortRequirements on Radiation Protection Training of Medical
Finally, establishment of a European certification approved byrofessionals in the EU; MELODI, Multidisciplinary
the medical societies issuing this SRA should also be coverdduropean Low Dose Initiative; MRI, Magnetic Resonance
not only after the completion of initial training, but alsolmaging; NERIS, European Platform on Preparedness for
throughout the whole professional life of each professional.Nuclear and Radiological Emergency Response and

Recovery; NTCP, Normal Tissue Complication Probability;
Education of researchers OPERRA, Open Project for European Radiation Research

Area; PBPK, Physiologically-based Pharmacokinetic; PET,
To provide valuable research dealing with these identifieBositron Emission Tomography; PTV, Planning Target
relevant topics with potential impact, it is important toVolume; RIS, Radiology Information System; RSNA,
perform well-founded and structured research along ceRadiological Society of North America; RTD, Research and
tain lines. To do so, it is also necessary to train reTechnological Development; SPECT, Single Photon
searchers in performing research according to the beSmission Computed Tomography; SRA, Strategic Research
practice. This especially holds true for research workindgenda; TCP, Tumour Control Probability
with humans or biological material, but also with any data
related to humans. T,here has to be a standardised tramlemowledgements The Common Strategic Research Agenda for
structure also reflecting thectual state of the art for re- ragiation Protection in Medicine was developed by the following indi-
search procedures with the goal of fostering the efficiencyiduals on behalf of the five medical societies: John Damilakis, Wolfgang
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TheEuropean Radioecology Alliance

The memberganisatiors of the European Radioecology Allia(sELIANOQEDbring together parts of
their respective research and development programmes into an integrategt@mme that addresses
scientific and educational challenges in assessing the impact of radioadtistersxes on humans and

the environmentand that maintains and enhances radioecological competences and experimental
infrastructures This integration is important and required to enable taakdmplex radioecological
challenges that could not be dealt with bgpe organisation alone.

To address emerging issues in radioecology within Europe, eight foundjagisations signed a
Memorandum of Understanding (MoUip 2009 that formed theALLIANCEThe MoU states the
intentions of ALLIANCEiembers to integrate a paion of their respective R&D efforts into a trans
national programme that will enhance and sustain European radioecological comepsteand
experimental infrastructuresThe MoU asserts thaaLLIANCEembers will jointly address scientific
and educationathallenges related to assessing the impacts of radioactive substandasmans and
the environment.

The ALLIANCEembers, at present incorporating an expanding number of organisations, reeognis
that their shared radioecological research can be enhanced by efficiently poolmgeces among its
partner organizations and prioritising group efforts along common thewf mutual interestA major
step in this prioritisation process was to develop a Strategic Researchl@®®RA). This is one of the
tasks ofthe SRA Working Group of the ALLIANCE

The ALLIANCES an Association open to other organisations with similar interests in promoting
radioecology, both within and outside of Europe. Thuthaaugh the development of the SRA was
largely a European efforthe hope is that it will stimulate an open dialogue withiretinternational
radioecology community.

The list of the ALLIANCE members at the date of the 2019 General Assegivily tselow.

! European Radioecology Allianh#p://www.er -ALLIANCE.orgthe association created by ®unding organizations in
Europe to integrate radioecological research in a sustagafly; also referred to the Radioecology Alliance
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Preface and Executive Summary

The ALLIANCE Strategic Research Agenda (SRA) devaelibézologyis a living document that
defines a longerm vision (20 years) of the needs for, and implementation aieaech in radioecology
in Europe. Initiated by th& TARNetwork of ExcellenceHinton et al., 2013 the current reference
document is the third vesion of our SRAIlt integrates the update of the research strategy
implemented under theEU funded COMET project (GarnieiLaplace et al., 2018lhe CONCERT
European Joint PrograifEJPExtended the opportunity fointegration at the European level in a
synchronised manner for all the platforms for research fiadiation protection by coordinaing the
release of a joint research roadmap for all platforms, planned in December 2019refdrnsnce
document, shared by stakeholders and researcheili,serveas an input to those responsible for
defining EU research call topics.

Thisupdated version of the SRA constitutes the ALLIANCE contribution to the CERI WP2 task
for the development of SRA, roadmap and priogt for research on radioecologwfirst adivity was

to make sure that recent scientific knowledge from radioecolpggearch outputs from the Ei@nded
projects (STAR, COMET and CONCERT funded projects: CONFIPERICBRIES), main research
advances from the ALLIANCE members rahel/antinternational research outputsvas integrated.
Thus, t considers the state of radioecology and the stakeholders views, the inteoésté LIANCE
member organisationsthe research needs, data gaps and recommendations for the futfre
radioecology, and its s&r science of ecotoxicology.

Research in radioecology and related sciences is justifiattibgrs of various typessuch as policy
changes, scientific advances and knowledge gaps, radiological risk percgpterpublicjntegration
of research infrasuctures, education and trainingo serve recruitmentlessons learned from the
Fukushima disaster and a growing awareness of intercdiomex between human and ecosystem
health. Ths version of the SRAfirmulated by considering several aspects relat@these drivers.

Furthermore, it explore how social and human sciencesncluding ethical developments and
communication issues, could contribute to the consolidiatbf European radiation protection culture,
bringing together human perceptions and bef@ur with science and technology. Research and
innovation supporting the implementation of the revis&lropean Basic Safety Standarsislso
considered.

The strategy underlyinthe SRAdevelopmentand its implementation within a roadmap is driven by
the need forimprovement of mechanistic understanding across radioecology, such that can
provide fit-for-purpose human and environmental impact/risk assessments in supporpidtection

of man and the environment, in interaction with society and for the threexposure situations
defined by the International Commission on Radiological Protectit®RP (i.e., planned, existing and
emergency).

2 hitps://radioecologyexchange.org/content/star
3 https://radioecologyexchange.org/content/comet
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1. Introduction to the Strategic Research Agenda

Radioecology is a branch of environmental science devoted to a specifigopatef stressor:
radioactive substances. The science includes key issorasnon with other groups of pollutants,
particularly metalge.g., environmental transport, speciation, bioavailability, and effects abwsari
levels of biological organisation), as well as aspects specific to radionucligesgecialised source
terms including radioactive particles, external irradiation pathway, radiation dosimetrypaative
decay, and unique aspects of very low level measms).Radioecology emerged as a science in the
late 1940s and 50s in response to concerns about releases from nueapons production facilities
and radioactive fallout from nucleaveaponstests. Scientific studies of several subsequent accidents
at nuclear facilities enhanced knowledge about radioecology; howeverhrofithe early data was
classified and not publicly available until the cold war ended in the1889s (liyin and Gubanov,
2004).

Radioecologicaxpertise is needed wheneviemizingradiation within the environment is of potential
concern.The CONCERT First Joint Roadmap Draft (Impens et al., 2017) gaupeshtexts, from
which three of thenresult from environmental release (or remobkidltion) of radionuclides:

- Human activities related to thenuclear energycycle and other industrial applicationsof
ionising radiation not related to medical applications: Installations from théeanduel cgle
(from uranium mining through deposition of radioactive wastes); Industrial seientific
applications of ionisingadiation; Military (former nuclear bomb testing sites, weapons fallout,
nuclearpowered vessels

- Human activities related to the use of natural resources, contaminaturally occurring
radionuclides (NORM/ TENORMWMIining, processing, waste management of natural
resources containing natural radionuclides (e.g. oil and gas extractionriblOéte mining);
use, processing, recycling andcaste management of technologically enhanced naturally
occurring radionuclides, including decommissioning of NORM affected industiigtiefsc
NORM contaminated legacy sites.

- Natural radiation as source of ionising radiatioterrestrial and cosmogenic radiation, natural
events leading to radionuclide releases: High natural radiation background areestigiky
resulting in radon and thoron in indoor amtdoor air or in natural nuclides present in
water/food; exposure to cosmic radiation at higltitude or in space.

Seven exposure scenarios related those contexts have liestified and grouped according to the
ICRP classification in planned, existing and emergency exposure sisudfige of these scenarios
covers environmental exposure of thelic and the ecosystems (two scenarios are not related to
environmental exposures, i.gatient exposure regarding medical applications and exposure of
workers).

- Exposure of the general publiworkersand the environment as a consequencerafustrial
applicationsof ionising radiation and the use of NORM in normal operation conditions

- Exposure of the general public and the environment with rdda nuclearlegacy

- Exposure of the public and the environment to thetural radiationenvironment

- Exposure of the general public, workers and the environtrellowing amajor nuclear or
radiological accident or incidenhcluding long term consequences
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2. Three Scientific Challenges in Radioecology

2.1. Challenge One: To Predict Human and Wildlife Exposure in a Robust Way
by Quantifying Key Processes that Influence Radionuclide Transfers and
Exposure

One of the fundamental goals of radioecology is to undemtand predict the transfers of
radionuclides and consequent exposure of humans and Waldlihis is needed for a wide range of
sources and release scenarios, exposure situations and assessmixtsamatmospheric, terrestrial
(agricultural, semnatural, natural, urban) and aquatic (marine, freshwater, estuaries) environments.
The problem is that the key processes that govediaauclide behaviour, associated transfers among
environmental compartments and resulting exposures are not always wnelérstood, leading to
models that havean incomplete (or even inaccurate) representation of the processesmioelel
conceptual uncertainty. Scientific knowledge is gradually being accruedugh ongoing
improvements in our understanding of these underlying preaesHence m recent yearsa number

of research programmes have contributed to challenge 1 includinfudéd projects such as STAR,
COMET with two associated COMERAME and COMIRATE projectddARMONE associated to
OPERRACONFIDENGHEd TERRITORIESsociated to CONCERT oriovzl funded projects such as
the Frenchfunded projects (AMORARNd the UKiunded RATETHe major achievements oftiese
programmes can be summarised as follows:

x Improvement ofwildlife dose assessmenby initiating alternative models to the concentration
ratio (CR) approach (Beresford et al. 2013, 2(BBARand exploring the application of Bayesian
approaches (Hosseiat al.,2013) and allometric models for wildlife (Beresford and Vives i Batlle,
2013, STAR).

X Assessments ainimalenvironment interactionswere performedwith the view of determining if
current assessment models are fit for purpose (Aramrun et al., 2019; Hitaln 2015, 2019) and
from theserecommendations for improved field dosessessments (BeaugelBeiller et al. in
press, online) (STAR/COMET)

X Regionalisation of radioecological food chain modéBrown et al. 2018and development of
taxonomy based model$or freshwater (Cs) and terrestrial wildlife species (Cs, Pb, Sad3#)a
(Beresford et al. 2013; Beresford & Willey 2019; Savik et al, ZRMET and OPERRARMONE).
Evaluation ofheseled tothe recommendations that they need to berther parametrised for the
edible portions of plants (currently the models are paraenmsed using green shoots only)
(Beresford et al. 2019, CONCEFRONFIDENCE).

x Developmentof processbased soiplant transfer models(Almahayni et al., 2019, CONCERT
CONFIDENCE and Shaw et al. 2019ukided RATEGNd addition of a procedsased submodel
in to an existing human food chain model (AlImahayni et al., 2019, CONIEW-IDENCE)

x ForNORM identificationof the key processes for safety assessment studies using arppieReh
(Features, Eventand Processes) to highlight future reseapetorities (COMETput no EGunded
project

X For marine radioecology a dynamic transfer model for biota was applied to the Fukushima
environment(Vives i Batlle et al., 20l€OMEFRAME), dynamic transfer modelling visher
integratedwith emergencynethodologies (OPERRHMRMONE) and different levels of complexity
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confidence by endisers as they are perceived to be too complicated (Almahayni et ab).20fth
respect to predicting the exposure of wildlife the potential importanceofsidering the extent to
which spatial variability may need to be considered has been highlighteddudes which have
attached dosimeters and GPS collars to animals in contaminated environrgfeatsirun et al., 2019;
Hinton et al., 201Qones et al., 2013CONCERT TERRITQRIMS8k in CONCERJONFIDENCE has
begun to address the lack of data for Miedranean food production systems (Guillén et al. 2019);
similarly data have recently been provided for Mediterranean wildlife in collaboratith the COMET
project (Guillén et al. 2018).

A gap generally exists between tlmeeasurement scale typicallysed in research studies and the
scale needed in management decisions and regulatory measu@age of the reasons for this gap is
that the understanding of radionuclide interactions in the environmisnbften based on smadcale
observations or experimeasg, and it is not known how such processes or changes magt affy
processes and functioning of environmental systems at larger scales. dieerehderstanding of
spatial scales between and within environmental compartments and thadtrfpom global e¢tulation
patterns needs to be expanded to provide improved assessragd management strategies for
radionuclides released into the environment. This is particularly important imspimeric and marine
modelling as highlighted by the findings of COMET project FRAME regardinqucdidie transport
processes in marine ecosystem near Fukushima (such as, for exgnopledwater infiltration to sea)
and of the IAEA MODARIA working group on marine dispersion modellimg) &skushima

Process based modelavevarying degrees of complexitthat depend on the situation modelled. Yet
a process based model is not necessarily always too complex and masibete explain to the public
than a ‘blackbox’ model based on ratios and rate constants. The observahat the model
complexity may change depending upon need has led to the suggebat it would be useful to have
one modelling package where different components are modularly asleeinbhe implementation of
the FDMT food chain model, the ‘Absalom’ model and arsabel for particle source terms into the
EGOLEGO package witli®@NCERTONFIDENGBrown et al, 2018; Lind et al 2019) are a good
demonstration of how we could develop models in the fatur

In summary, the priority given in this SRA togassbased modelling is based on sound science, the
ability of such models to reduce modelling uncertainty, increased piredipower, their ability to
treat dynamic situations, potential to model sbihsed countermeasures and their higher
transferability compared with empirical models. There is however, as already noted, a laptakéu

of the previously developed procebased models by endsers and we need good communication
trainingand the ability to demonstrate validation to improve this in tikure.

2.1.1. Strateqic vision for research

Our strategic vision is that over the next 20 years radioecology will havevadha thorough
mechanisticonceptualisation of radionuclide transfer processes within major ecosystenestial,
aquatic, urban) for a wide range of source terms, relesse migrationscenarios and exposure
situations, where relevant and needed, and be able to accurately predict exposure aoshand
wildlife by incorporating a more profound understanding of environmental processes amed Hsxt
fit-for-purpose procesbased models based on scientific modelling of the radioecological mechanisms
will have found a way into fute assessment tools
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2.1.2. Strateqgicagenda

The major aim of challenge one is to develop process based models of eneirtal transfer and
exposure to substantially improve human and environmédtase and impact assessment. Research
should be focussed on dise factors contributing the most to uncertainties in exposure assestsn
The developed procedsased models will begin to form part of the next generatiorasfessment
tools. They should also contribute to addressing the need for an intedjproachto human and
wildlife exposure assessment.

The approach can be applied (with an appropriate level of complexity) to anaidge of sources
encompassing existing (e.g. uranium mining and milling sites, NOR/ mitgtaccident situations),
planned ¢€.g., new build, (geological) waste disposal, NORM involving industries, medi¢ad rad
isotope andadiopharmaceuticals production facilities) and emergency (accident, inciceyolent
acts) exposure situations. Emergency situations are the focus oORA®ENERIS so the radioecological
related aspects will be researched and developed in close collaboration &RHSY; aspects of source
term characterisation, distribution and migration through food chains, develm of
countermeasures and remediaticstrategies are within the remit of Challenge 1 of the ALLIANCE's
SRA. Related to (hidevel) waste disposal our SRA will concentrate on the biosphere and
geosphere/biosphere interaction zone, linking to networksch as BIOPROTAGDTP and
EURADScieat as well as the IAEA MODARIA successor profgmiironments other than temperate
ecosystems will be considered.

The mechanistic, procesmsed, approach should

X Enhance scientific knowledge about environmental processes and theuraiinteractions.
Radionuclides then become tracers to understand local large scaleprocesses, which in
turn can help inform other disciplines (such as ecology, geochemistry aicoltmy);

x Enable longerm forecasts and the influence of climate and landscape changeth®
environmental transfers of radionuclides;

X Assist in the development of tools for response, remediation, and restoraand

X Support multi-criteria analysis and hence decision making.

Validation of developed models will be impant to ensure eneliser uptake there is potential for a
strong collaboration with IAEA programmes in model validation.

2.1.2.1. Identify and mathematically represent key processes that make significant
contributions to the environmental transfers of radionuclides and resultgrasures
of humans and wildlife

A challenge for radioecologists over the next two decadés ikevelop a profound understanding of
environmental transfers and exposure processes that permit obsenatmbe explainednd robust
predictions to be made.hke main aspects will be (i) identifyipgocesses, parameters or factors that

8 http://www.bioprota.org/

9 http://www.igdtp.eu/
0 http://hal.in2p3.r/in2p3-02169313
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X simulating rates of water movement in porous media; and

X metabolic theory for describing the biokinetics/toxicokinetics of tapminants in living
organisms.

In all cases, the objective will be to produce a set of physically anchdiorally consistent primary
differential equations that represent the temporal and spatial dynamicgprotesses governing
radionuclide transfers. The equations will, to the extent possible, incatpdhe material properties

of the radionuclides and environments and, ultimately, the basic laws of natimewledge on
associated processes has advanced forqagsident situations (Cs, Sr, 1) but is generally deficient for
other exposure situations and contexts (unforeseen events, decorionisg of nuclear facilities,
urban context, industrial environment) and the majority of other radionuclides somerecently
emergingradionuclidessuch as medical réaisotopes data are missing but scoping calculations
related to potential dose contribution are required before setting of tmonplex modelling.

It is important that the knowledge gained from the various research activgiegpidly assimilated and
made available to the wider community. This is likely to require the devedoprof flexible and open
databases that do not ‘force’ the information into an oxgamstrained conceptual model framework,
together with a platform (or platforms) for the modulaedelopment of mathematical models (as
exemplified by recent work in the CONCERINFIDENQ@IEDject (Brown et a] 2018; Lind et aj2019).

2.1.2.2. Acquire the data necessary for parameterisatof the key processes contiogj the
transfer of radionuclides

Major data collection activities (such the IAEA handbooks of radioecological traaséengters) have
identified significant data gaps and limitations for many of the empirical patensmevhich underpin
dose assessment models for humans and wildlife. The gidge of radionuclides, human foodstuffs
and species of wildlife means that, pragmatically, we may never be in theégoosfthaving empirical
data for everything.

There is a need to consider alternative approaches to address this lack of dataoftel
parameterisation in the most robust manner possible (rather than relyindhighly conservative
judgment to avoid analysing the problem in more depth, as is often déise currently). Extrapolating
across the periodic table using chemical analogues isauepproach. For example, in the context of
the Fukushima accident, it was proposed that estuarine reactivithaftdived radioactive tellurium
could be assessed based on the behaviour of its stabllgme. Other approaches, such as Bayesian
statistics, allow a low number of empirical observations to be supported by infesfroen more
comprehensive, larger datasets (this approdets been used in the parameterisation of the ERICA
Tool (Brown et aJ2016)). Some approaches to extrapolate data havenbguggested for application
across species (wildlife species or human food chain species) such as phyil@gesing ‘common
ancestry’ to categorise transfer) and allometric (mass dependent) rekdtipa. These approaches
have started to be advancedyhbactivities in the STAR, COMEQNCERTONFIDENGCihd TREE
projects (see above).

The data for model parameterisation will require focused laboratmaged work and field studies, as
well as orgoing reviews of published information from the wider sciBatcommunity (both at
suitablydesignated "observatory sites" and more generally from environmental itmidng). For
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example, a preliminary inventory of databases acquired from observatories anitomiog sites at the
European scale by the various SpaRners highlighted the richness of environmental data, especially
their temporal and spatial distributions, even though heterogeneity and data gegpe identified. The
Belgian NORM site (Alliance observatory intensely investigat@®NCERTERRITORJproved the
benefit of establishing mechanistic investigations in controlled conutio scientifically explore
processbased models (Vives | Battle, 2019he Upper Silesia Coal Baganother Eurpean
radioecological observatory) was also investigated in CONTERRITORIES in order to exptbhee
conceptual scheme of processes occurring in a Polish lagiaging NORM, including the occurrence
of early diagenesis process (Mora et al., 2019). Hviass exhaustively informative, loitgrm data
series obtained along routine surveillance programs can also provide informatiorrdaiosfer
modelling (Brimeaet al., 2019).

Some ofthe data gaps are expected to be filled by innovative analytical toeéld@ments in both
radioactive and nomadioactive metrology. For example, difficulties persist in quantifyingvtiréus
radioactive decay products from the naturallth decay chains within the same sample at a given time.
In this context, ICIRIS and AM@nalyses offer potentially exciting solutions.

To maximise opportunities for data acquisition whilst minimising the enviroriaiempacts of our
science, a strategic focus should be placed on the devedopnand adoption of no#ethal
methodologieqwhich do not require animals to be killed) for use in radioecological research.

The ALLIANCEave highlighted the need for experimentalists and modellers to workttagefrom
project outset, in order to obtain the correct match and compatibility ofdels and the data necessary
to parameterise them.

2.1.2.3. Developprocessbased transfer and exposure models that incorporate physical,
chemical and biological interactiomsd associated kinetics, and enable predictions
to be made spatially and temporally

Accurate, pocessbased radioecological modellimgduces model conceptual uncertainty acen
reduce the uncertainty of model predictions, leaditay a greater confidence in the results. For
example, the consideration of chemical and physical speciation of naclides and their effect on
subsequent environmental transfeg.g.,Salbu, 2009b5albu et al., 20184itchellet al., 1995) reduces
the l-order of magnitude discrepancy between the né@td and farfield Ky's in the assessment of
plutonium releases from Sellafield. Likewise, assessments of the glolralljating radionuclide¥'C
and®H have been greatly improved by including the inflcenf stable carbon, nitrogen and hydrogen
cycles in radionuclide transfers.g.,Schellet al, 1974).Knowing theearly dynamics of radionuclide
distributions following atmospheric deposition and marine reledsesalready played major part in
understandinghe consequences of the nuclear accident at Fukushirhase @velopments are also
crucial in context of site and environmental remediatidtence, procesbased and mechanistic
models are also expected to advance countermeasure strategies and optitgizemediation and
restoration.

The transfer models developetiauld be able to integrate radioactive contaminants inte general
dynamics of ecological systems. An example is ysatigtant-coupled soivegetationatmosphere
transport (SVAT) models to investigate the wider, g circulation patterns of radiarclides in
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2.1.2.4. Represent radionuclide transfer and exposure at a landscape or large geographic
scalewith an indication of the associated uncertainty

The objective of this research line is to improve the curistatus by mapping radionuclide transfer
and exposure at the European or global scale based on thematic mapsingchpatial and temporal
variability, using the newly developed procdmssed nodels. Since geographical distributions of
radionuclides tend to be highly heterogeneous (Van der Bedk, 1998), a detailed understanding is
needed of radionuclide transfer processes at multiple scales. Within thesmes line we intend to
design and implement a uséniendly, state-of-the-art GIS interface with the developed models,
facilitating mapping of radionuclide transfer and exposure at a landscape level tofydeensitive
environmental compartments/areas. An added benefit oftrsdevelopnent could be the integration
of knowledge at the European level (interaction with challenge I8)provementsin spatial
dimensioningare stillneeded by incorporating better procebssed approaches. Such an approach
was proposed by Gonat al. (2016) whanodelled at the landscape level air dose rates witfrocess
based dynamic approaciThis priority should be further developed in collaboration with NERIS), as
they are of specific interest for poesiccident situations.

An important task here will be toridge the previousinentioned difference between the small scales
at which radionuclide behaviour and transport are often studied and thestesgales oftemelevant
for management decisionalso in context of site and environmental remediati&rGl$terface could
include reference values (geochemical or anthropogeaikrounds) and thus provide useful means
to evaluate the lgel of exposure. The changing exposure conditions expexieby wildlife animals
as they traverse and utilise various habitats with heterogeneous canttion could also be
incorporated and visualised to improve our understandifighe exposure conditions and, as result,
reduce uncertainties in the environmental assessment. Thematic mapSeredt terrestrial variables
such as land use, soil type, leaf area index and crop coefficient, local climatejlebe linked to the
radionuclide transport datasets. Such a system will enable robusta@mmental exposure predictions
at various scales, allowing advanced visuabsatif the complex interactions between radionuclides
and the various environmental properties and procesdesvould also enable the modelling (if
appropriately parameterised) of countermeasures (as exemplified by Cox 20@b).
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2.2. ChallengeTwo: ToDetermine Ecological Consequences under Realistic
Exposure Conditions

There is agrowing awareness by the public of the importance of the glojllity of environmental
resources and biodiversity, with many examples of national regulatimested to theprotection of

the environment as a whole (e.g., nature conservation, uses of@maental resources, air, soil, and
water quality). Even more significantly, human and ecosystem neaét now recognised as strongly
interconnected as evidenced, for exammpby several principles and goals for sustainable development
recently agreed upon in the 2030 development agenda of the Unitetbhaf2015).

This challenge is of high priority regarding new regulatory requents for the radioprotection of the
enviromment which has shiftedduring the last decadérom an implicitto an explicitenvironmental
protection. The IAEA’s Fundamental Safety Principles (I2B08), revised ICRP Recommendations
(ICRP, 2007), the revised versions of the international Basic Séfeiyards (BSS) (IAR2811) and to

a lesser extent, the Euratom BSS (European Commission 20&®)tp developing guidance on wildlife
radiological risk assessments and, as a consequence, espeusesith for ecological protection criteria
of radioactivdy contaminated environment#cquiring new scientific results on which decisioas be
based is key to answering social concerns about (eco)tofécteffrom ionising radiatiorand its
ecological consequences

Over the last 20 years, international eff® have focused on new strategies for protecting the
environment from radioactive substanceg. bysetting up an effects database foon-human species
(FREDERILACopplestone et al., 2008) and producing screening ecologaraihimarks needed to
implement a tiered Ecological Risk Assessment approach (ERA) [(FMBB&Ms( 2004), ERICA
(Larsson, 2008), PROTECT (Howard et al., 2010)]. Whilst thiypER&pproach is a substantial
advancement in radioecology, a lack of sufficient data preventsent RA analyses from fully
accounting for the realistic environmental conditions that orgarsisre actually exposed and ecological
processes that are actually affected.

Data are still insufficient to take into account low dose effeetjable dose rate rége, dose deposit
heterogeneity (from molecular targets up to individuals and estesys), multicontaminant scenarios
(including the different exposures from external irradiation anterimal contamination), species
variation in radiation sensitivity dut life-history traits, community or ecosystem level effects. Such
knowledge gaps are accounted for via extrapolation and the uassessment factors (or safety factors)
that add conservatism and increase uncertainties in predictikeassessments. Thasion of this SRA
is to address such deficiencies (Figure 2).

There exists stillansiderable scientific disagreement on the actual extent of the radiatifecesf on
wildlife in contaminated areas. Many studies have reported no significant effgictadiation on
wildlife (e.g. in the Chernobyl and Fukushima exclusion zones), wheieas oeported significant
radiation effects on different wildlife groups at very low dose rateslqw natural background
exposure)(Beresford et al., 2016; Chesser aBdker, 2006; Moller and Mousseau, 2009, 2016;
Beresford et al., 2019; Fuller et al., 20I8)is controversghallengsthe ecological protection criteria
published by research groups, as well as international organisatiahsssue guidance for radiolmgl
exposures Several protection criteria with different ways of derivation and différerotection
purposes are establishg@NSCEAR, 2008; ICRP, 2808lerson et al., 2009; Garnikaplace et a).
2010); ICRP, 2014
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2.2.1. Strateqic vision for research

Our strategic vision is that over the next 20 years radioecologlyavidl gained a thorough mechanistic
understanding of the processes inducing radiation effects at difféegnts of biological organisation,
including the consequences on ecosystem integrity, and bet@lalecurately describe and predict

effects under the realistic conditions in which organisms are hgtergposed.

2.2.2. Strateqicagenda

Similarly to Challenge one, the key research lines developed kaateuntended to be applied for all
exposure situationsas described by the CONCERT Joint Roadmap scenarios: plannedresxposu
situations under normal operation conditions (scenarios 2), exjginvironmental exposure scenarios
with regard to legacy (scenario 4) and natural radiation (scenaras3yell as long term exposures after
accidents (scenario 6) and malevolent acts (scenario 7). Tosmlthrese, studies will have to include
an appropriate combination of laboratory studies conthut under controlled conditiongnd field
studies and statistical data treatment and/or mathematical modellimyconnection with challenge
one, common taall five research linesutlined below is a crucial need faan improved dosimetric
assessment to reduce uncertainty and enhance robustness of dasgaéss and for theestablishment

of doseresponse relationships, whatever the model used (e.g., ioglsbrmetic, linear non threshold)
Sich response relationships constitute the basis for any predicisle assessment. Specifically, the
following five research lines Wileed to be addressed to achieve the vision.

2.2.2.1. Mechanistically understand how processes link radiation induced effects in wildlife
from molecular to individual levels of biological complexity

This research line aims #lentifying key molecular/cellular andndividual characteristics driving
radiation induced effects at the individual lev@lhe use of advanced analytical methods from
molecular biologyincluding higkthroughput screening technologies and computational models
extrapolate data at different levels of biological complexiglds great promise for enhancing our
mechanistic understanding of radiation induced responsegsha subcellular levels and their
consequences to individualnd is sharedetween human and other organisngslothersill et al,
2018) One way of describing the links between molecular initiation of the responséharmbserved
adverse effects is through the formulation of an Adverse OutcomewrRatliAOPjANkley et al., 2021,0
Groh et al,., 2015) The formulation of a radiation specific AOP will form a framework within which
data and knowledge coming from different organisms, different levels of biabgamplexity and
even multiple stressors are synthesised in a way that is useful for risk asses3he key molecular
events (which may include epigenetic change) of an AOP might servedsrdial biomarker, once
their response sensitivity and natural variability in populations are characteriéth validated
biomarkers under field conditions and populations of nativenon-native species (e.g., using caged
animals in the environment), innovative biomonitoring in tfield should be developed, with a
preference to nodethal methods and tools where possible. Field studies will beireduo test the
detectability of radiation induced changes used as biomarkers witbinptex realistic exposure
situations (e.g., confounding factors such as seasonatioms, other contaminants, changes in
habitats). A radiationrelated AOP for different organisms together with spedifiomarkers could
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potentially be used in a regulatory setting to verify the results of impasessments for operational
facilities.

In addition, coupled Biokinetics/Dynamic Energy BudgeBjpproachesan aid inunderstanding

the metabolic mode of actions at the individual level following radiological ®xgs. DEB theory
(Kooijman, 2000) offers a single consistent framework to understandteféécstressors on growth,
reproduction and survival in an integrated way.

Example®f key issues are given to illustrate this research line:

x How does the oxidative status of the cells (or tissue/organisms) fatgline response8

X How may those elementary mechanisms result in adverse outcamhdbe cellular and
individual levels (immuneand neurological systems integrity, general metabolism,
reproduction, growth, survival, behaviour, susceptipitiv diseases)?

X How do radiation type D B, edposure duration (acute, chronigathways (external vs.
internal irradiation)and cellularbiological characteristics modulatee quality and quantity of
damage? Are those damages reversible?

x Do specific modes of action or master genes exist for differgreg of radiation, and can they
be used to develop specific biomarkers or biosensoSOP8

2.2.2.2. Understand what causes intigpecies and intespecies differences in radiosensitivity
(i.e. among cell types, tissues, life stages, among contrasted life histofiesnce of
ecological characteristics including habitats, behaviour, feeding Begim

Even though the fundamental mechanisms that cause radiatimmage seem universal, individual
responses to radiation exposure vary tremendously,atefing on factors such as type of radiation
(variation up to ca. x50); acute versus chronic exposugedtion ca. 12 orders of magnitude); cell
type; biological endpoint (e.g., reproduction versus mortality); $tage (embryos, larvae, and
juveniles stages are the most sensitive); species (variation ca. 6 arderagnitude); and level of
biologicalorganisation; simple laboratory experiments versus complex ecosgsteiNSCEAR, 2008).
Some recent research suggests that current international protection benclsmexky not be
protective of all organism groups (Raines, 2018). Some general parameteva tondetermine the
sensitivity of an organism to radiation are: the DNA content (i.eanimehromosome volume) of the
cell; the efficiency and types of DNA repair/pathways; the cell refation capacity; and the ability of
tissue and organs to regenerateeyiewed in Harrison and Anderson, 1996 and Adanillermin et
al.,., 2017).Differences in sensitivity between species also lie behind overaitstie higher levels
(community, ecosystein Understanding the mechanisms of intgecies radiation sensitlyi may
also help us understand mechanisms behind ksfpacies variation (Beresford et al., 2019).

This research line will be strongly combined with the first one. It will hightlighkey drivers for intra
and interspecies radiosensitivity differences.combination with phylogeny/homology concepts as it
exists in comparative toxicology could help to support irspecies extrapolation. This research line
requires a longerm commitment and comprises fundamental key issues such as:

X How do differences iDNA damage between different species, or the potential for DNA repair,
explain the intefintra-species differences in radiosensitivity?
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X For internal contamination, how does uneven internal dmition of radionuclides and the
subsequentdose heterogendy in the cell/tissue/organ influence the biological response?

X What is the variability in sensitivity / response between life stages and betspecies?
How do those findings, combined with a phylogeny/homolome approach, support inter
species extraplation?

X How do occupied habitats, organism behaviour and feediginres contribute to determining
potentially exposed/critically sensitive life stages and species?

2.2.2.3.In a broader exposure context, understand the interactions between ionising
radiation effects and other estressors

Exposure to multiple stressors may directly or indirectly modulate radiaftects. The environment

is contaminated with low concentrations of complex mixtures (eagionuclides, metals, pesticides,
fire retardants andendocrine disruptorsand noroptimal or adverse environmental conditions (e.g.
heat, drought)(Vanhoudt et al., 2012; Vandenhove et al., 2012; Mothersill et al.92(tudying a
contaminant in isolation is necessary and provides critical informatioth@mnderlying mechanism
resulting in detectable effectand can be used to test the specificity of biomarkers launnot predict
possible interactions among the many stressors to which organisms pmseX Interactions can
provide protective effects andeduce overall damage, or augment effects in negative, synergistic ways
(SCHER, SCCS, SCERMR)

Modifying effects of multiple stressors can be the cangnce of altering the bioaccumulation
characteristics of radionuclides, or influencing the raéiositivity of the species (e.g., Au et al., 1994,
Sugg et al., 1996). Radiosensitivity is affected by exposure to oth&ansmants and a combination
of stressors reduces the physiological fithess of organisms. Multiplesstre are included within our
SRA because of the need to understand the potential for mixtures to cause arggor synergistic
interactions with radiation.

Some research projects, including th&) inded STAR project, have been trying to answer the
guestion of multicontaminant/stessors (Gilbin et al., 2015; Gagnaire et al., 2017). While studies of
stressor interactions are common in ecotoxicology, it has beeiediffo derive general rules by which

to predict how different species may be effected by a given combined stregposere (additive,
greater than additive, less than additive) (Holmstrup et al., 20dhhoudt et al 2012). For many
species, the limits of tolerance for some types of stressors (eibgphkl, temperature ranges) are
known. Measurements of potential gssors along with radioecological measurements may identify
those cases in which radionuclide exposures coincide with other sifessditions helping to identify
when multiple stressor effects may need to be taken in to account (Beresfaid €019).).

Research should be developed to understand radiation effects in the corfteghtaminant mixtures
and multiple stressors. Emphasis will be placed on identifying combinationxiofres and stressors
that interact such that supeadditive and sukaddtive effects are likely to occur with radiation. The
potential for interactions among stressors will be based on their modexction and their cellular
targets at the molecular level (e.g., oxidative stress, genotoxiCitgls will also contribute tohe
understanding of radiotoxicity and chemotoxicity, and theirmigdition when it is relevant. Because of
the multitude of potential stressors that exists in real exposure conditieady research efforts will
develop a scheme to prioritise hypotheseslanaximise research effica@gscher et al., 2017)
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Examples of key questions addressed in this research line are:

X What are the combinations of mixtures situations orcamtaminants that are likely to show
interacting effects with radiation?

x What arethe mechanisms underlying interacting effects of differentcomtaminants and
radiation or radionuclides?

X At what level does interaction take place: for example at the exposure, upiaternal
redistribution of the radionuclides, at the site of damage io regulation and signal
transduction of the response of the organism towards radiation effects?

2.2.2.4.In a broader ecological context, understand the mechanisms underlying- multi
generational responses to loftigrm ecologically relevant exposures (e.g., maaérn
effects, hereditary effects, adaptive responses, genomic instability, pigeretic
processes).

A strong connection with evolutionary ecology is neededtiolys adaptive responses amdodulation
of effects at a multgeneration scale following exposures to radiation. Understanding-termy
effects of radiation on the phenotypic and genetic characteristics of dplation is crucial to assess
the risk of population extinction and it®nsequence for the maintenance of both genetic biodiigrs
and species biodiversityhis is true whatever the radiation type and exposure pathways.

The mechanisms involved in organism responses to chronicticadiexposure, both within and
between geneations, are the subject of an active debate in the séfientiterature (e.g. Boubriak et al.,
2016; Carroll et al., 2007; Goodman et al., 2019; Horemans et al., 201i%t &daptation of organisms
to radiation within theChernobyl Exclusion Zon€EY has been suggested (Mgller and Mousseau,
2016; Boubriak et al., 2008), it has not yet been the focuEngfcomprehensive research programme.
If it does occur, adaptation of specific populations could leaditgptation of the ecosystem over time
(e.g. the plant biome is thought to help plants cope with abioti@st such as drought or salinity (Dodd
and PérezAlfocea, 2012; Liu and Zhang, 2015)). If adaptation to chronic i@uiexposure exists in the
CEZ, it will have implications for the interpretatiof studies comparing current effect and exposure
levels.

Radiation can directly affect DNA by ionisation of the molecules that feentouble helixndirectly
through formation of Reactive Oxygen Species (R@3&ding to molecular lesions (e.g., base
degradation or deletion, singler doublestrand breaks, protehDNA cross link). Indirect effects of
oxidative stress caalsoalter protein, enzyme and lipid structure or function, rasg in disruption

of general metabolism. Other alterations of the cellular genome can be indugéshising radiation
through changes inepigenetic mechanisms that cause changes in cell signalling processes [e.g.
genomic instability (genomic damage expressed {iwatiation, after many cell cycles), bystander
effects (vhere nonirradiated cells in proximity to irradiated cells exhibit effects similar to those that
received the radiation), and reduced repair efficiency (e.g., Morgarg;2@6thersill et al., 2009]

Knowledge about genomic instability incorporating chande the epigenetics and in the DNA
sequence due to mutations and repaired double strand kseshould be improved to support the
understanding and prediction of the evolutionary resporefepopulations chronically exposed to
ionising radiation(Horemans et al, 2019) One novelty could be to associate an experimental
approach (lab and field) with quantitative genetic methods to study thdugiamary response of a
natural population to a rapid change in its environment
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Some of the major elementary key egtions are:

x What are the biological and evolutionary significance of genomic and epigehetnges due
to exposure to ionising radiation? How much do they contribute to tm@esion of genomic
damage to offspring, through successive generations?

X What is the influence of ionising radiation exposure on epigenetioghs in comparison with
other environmental factors?

X To what extent does multigenerational exposure make the consequences worse (or Detter)
Are populations that are exposed for several generations to ionising rexiatdre (or less)
resistant to new environmental changes? What is the molecular basis sistance (or
vulnerability) in comparison to neexposed populations®hat is the impact of previous
‘acute’ radiation exposure on organisnmsdontaminated environments now?

2.2.2.5. Understand how radiation effects combine in a broader ecological context at higher
levels of biological organisation (population dynamics, trophic interacGtiodgect
effects at the community level, and consequencegdosystem functioning)

Regardless of the stressor or type of contaminant, the vast majofigcotoxicological data describe
effects on individual traits of organisrmasthe cellular, tissue or individual levels. As demonstrated for
chemicals, effects olesved at these levels may propagate such that they have consequences at higher
levels of biological organisation (population, community, ecosysteny; leagbes and Calow, 2002a;
Forbes et al., 2011Dur knowledge of radiation effects (and radiatiprotection) is based almost
entirely on single species experiments, while in reality species areseds part of a mul8pecies
assemblageln radioecology, the importance of an ecosystem approach has been eisptiasany
times over the last decade. B&al publications and international workshops have lea taumber of
recommendations and consensus statements (Bradshaw et al., 2014higmac et al., 2016
Mothersill et al., 20182019.

In the wild, species within the same environment are differentially exptseadioactivity due to their
specific habitat, behaviour, and feeding regime. Species also have differeitivgdes to radiation.

In an ecosystem, this means that the various responses of spazieadiation will also alter the
interactions between species and may affect aspects such asetitiop, predatorprey or parasite
host interactions. This may lead to secondary effects that change cmityrstructure, composition
and function. These secondary, indirect effects may irhpagopuhbtion to a larger extent than the
direct effects of radiation. Such issues have been poorly addressed in raldiggand, for that matter

in ecotoxicology, partly due to the complexity of studying mspecies assemblages in the laboratory
or unravellingcomplexity in field situations. Recently, a literature review assessing ¢l and
properties of multispecies effecttudy experiments and their suitability for radioecology is currently
in review (Haanes et al, submitted). A few experiments usingocosms (multispecies experiments)
have clearly demonstrated such indirect effects (e.g., Doi et d&5;Zuma et al., 2010) at quite high
doses. A recent microcosm study performed at dose rates similar t@ thibosontaminated field sites
(Hevrgy et al 2019) allowed to isolate specific relationships between interactingcigs in an
ecosystem and test the direct and indirect effec®udies have investigated the effects of ionising
radiation on wildlife from subcellular to community levels in the CEZ (e.g.fBetex al., 2019) and
increasingly in the Fukushima region. However, the consequenceseaged ionising radiation levels

page36 of 61









2.3. Challenge ThreeTo Improve Human and Environmental Protection by
Integrating Radioecology

The risks posed by the presermfgradionuclides in the environment require an efficient, balanced and
adaptable assessment for protecting and managing exposed hsiarad environments. The individual
contaminantmedium-pathway paradigm is changing towards a more integrated view of the
environment as a whole. Radioecology’s position relative to this paradidft can be best maintained
by embracing the concept of integratiehintegration of the underlying systems and methods of
human and environmental protection, and integration of ke&tology with other scientific disciplines
including social sciences and humanities (SSH) to provide necessatifisdanis for system and
practice of radiation protection and to ensure proper answers on societdtgans and challenges in
different exposure situations Thus, radioecology’s future success, broadly definedmeeting
stakeholder needs, will require integration in several ways and from seviff@let perspectives.
This portion of the SRA identifies several integration challenges (Figuas @)ll as highlights the
advantages gained by the science of radioecology in meeting the inteycialenges:

Figure 3Fiveareas in challenge 3: To Improve Human and Environmental Protection Qyaltie
Radioecology.

During the last deades, the need was recognised for explicit demonstration of the protectighe
whole environment from the effects of radioactive contaminants, which alsmlted in changes to
international policy (ICRP, 200EU Directive 2013/59; ICRP, 2014). Samif effort has been
expended in that regard and a system of environmental protection isrgimg, along with the tools
required to estimate exposure, evaluate risk and demonstrate protadfi@rsson, 2008rechignac

et al., 2016). In some important as, however, the methodologies for human and environmental
assessments still differ. This problem is exacerbated because human ancheraital assessments
are not complementary in terms of how they are conducted. The differermesause difficulties fo
operators, stakeholders and regulators. An integration of the two radiatioteption systems- both
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in terms of the underlying philosophy and the practical application via apprepats and systems
- offers significant benefits on many levels.

Addtionally, radionuclides and the risks posed by them tmans and the environment typically occur
as part of a complex suite of -@@ntaminants and other stressors that may act as confiumd
variables, as exemplified by waste streams from nuclear andnoicfear industries, complex legacy
contamination and releases as a result of accidents. There is a clear anstdodigng gap in our
understanding of contaminant mixtures that include radioactive materials. Redliogical research
integrated with other disciplines and directed towards better understandingiature effects, as well
as adapted risk assessment methods, will make it possible to determinénarretdiation protection
criteria are robust in a multiple contaminant context.

Radioactive contamination can occur as a result of a range of different scermbsjoarate in character
and often specific in their actual or potential impadiat often of great concern to the publi€ocietal
perception of the technical capacity and resources requicedrevent, mitigate or remediate impacts
and ensure recovery of any contaminated area after a relshseldtake into account the disparities
and specificities inherent in the exposure scenarios, as they play a signifitaaim theassessment of
conseguences-in terms of economic considerations and from a societal perspectiventtnaam of
effects includes societal concerns, varying degrees of economic tiropdoss of societal benefit,
administrative disruption, health impacts or loss of life and impact on etesyservices. In addition
to these impacts, the measures taken to address them rimayrn, incur societal and environmental
side effects. This complex interplay has been well demonstrated in the afternwdth®th the
Chernobyl and Fukushima accidents and has been taken ingdayation when developing the Joint
Roadmap of radiation research platforms in 2017.

Management approaches in planned, existing and emergexpysaire situations can range from the
minimal through ascending level§ @mplexity and detail. Although a significant amount of valuable
knowledge exists for a wide range of exposure situatioris fiagmentary with respect to constituting
an integrated strategy sufficient to deal with complex, dynamically chgrgpnditions. In dealing with
a range of actual or potential exposure situations, a gradient of integrated neamagt approaches
based on multcriteria decision analyséMCDA)Nd the means of creatively implementing them are
required. The development ofppropriate tools — Decision Support Systems (DSSdpr best
implementing such approaches must occur in tandem witle development of management
objectives to ensure that maximum benefit is derived. The need for integratadedmanagement
approaches and the tools to implement them in handling theirenspectrum of possible effects of
exposure and ensuring the productivity and societal berddfimpacted areawiill be a primary driver
for radioecological research in the coming decades. The recent eventkiegtitma in Japan exemplify
these problems and the existinthallenges Intrinsically bound to this need is the requirement for
sound, fundamental and progressive science to underpin asrid/zel maximum benefit from these
efforts.

2.3.1. Strateqic vision for reseeh

Our strategic vision is that over the next 20 years radioecologisabrch will develop the scientific
foundation for the holistic integration of human and environmental protectias well as their

associated management systems.
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2.3.2. Strateqgicagenda

The following fiveesearchand integrationlines will need to be addressed to achieve the vision.

2.3.2.1. Integrate uncertainty and variability from transfer mdiiteg, exposure assessment,
and effects characterisation into risk characterisation

Risk characterisation is the final step of risk assesstetintegrates information from exposure
assessment and effects characterization.

Challenge 1 of this SRA identified that transfers and exposure have to bsexss¢snultiple spatial

scales, from an emitting source to the landscape or even global scalkerigje 2 emphasised that
effects have to be characterised not only at the individual level, but alsiaer levels of biological
organisation (population, community, and ecosysjeffihis means that any rislssessment at such
integrated scales should simultaneously take into account: (i) variabilityseisddepending on spatial
variability of radionuclide transfers, as well as behavioural heterogeneity amgusgea species, (i)
and variability in radiosesitivity among species, including gendemnd life stagedependencies.

Improvements in risk assessments, and the increased confidenceiirréisults, require challenge 3
to integrate all these sources of variability into a single calculation.

In parallel, the temporal variability characterising transfers and exposure (cf. challgrgewiell as
effects, from agaedependent differences to muljenerational responses (cf. challenge 2) need to be
integrated over the period of interest for risk assessmeerpehding on the context, from weeks in an
emergencysituation to thousands of years for radiciave waste repositories.

Lastly, due to its inherent integrative power, risk characterisation is th@adtep to fully characterise
the global uncertainty of a risk assessment, by incorporating uncertainty éxqgosure assessment
and effects characterisation. Considering the multiple sources of uncerfaintluding those

mentioned in challenges 1 and 2, this final stage is the key to a real integeaiological risk

assessment.

Some recent advances have been made in relation to characterisingtainte and variability in
transfer modelling and exposure assessment within -EONCERT funded projectstom the
CONCERTERRITORS project, Urso et al. (201pjovide guidance for carrying out uncertainty
analysis with experts’ knowledge specifically in the field of radioecoltat@ed information about
parameter uncertainty, conceptual model uncertainty, scenario uncergastwell as role of variability
are presented together with analytical, probabilistic and Bayesian approaches ethddologies to
guantify and (where possible) to reduce these uncertamtierom theCONCERTONFIDENCE project,
Brown et al. (2018) explore how information on parameter uncertainty canseel in the agricultural
food-chain models commonly implemented within European post radiologicedrgency decision
support systemsthe aforementioned ARGOS and RODOS systems. These new developmedés p
initial steps towards fulfilig the objectives of thigesearch line.Integrating the mentioned
uncertainties and variability into the overall risk assessment @@ohtribute to better reliability of
dose assessments in general (this being one of the ICRP’9 ({@8dfified areas fowhich research is
needed in order to support the system of radiological protection).

Nonetheless, the requiremerstill remains to reduce uncertainties so that risks to biota and humans
can be better quantified, whatever the situation (low, as well i misk situations; planned, existing
and emergency situations). Most of the research lines desdribeChallenges 1 and 2, as well as
research lines described in related SRAs from other platformsjtifigleesearch that could contribute
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to improved ri& quantification. The strong links which are already being builiveenh the ALLIANCE
and existing radiation protection research platforms will help fatditintegration and reduce
uncertainties

2.3.2.2. Integrate human and environmental protection frameworks

Rik assessments for ionizing radiation have historically been exclusivesgéocan human risk but
have expanded to gradually include ecological risk. This shift is reflected in regbevel policy
changes. It is recognised that the present framewairkadiological protection should be changed to
explicitly demonstrate rather than assume the protection of the envirentnas stated in the general
recommendations of the International Commission on Radiological ProteciCRP, 2007),
international Abmic Energy Agency (IAEA, 2014) and in the EURATOM (EC, 2013) Bfsic Saf
Standards.

Over the last decade, new drivers for integration of human and environmprigtction frameworks
have emerged, such as the increasing interest from society in envotanissues, requests to
demonstrate the overall protection of the environment and aspirations tddopublic confidence
through information and transparency. Human and ecosysharalth are now recognized as strongly
interconnected as evidenced, for expla, by a number of principles and goals for sustainable
development recently agreed in the 2030 development agenda of the United afldN, 2015).
Furthermore, according to the ICRP’s and IUR’s recommendations dfeiurttégration issue, more
focus shalld be put on the development of an integrated view of all &ffis and impacts that includes
consideration of protection of people and ecosystems (Brechignac, &C4l6; Garniet.aplace et al.,
2017). Moreover, integrating environmental protection angman protection under one generalised
system for radioprotection, would enhance efficiency and would be oftgrdéarest to regulators,
industry and the public (Salomaa and Impens, 2016).

. Some initial steps with regards to exploring the issue of integration vedeen in the radiological
sciences through the application of case studies (Coppteset al., 2010). A step forward has been
made by the development of a combined screening model foh llmtman and nothuman biota in
the form of the CROMERICA tool (Mora et al., 2015).) Althobghintegrated assessment platform
provides alignment with respect to the advection and disj@m models used in modelling the
behaviour and fate of radionuclides, the tool falls short of providing a satisfactoaigamation of all
methodologies employed. More recently, Copplestone et al. (2018gx@sred how an integrated
approach might be applied in planned, existing and emergsitagtions. Thisvas achieved by, for
example, showing how simplified numeric criteria may be used in planned@repsisuations that are
protective of both the public and nehuman biota.

Nonetheless, these deliberations still fall some way short of being cenesich full framework for
integration of human and ecological risk assessments for radionuclidesefdteer further
consideration of the acceptable or optimal level of integration for assent approaches is still
needed. . Valuable insights for future reseaactions can be gained by recent developments that have
occurred for the risk assessment of chemicals (Wilks et al., 2015;yGiffral., 2016). Building of
common exposure scenarios based on a tiered approach usiatjpas assumptions and simple
deterministic models, developing tools to support the harmonizaticsharing of human and
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environmental exposure data and sampling designs are seen as fistigs to be done through
multidisciplinary research in order to develop an integrated system.

The ALLIAGE is convinced that the scientific and pragmatic (application via appropriats) to
foundation for a holistic integration of human and environmental assessrslentild be addressed
(Vandenhove et al., 2017). Further development, in the radiological senof integrated
methodologies for transfer, exposure and risk assessment, and tldugption of tools incorporating
those methodologies for existing, emergency and planned exposure sitgatiemain a major step
forward in ensuring efficient, adequatejemonstrable protection for both humans and the
environment. Areas where active research towards integration is required mdhadsfer/exposure
and dosimetry. Currently, transfer/exposure studies fimmans and biota are conducted separately
using two dssimilar methodologies. It is evident that progress is still needed to fgadamental
knowledge (on underlying processes), validate tools and methadsefdorming realistic, integrated
and graded impact and risk assessments for both humans and wildlife, acroseslstems and
exposure scenarios (Salomaa and Impens, 2016).

This challenge, incorporating the knowledge generated in other strahdstivity within the SRA, will
focus on the scientific and practical integration of human and environmeraasfer and exposure
methodologies. By determining where harmonisation of apptes for humans and environment is
justifiable and beneficial, the challenge will focus on developing integratttiods for assessment in
the areas of transfer, exposure, simetry and risk. Future research initiatives in this area need to
continue good links with MELODI and the work being cawigdy the ICRP.

2.3.2.3. Integrate the risk assessment frameworks for ionising radiation and chemicals

Both human populations and wildlife pollutedenvironments of radiological concern may be exposed
to a complex mixtureof radioactive and chemicalubstances and various confounding factors; such
combined exposure may sometimes cause adverse effEbtsneed to account for multiple stressors
in experimental setips, effect analysis and risk assessmentidegs recognized and addressed in the
SRA through several research lines, among others, by integration of khessessment frameworks
for ionizing radiation and chemicals.

Recently, new drivers that additionally implied the need for further develemt of integrated risk
assessment frameworks emerged, such as the increased aeggdry the public of the simultaneous
presence of chemicals and ionizing radiation in the environment, their ritapce for ecological
guality of environmental resources and for biodiversity, practical ispfiessessors, operators and
regulators related to the existence of separated approaches. Integrati@mafonmental exposure
assessment for ionizing radiation and other stressors and optimization of egdial protection hve
been identified as a common challenge and knowledge gap in theRoadmap of the international
radiation research platforms (MELODI, NERIS, EURAMED, A)L(IA¥€ns, 2017; Vanhavere, 2018).

The issue of multiple stressors in the risk assessment framework has rebepttyconsidered by
studying the factors affecting the impact assessment of mixed wastmshs$ in the context of
achieving an optimized waste management (BIOPROTA forum (2013; Z0bbne and Kautsky
(2018);); Thorne and Wilson (&5)). Although constraints such as missing data on stressors and
endangered biota as well as the general complexity and diversity of exisitieg exposure scenarios,
have been identified, steps for future alignment of the approaches by fouss a relatively limited

set of hazardous components (such as U, Pb, Cd, Cr andates/e been proposed.
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Furthermore, development of integrated multiple stressors risk assessmang species sensitivity
distribution (SSD) in combination with mixture modé@A, RA, IA) allowed the derivation of an
integrated proxy of ecological impact of radionuclide and stable stress@BAR, multisubstances
potentially affected fraction of species) (Beaumelle et al., 2017; Beat@eliler et al., 2019).

One of the reommendations from the&€ONCERTERRITORI@®ject, aimed to regulatory
authorities,focuses on establishing and implemigigtan integrative approach in decision making
underexposuresituationsinvolvingmultiple stressora&ndincluding NORM.

In perspectiveto meet the challenge of integration of risk assessment frameworks, the algwent
processwill require missing data cakion, incorporation of overall uncertainty, sensitivity analysis,
meta-analysis and integration of long time scalgthin the proposed tiered approach

2.3.2.4. Provide a multcriteria perspectiveincluding decision support systenfier an
optimised decisiomaking

In handlingof existing, planned and emergency exposures, a gradient of integrated maeragem
approaches is required as well as the means of creatively plarerimgonmentalmanagement
(including waste disposal options, remediation and decdssinningstrategie$ and assessing their
effectiveness prior to implementing them. Although the primary driveclmwosing mangement
options for radiation exposure situations will always be the reductiorpmvention of dose, the
problem is inherently mukfactorial andwill involve manystakeholdes. There are significant needs in
other sectors economic, infrastructural, social services, productidhat should be considered when
selecting management options. Thus, there is a needrdasparent communication t@ptimise
management approaches for radioactive contamination thatggondthe simple consideration of
radiationdose vs. economic cosDptimisation requires expertise in areas such as radioecologgnurb
planning, social and economic sciences, information technology, wasidlihg, environmental and
agricultural sciences, and risk perception and communicatinamn a practical viewpoint, the
optimisation process could be based on the integration ofgien support system®SSgassociated
with radiological sciences with knowledge ddases andother decisionaid tools fromdifferent
disciplines(e.g., urban planning, economics, sociology) so that coniaeeh environments are
managed in a holistic way to the maximum benefit for society. ConceDa®s, the following aspects
of how integration will be of benefit for decision making are apparent: (i) integratfoavailable
radioecological DSSs, (ii) development of DSSs for integrated ass¢ssrd (iii) integrating DSSs for
existing and planned with those for emergency exposures.

As discussed above, integration of human and environmeataection systems and ethodologies

is a challenge for radioecologgnd MELODI1yith the potential for significant benefits which can only
be fully realised if the means of efficiently implementing such systems are deditabtakeholders,
regulators and operators. The development of DSSs for integrated assatssof both man and
environment is necessary in ensuring demonstrable protection in a maueessible to stakeholders.
Moving towards this goal serves to generate maximum benefit from thearet and ensures an
important feedback mechanism between radioecology research and stakeholtfersituations
requiring decisions to be taken dealing with radioactive contaminattags almost never the case that
one criterion can be used in isolation when determining #ttions to be takenlhe results of joint
European research projects clearly showed that apart from the radiologicatieffieess and technical
feasibility of the various management options, the acceptance of stddet®and the public at large
is at least asmportant. Multi-criteria analysis (Linkov and Moberg, 2012) provides a suitable
theoretical framework that can be used to combine quantitative and qualitaf@actors and to guide
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the decision process towards a satisfactory solution (since rmbtgptimum exists in the presence of
multiple, often conflicting criteria).

Multi-Criteria Decision Analysis is often employed for the analysis of complelepr®involving non
commensurable, conflicting criterithat form the basis within which alternative deons are
assessed. This methodology promotes “a good decisiaking process” (Keeney and Raiffa, 1972
Linkov and Moberg, 20}y a clearer illustration of the different types of data and information items
that go into decisiorsupport, being able toehl in a structured and transparent way with multiple,
conflicting objectives and value systems. At the same time, fouléria decision aid methods
overcome the shortcomings of traditional decision support tools usedconomy, such as Cost
Benefit Amalysis, especially when dealing with values that cannot be easily quantifigd (e.
environmental issues), or translated in monetary terms due to themngible nature (e.g., social,
cultural or psychological issues).

Proper site characterization, human and environmental exposure and impactsassets, safety
assessments and evaluation of remediatiand waste disposabptions (in terms of technical
performance, associatedxposure reduction and social impact), constitute the basis for decision
making aid need to be underpinned hybust scientifiand technological developmentét the same
time, societal uncertainties and ethical implications must be seen as a cortiéitpart, of high
importance, in every regulatoryecisiormakingprocess

The intgyrative and participatory process between the research communityralevant stakeholders

has been recently established in EJP CONCERT to provide afr&egefits and optimized decision
making based on (i) better definition of radiation protection altjees, (ii) improvement of existing
knowledge and (iii) support in challenges of regulatory authorities and @ $®)tchoice of relevant
measures, proper risk and uncertainty communicatidayond EJP CONCERT, collaborative actions on
I-IV as well as ofurther integration work on DSS and definition and devetept of multicriteria for
better decision making are foreseen as necessary.

2.3.2.5. Towards better interaction and integration of radioecology with other disciplines
including social sciences and humaest(SSH)

The system of radiological protection is underpinned byaaded research in numerous scientific
disciplines including radioecologit the Europearscale efforts havebeenmadein the last decadéo
establishand bring together Europeanplatforms for radiationprotection researchpnamely MELODI,
EURADOSIERISALLANCE, EURAME®, well as sociaciences and humaniti€SSHjesearchersA
European Joint Programme f&adiation Protection Resear@ONCERWas organized20152020)
with the main objective beingnplementation of a jointactivities in radiation preection research
(rangingfrom organising open research calls to coordination and networking activitiekjding
training, research infrastructure development and stakeholdeoivemen) (Impens et al., 2017)

Main results of joint activities targeted current system and practice of radiatioteption by giving
the contribution to questions of general importance. Furthermore, inveebanswers to societal needs
and challengefiave been provided, as well as sharing and better use of -sffdiee art- research
infrastructure.

Growing public awareness of the importance of the global quality of environmerdgalrees and
biodiversity nowadays covers various philosophical per$pessuch aanthropocentrism (protection
of resources), biocentrism (intrinsic value of organisers) ecocentrismiljtrinsic value on all living
organisms and their natural environmgntn these terms, integration of radioecology with other
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3. Strategic Agenda for Education and Training

Scientific research in radioecology and applicatiothat knowledge in the radiation protection of
man and the environment requires scientists and workerdwailequate competence, appropriate
skills. Researehased education and training depends on access to relevant infcistas and
facilities. The € EJRAC project (2005) and the Radioecology Master Programme at theedlan
University of Life Sciences (2007) have been important stepsingting environmental radioactivity
as an academic discipline under the Bologna Model. This @artinued inthe Network of Excellence
STAR, with increased participation of STAR network scientists as teactegrstianal students and
professionals taking course modules, an increase in the number of radiggogpladuates as well as
interaction and joint courses witDoReMi (lowdose research) and CINCH (radiochemistry). STAR also
solicitedstakeholder engagement (industry, regulators, academics, educatm)sin the development
of a strategic agenda through supply and demand workshopsditik education and traing (STAR
Deliverable 6.1 Oughton et al., 2012).

To secure the sustainability of education and training in radioecology w@ierrally, potential funding
mechanismseed tobe discussed with thALLIANGCEhe Internal Union of Radioecology (IUR) and
other relevant organizations, to maintain the Education and Training Platform deeelion STAR and
further developed under COMET/ OPERRAvell as under CONCERERRITORIES

3.1. Challeng: To maintain and develop a skilled workforce in Europe and
world-wide, through university candidates and professionals trained within
radioecology.

3.1.1. Strateqic vision foEducation and Training

The strategic vision is to secuard furtherdevelopa sustainable, integrated European training and
education platform in radioecology that attracts tégvel graduates and provides a workforce that has
the necessary skills to meet future scientific, economic and saogstds within radioecology and other

nuclear and environmental sciences.

3.1.2. Strateqicagenda

The following action lines will need to be addressed to achieve the vision

X Increasing student and teachezsearchermobility requires sustainable funding mechanisms
within radioecology. Actions sucls dravel grants for students and guest lecturer fees have a
relatively low cost, but need to be maintaid The ALLIANCE will foster attendance of students
at international radioecology conferences by offering small supportive grants.

X Inclusion of bespokd&&T work packages in EU (and other large) funded projects with wide
reaching outreach activities to deliver training across all levels from the publeséarchers.
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4. Strategic Agenda foinfrastructures

Adequate infrastructures and capabilities are a necessary resource forattie-art and excellence
radioecological research, as well as for education and training activities in radioedafogstructures
and capabilities encompass the facilitiesugument, methods, databases and models, and also the
expertise required to performadioecologcalresearch.

In the recent past, several EURATOM funded projects have performed activitideve the
improvement ofthe knowledge and use of radioecology infrastructures inoger Thus, in the
Network of Excellence on Radioecology STARwamtory of infrastructurejncluding databases and
sample archivesvailable in the member organizations was creg@@Ameliverable 2.2). Also during
the STAR project, with the subsequent supporCaMETBNdthe ALLIANCE, a virtual laboratory was
developed tocontribute to the harmoniation of practices and protocols betweethe different
radioecological facilities.

The esablishment of Radioecological Observatory sitesas proposed as a tool for innovative
research, research integration and sustainability (Initiated in STAR and foster€OMETand
CONCERTERRITORMEEuropean projects, with the support of the ALLIANCE).

Within the EJ-EONCERTe work package 6 is devoted to increase visibility of radiation protection
infrastructures. To do so, a database @®AR and a bulletin (ABR on infrastructures have been
created*.

The approaches used to study and evaluate the behavioulirapects of radiation and radionuclides
on the living world are changing. Consequently the required infrastructuresapabilities are also
changing. A robust longrm vision is esserdl to successfully and sustainably develop, construdt an
operate radioecological (and radiation protection) infrastructures and capabilitfess, a network of
collaborationsbetween organizationswould allow advanced platforms to be utilized within the
consortium,within Europe or internationally.

12 Radioecological Observatory sites are contaminated field sitespiioaide a focus for lorterm joint field investigations.
The development of a pooled, consolidated efforximiseshe sharing of data and resources. The Observatories also
provide excellent training and educational sites.

13 https://territories.eu/

14 https://www.concerth2020.eu/en/Concert_info/Access_Infrastructures
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4.1. Challenge: To maintain and acquire the infrastructua®d capabilities
needed to accomplish the three scientific challenges, as well as to support
the education and training challengaf the SRA.

4.1.1. Strateqic vision for Infrastructures

The strategic visiofor the next 20 yearss that radioecology will develop a sustainable, integrated
network of infrastructures and capabilities, to best meet the needs of the i@dagy community,
both in research and in education and training activities.

4.1.2. Strategic agenda

The followingfour action lines will need to be addressed to achieve the misio

x Identify the requirements for infrastructureand capabilities andreate the partnerships of
excellence that bring together these required infrastructure and tools.

x Maintain and keep up to date webbasedcatalogueon physicalnfrastructures e-infrastructures
and capabilities toensure an efficient and effectiveustanable integration of resources and
capacities at a European levaid toshow stakeholders the radioecology capabilities available.

x Further develoment ofthe Radioecological Observatdifes (ROS)The RO&re considered as
field laboratories whereexperiments are conducted that support greater understagdiof
radioecological processes, enables model development, validatoms improvement and
forecasting of future radioecological conditions. The data collected @RS and the models
developed vill be made available and may be combined with other datasets or data collected in
other studies to support thehtree challenges of the SRROS ara uniquetool for integration
among different disciplinethrough common studies, shared da&nd R.T actvities. Actually
the ALLIANCE exploits ROS in the Chernobyl Exclusiontz®feikushima Exclusion Zone and
NORMimpacted sites in Belgium, Poland and France.

X Promote the visibility and joint use of existing infrastructures.obdrege wider collaborabin, not
only in the field of radioecology, but also in the broader area of radiation proteei@hwith
other related disciplinedeading to a better use and development of infrastructures.
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5. Value of a Strategic Research Agenda

The acquisition of newcientific knowledge through research in radioecology is a crucial element
safeguarding humans and the environment against harmful consequences |leesswesponding to
stakeholders concerns regarding the presence of radionuclides in tHeament. Such studies are
important to society because ov@stimation of exposures or effects could lead to unnecessary and
costly restrictions; alternatively, und@stimation of the risks will result in injury to humans and the
environment.

The three scientific challenges presented above, with tHelrassociated research lines, are
incompletelystudied because they are complex and complicated. Attempts to address tireerbleen
piecemeal. The only way to provide rapid and efficient solutions toett@fficult problems is a
focused, hypothesidriven research program with clear common goals and resources shared among
the international radioecology community. For society to obtain a significamtrioution from the
radioecology of the future, a loAgrm, multidisciplinary approach is needed that goes beyond
national boundaries.

Additionally, this updated version of the SRA cont&imgortant sectioison education and training of
radioecologyand infrastructure for our researcisustaining knowledge and educatimgw scientists
is critical to the viability of radioecology and was a concern expressed/byasstakeholders.

It is our hope that a sciendsased SRA for radioecology will focus and prioritise our collective efforts,
resulting in increased value and more rapid advancement in our understandingvisbramental
radioactivity, as well as an improved ability to predict its effects on hgaad the environmentt is
expected that further integration within the global radiation protection comntyiand cong&leration

of stakeholders will push towards maximal efficiency, completeness ametala@levancy.
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Abstract

Re ecting a change in funding strategies for European research projects, and a
commitment to the idea of responsible research and innovation in radiological
protection (RP), a collective of research institutes and universities have
developed a prospective Strategic Research Ag&RIA) for Social Sciences

and Humanitie¢SSH) in radiological protection. This is thest time such a
research agenda has been proposed. This paper &tesix research lines of
interest and concer(it) Effects of social, psychological and economic aspects
on RP behaviour(2) Holistic approaches to the governance of radiological
risks; (3) Responsible research and innovation in R#®); Stakeholder
engagement and participatory processes in RP research, development, policy
and practice(5) Risk communication; ang) RP cultures. These topics were
developed through broad stakeholder consultation, in conjunction with
activities carried out in the framework of various projects and initia(iz&s
H2020 CONCERT programme, the EU FP7 projects OPERRA, PREPARE
and EAGLE, the 20152018 RICOMET series of conferences, and the 2014
and 2016 International Symposia on Ethics of Environmental Heakhwell

as through dialogues with members of the European radiation protection
research communities. The six research lines open opportunities to integrate a
range of key social and ethical considerations into RP, thereby expanding
research opportunities and programmes and fostering collaborative approaches
to research and innovation.

Keywords: radiological protection, social sciences and humanities, ethics,
strategic research agenda, responsible research and innovation

1. Introduction

In this article, we present the contours of a Strategic Research A@R&nfor the Social
Sciences and Humaniti€SSH in radiological protectio(RP). Despite an increased institutional
recognition of the need for SSHsearch in radiological protisan, SSH involvement in theeld
remains eeting and dispers€dan Oudheusdeet al2018. Building a more robust role for SSH

in RP would open opportunities for sciemtiresearch communitiés.g. experts in radiobiology,
dosimetry, radioecologyto integrate societal and ethical considerations into radiological pro-
tection work. Moreover, this would lead topaxding research options and the fostering of
collaborative and co-creative apgebes to research and innovation.

In recent decades, SSH researchers irofirand beyond have demonstrated how
social studies can fruitfully inform risk governance and clarify the societal understanding of
radiological protection issues, for instancedlation to public response to and engagement
in radioactive waste managemégaénkins-Smithet al 2011, Perkoet al 2012 Dubreuil,
Baudé, and May2013 Bergman®t al2014 Schrodeet al2015. Other studies shed light
on public risk perception of industrial uses ofiising radiation, such as food sterilisation
(Turcanu and Perka014); identify societal constraintsleged to environmental remedia-
tion and decommissioning proces¢@erkoet al 20173; and raise public awareness about
radon (Hevey 2017 Lofstedt2018. Research has been undertaken to stimulate mutual
learning and contribute to radiation safetydasecurity by identifying and addressing
mismatches between emergency management plans and pidtdiesic et al 2015
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The underlying principles that inform the SRA are that:

* SSH can support existing and future research, policy and practice, in all areas relating to
radiological protection, to better take into account the concerns, values and needs of a
wider range of stakeholders, including citizens;

¢ SSH research should be coordinated, shared and integrated into existing research and
development(R&D) on radiological protection; hence, collaboration with the European
radiological protection platforms and associations must be an integral component of the agenda;

» Research relating to RP should be conceived okasdisciplinary and inclusive, integrating
citizen, science and stakeholder inpub irdsearch and innovation from the start.

With these principles in mind, the SSH SRA ideas priorities for future European
Commission-supported SSH research, and beyond, iretdeof radiological protection. The
SRA is structured along six research lines addressing issues that are relevant for all existing
European radiation protection research platfofMELODI, ALLIANCE, NERIS, EUR-

ADOS and EURAMED), as well as topics of wider interest in the radiological protection area.

The SRA and will be regularly updated in light of changing stakeholder needs, as
identi ed by research performed by the collecsuwmembers, under other platforms or in the
international research community. Effective adaptation will therefore require continuous
engagement of the SSH community in RP and ongoing interactions with all concerned parties,
particularly the technical and research platforms.

In the following sections, we outline the state of the art of SSH research on R, brie
describe the process of SRA development, and then present the scope and topics of the SRA,
subsequently identifying the initial top priorities. We conclude by emphasising the need for
ongoing and integrated SSH research on RP, for the behaociety.

2. Current status of social sciences and humanities in radiological protection
research

The eld of radiological protection is challesdy by particularities of ionising radiatiqe.g.

scienti c and societal uncertainties, different perceptions of risks, societal trus} @stidhe
evolving societal landscage.g. rise in social media, active citizen¥hifhe assessment of health
effects from low radiation doses is confronted with the complexity of assessing causal and tem-
poral relationships, alongside sources of dat#y. This is not only due to limits of the models

and data, but also to the inherent boundaries of radiation protection kno{recg2009.

While SSH research has been conducted for many years on multiple aspects of radiological
risk, this research is fragmented and often circumscribed by input from actors beyond the SSH
community(Lazoet al2019. Therefore, SSH research has addressed in depth only some areas of
relevance, directly or indirectly, related to radiological protection, whereas many areas have
remained largely unexplored. Understanding how societies have erfgaged with nuclear
energy and radioactive waste management has been the object of severdBstglizenset al
2014. Recently the relationships between sodedied actors in the nuclear energy sector, and
how these have changed over the course of the past 60 years, have been investigated from
historical and sociological perspecti(e®ONEST?). Linguistic and discursive analyses have
been conducted mainly in relation to nuclear emergeifeiREPARE?), while research on
techno-cultural questions on the preservation of records, knowledge and memory of nuclear

21 HONEST: History of nuclear energy and sociétitp// honest2020.eu
22 pPREPARE: Enhanced emergency preparedness and response for nuclear and radiologicahitgsdests-
neris.netprojects prepare.html
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waste across generations has been undertaken by the OECD Nuclear Energy Agency
(RK&M?¥). Extensive literature has addressed the perception of radiological risk and its
in uence on trust, attitudes, or governance of ionising radiation applications and their life
cycle (Sjoberg2004 Slovic 2012 Visschers and Siegri®013 Perko2014 Perkoet al
20153 2015h. However, there is a dearth of studies addressing these factors ircdpagk
term exposure situations such as those relating to Naturally Occurring Radioactive Material
(NORM), radon in homes, legacy sites, or recent applications of ionising radiation in the
context of food sterilisation or security threats. In sum, while different SSH disciplines have
addressed some areas of RP to varying levels of detail, there remain large gaps in the
knowledge base and a lack of integration of knowledge across domains.

A gap is also observed between state-of-the-art SSH concepts, theories and outcomes and
their rate or rigor of application in the radiological protectield. Although a number of national
and international recommendations and legal requirements for stakeholder engagement in radi-
ological protection have been develoged. Basic Safety Standards, Aarhus Convention, IRPA
guiding principle} there remain gaps between those fediand actual practice, as highlighted
for instance by théAarhus Convention in Nucléamitiative conducted by ANCCEf and
European Commission DG-ENER from 2009 to 2QARECE 2013, and the FP7 European
projects EAGLE® and PREPARKEPerkoet al 20169.

From a methodological perspective, there is irgaht dissemination of reliable and vali-
dated quantitative measurement scales for conesatimg to radiological protection. There is a
need to harmonise qualitativesearch protocols and dissemimdeady existing, systematic, and
transparent protocols for qudiit@ research. Such research pcots may concern, for instance,
media studies, living-laboratory observations, ‘@odial laboratory workshop<Currently, there
are no publicly accessible databases of methods or tools for SSH research on radiological pro-
tection. Hence, there is methodological development yet to be undertaken.

Social sciences and humanities can lend insight and method to bridge gaps between
technical experts and wider society in complex radiological isgE¥02014. SSH can
also facilitate the development of RP research programmes that take into account: responsible
research and innovation imperatives; citizen-centered RP goverfgapceitizen science,
environmental citizenship vulnerability and resilience of societies and individuals; and
cultural perspectives on technical solutions for radiological protection. The SSH SRA pre-
sented in sectios addresses these and other areas and proposes new research lines and topics
with a view to improving the radiological protection of individuals and society.

3. Development of the SRA

The research topics to be included in the SRA were collected through several activities carried
out in the framework of the H2020 CONCERT projéttp// concert-h2020.especi cally
WP 2.§ and the FP7 projects OPEREA(Perko et al 20153, PLATENSG’ (Mes-
kens2016, PREPARE(Schneideet al 2017, and EAGLE(Perkoet al 20168. The topics

28 RK&M: Preservation of Records, Knowledge and Memory across Generhatipa8 oecd-nea.orgwm/ rkmn .

24 ANCCLI: The Association Nationale des Comités et Commissions Locdlgsrdhation; http// www.anccli.

org .

25 EAGLE: ENhancinG stAkeholder participation in the GovernancE of radiological risks for improved radiation
protection and informed decision-makirytp// eagle.sckcen.be

25 OPERRA: Open project for the European radiation research htges!/ cordis.europa.égproject rcr/

109481 en

27 PLATENSO: Building a platform for enhanced societal research related to nuclear energy in Central and Eastern
Europe;http// www.merience.elen ortfolio-itemg platenso-2013-2016
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were further developed using a stakeholder consultation and dialogue approach. This process
was initiated by social scientists at the annual RICOMET confer¢2@#s, 2016, 2017 and

2018, and the International Symposia on Ethics of Environmental HE0thd and 2016

and included also other dialogues with members of the radiological protection research
platforms. The rst meeting of the persons engaged in the SRA collective took place in June
2016 at the RICOMET conference in Bucharest and an outline SRA was produced. The
re nement of research topics iderti through a series of dialogues was further discussed at
the September 2016 Radiation Protection Week in Oxford with members of the CONCERT
task group, SSH community and technical platforms, and resulted in an early draft of the SRA
document. Following these interactions, a consensus was formed through discussion as to the
most urgent topics for SSH research and the principles that would underlie the SRA work.

A systematic verication of the research priorities was conducted in June 2017 through
an email-based consultation of 1400 individuals from the &&. Respondents were asked to
share their opinions, remarks and advice on the existing version of the SRA. They were,
moreover, invited to participate live or online in a dedicated discussion and debate at the 2017
RICOMET conference in Vienna. At that session, the collected comments and the existing
SRA version were discussed by 130 physically present delegates, and live streamed from the
IAEA venue using technology that allowed distance-attendees to submit further input in
real time.

Toward the end of 2017, therst steps to build a joint roadmap for radiological pro-
tection research were taken by the scienplatforms(Impenset al 2017). At this time, a
speci ¢ challenge for SSH was idenéid and integrated into the draft Joint Roadmap for
Radiation Protection ResearcEnhancing integration of radiation protection science with
society (Salomaeet al 2017).

By using a range of events and processes for engaging the SSH community and stake-
holders, a robust SRA has been developed. In the following section, we present the key
features of this Strategic Research Agenda, as agreed upon by the aforementioned con-
tributors and based on the priorities ideatl in the consultations.

4. Strategic research agenda (SRA) for social sciences and humanities  (SSH) in
the radiological protection eld (RP)

The SRA aligns with recent calls for more open and responsive modes of research and science
policy-making, and attends to four challenges put forward in contemporary EU-wide policy
discourses orScience with and for societgnd Responsible Research and Innovation

(EC 2018: health and wellbeing; secure, safe and resilient societies; communication, colla-
boration and citizenship; and integration, impact anéxiwity.

Firstly, health and wellbeingomprise the social, mental and physical health of indivi-
duals, as well as social factors such as the strength and diversity of social bonds within a
community and its capacity for autonomy within a healthy environment. Research a&ldhe
of SSH can explicitly address these aspects in connection to radiological exposure situations,
with the aim of ensuring a good quality of life for all. Achieving health and wellbeing requires
investments on behalf of decision makers and research communities at a time of economic
restraint and the aging of populations across Europe and the world.

Secondly, on the topic aiecure, safe and resilient sociefiEsiropean nations face major
natural hazards and human-induced threats. SSH research seeks to makansigoin-
tributions towards enhancing societal resilience and preparedness in the face of these threats
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by examining contemporary approaches to safety and security, and by opening a broader
societal debate on the kinds of resilience that can, and should, be achieved.

Thirdly, SSH research ooommunication, collaboration and citizenst@gvances our
understanding of how individuals and communities are included and excluded, and how
processes such as communication and collaboration foster novel forms of identity, sense
making and belonging. It does so with the aim of creating societies in which citizens thrive,
feel con dent to express themselves and empowered to take decisions concerning radiological
risks and connected issues.

Finally, SSH research oimtegration, impact and reexivity assesses the impact of
research activities on the values and choices made by researchers in their communities. This
includes giving due consideration to the societal and ethical implications of stierstearch
agendas, processes, and outputs.

The SRA has six research lines thataet areas for which the need for a concerted effort
has been idented as a prerequisite to addressing the contemporary societal challenges
outlined above. Each of these research lines includes a number ofcspesgtarch topics
relevant to the future European research agenda ireteof radiological protection. Indeed,
we anticipate that the relevance extends beyond Europe. Exchanging views on these joint
challenges will be an integral part of developing and improving the SRA further, setting
priorities and initiating research projects.

4.1. Research line 1: effects of social, psychological and economic aspects on radiological
protection behaviour and actors choices

Research line 1 is geared towards understanding behavioural aspects related to radiological
risks, including the interrelation between behaviour, perception of risks, economic aspects,
knowledge, culture, historical memory and other factors.

Relevant topics include:

« Links between perception of radiological risk and radiological protection behaviour, or individual
strategies to cope with perceived risk in relation to radiological exposure. Using cross-sectional and
longitudinal studies, multiple aspects will be brought into focus:

different exposure contex{s.g. workers, populations living in areas affected by radiological

contaminatioh

different time scalege.g. different generations

cultural contexts,

socio-economic issues.

Perceptions of radiological risk and environmental remediation actions in post-accident and existing
exposure situation&.g. human ecology, psychology, epidemiology

Media impactgsocial media, traditional median perception of radiological risk and ideas of well-
being linked to radiological exposures. This includes theence of citizen journalism on radi-
ological protection behaviour in different exposure situations and examining if, and how, citizen
science journalism can be integrated into RP.

The interplay of individual differences, such as psychological aspects associated with radioactivity,
social environment and radiological protection behaviour.

Capturing different understandings of ionising radiation concepts, risks and uncertainty as byr sta-
keholder grouge.g. practitioners, patients, local populatiand the respective amptiation or
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(Continued)

attenuation of radiological risks. Contexts are medical exposures, industrial applications, natural
radiation and nuclear or radiological accidents.

Perception of radiological risks by individuals and groups when exposed to low radiation doses,
accounting for cultural differences in routine, emergency and other exposure situations.

Socio-psychological and economic aspects of medical follow-up after accidental or other exposures.
Societal approaches to dealing with uncertainties and the potential for bridging the gap between
different concepts of uncertainty.

4.2. Research line 2: Holistic approaches to governance of radiological risks

The aim of this research line is to develop inclusive approaches for the governance of
radiological risk situations by integrating technical assessments and social assessments,
raising public awareness on the social sciendispects and integrating these into knowledge
building, framing of issues and the decision-making process together with technical assess-
ments. Evaluation of radiological and non-radiological aspects by the various stakeholders
should serve as inputs for decision-making. Stakeholders comprise formal institutions, as well
as actors without a predeed institutional role that have to manage their own decision-
making processes, stakes, and expectations. A core emphasis here is on providing insights and
guidance on multi-dimensional, multi-actor and multi-institutional decision-making and
policy-making and on resolving emerging trade-offs in radiological protection. As radi-
ological protection is a burgeoning multidisciplinasld, special attention will be devoted to
the added value of SSH in relation to contributions from otleddls and sciences.

Relevant topics include:

Assessment of the radiological and non-radiological effects of radiological accidents through trans-
disciplinary research, for instance in the case of a medical overexposure or in industrial radiology.

Holistic approaches to accident preparedness, management and recovery, taking into account multiple
risks, social, economic and psychological factors. These approaches should account for the devel-
opment of psychological support for evacuees as part of preparedness policies; socio-economic
aspects of preventive distribution of iodine tablets in different EU countries; and psychological
consequences of emergency management decisions. Inappropriate responses of individuals and
groups(e.g. voluntary evacuation when sheltering is adyiaed how to avoid such responses is also
important.

Social, ethical and psychological issues related to preparedness and response to nuclear and radi-
ological terrorism and other criminal behaviour.

Ethical aspects of crisis situations, particularly ethical questions around evacuation, post-accident
management, and the transition from emergency to recovery radiological exposure situations.

Development of socio-economic valuation and multi-criteria decision methods as one approach to
formally structure the evaluation and integration of radiological and non-radiological factors for
different ionising radiation exposure situations.
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(Continued)

Decision making mechanisms in post-accident situations, with emphasis on local knowledge, values
and decision-making.

Analysis of existing policy and regulatory imence on the radiological protectioald.

The development of joint actions with institutional and non-institutional actors in radiological
protection governance.

Analysis of the values and principles that inform radiological protection programmes and practices in
the medical eld.

Assessment of how uncertainties are ideattiand managed in different professions, for instance
general practitioners, surgeons, food scientists, environmental scientists, publics.

The ethics of compensation for radiological risks in different countries.

Assessing values and expectations that cesitie the integration of SSH in radiological
protection.

4.3. Research line 3: Responsible Research and Innovation in Radiological Protection

Research line 3 aims at assessing how radiological protection research, development and
innovation is conducted, with the aim of inciting more socially responsive and ethically sound
processes and outcomes. The design of transdisciplinary activities is emphasised in this
research line, for example through co-creation agenda setting-processes that engage technical
and social scientists alongside publics.

Relevant topics include:

Enhancing the reexive awareness of actors involved in technical R&D about the societal implica-
tions of nuclear technology applications and radiological exposure situations that require radiological
protection research.

Examining the social, cultural, and historical context of radiological protection research; the ratio-
nales, possibilities, and limitations of research approaches and methods; the social relevance of
research hypotheses.

Ascertaining conicts of interest in radiological protection research amting ways to manage such
con icts.

Identifying and developing sound ethical principles and approaches to guide radiological protection
research in a socially responsive, inlcusive and responsible manner.

Operationalising, as well as problematising and developing, principles such as trans-disciplinarity,
which sustain the integration of SSH into radiological protection research.

Evaluating the institutional uptake of research projects aéhgs.
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(Continued)
Determining how to make SSH integration meaningful and effective for all stakeholders.

Developing methodologies and tools for the dynamic mapping of stakehaldacerns, views and
needs to identify R&D priorities in the radiological protectiaid.

4.4. Research line 4: stakeholder engagement in radiological protection research and
development, policy and practice

Research line 4 aims at fostering stakeholder engagement in radiological protection research,
policy and practice in ways that enhance responsiveness to societal needs and concerns. By
‘stakeholdér we denote anyone who has a stake in radiological protection research, its
development or applications dmt is potentially affected by radiological protection R&D
and the outcomes it generates.

Relevant topics include:

Mediation and facilitation between authorities, scientists, publics and other stakeholders for different
exposure situations and nuclear applications, research and development. This implies giving due
attention to issues of representation and lessons learned.

Establishment of a collaborative framework for stakeholder engagement in radiological protection
research, policy and practice in ways that enhance responsiveness to societal needs and concerns.

Analysis and evaluation of societal needs to shape the legal requirements and governance frameworks
in ways that support access to information, public participation and access to justice.

Assessment and development of stakeholder and public participation tools and methodologies for
different radiological exposure situations; including roles, rules and responsibilities of stakeholders in
the engagement process, motivations, values and links between theory and practice.

Potential and limitations of involving citizens in the production of knowledge for radiological pro-
tection. Examples include citizen science, citizen journalism, and partnerships with local
communities.

Preservation of knowledge and experience of local stakeholgeyslocal community, schools,
citizeng involvement and participation. Community research and tracing of the development of a
participation culture in relation to different exposure situations.

4.5. Research line 5: risk communication

This area covers issues related to communication of risk, how affect and tuestde risk
perception and behaviour, and how exchange or sharing of risk-related data, information and
knowledge between and among different par(®gh as regulators, experts, consumers,
media, general publiccan be provided. Research line 5 aims at developing research to
support communication about ionising radiation between different stakeholders and citizen-
centred risk communication, in order to clarify choices and options in a variety of exposure
situations. It also seeks to empower citizens and other stakeholders to make more informed
decisions.
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Relevant topics include:

Risk communication about radioactivity and radiological protection principles in medical applications
of ionising radiation, and the impact of communication on the radiological protection behaviour of
practitioners.

Improving decision-making through informed consent of patients for medical procedures involving
ionising radiation; by empowering patients in decision making; ethical issues and communication
about uncertainties; informed consent versus the right not to know.

Developing long-term communication models to improve radiological protection culture and public
well-being in long-term existing exposure situations.

Use and perception of technical information and risk estimates in communication with various publics
(lay people, experts, informed civil socigty

Media communication about ionising radiation, in particular low radiation doses and related uncer-
tainties in the eld of radiological protection including inter-media agenda setting in different
exposure situations.

Ethical basis and values underpinning risk communication about ionising radiation exposures.

Risk communication and stakeholder involvement in post-accident recovery in order to support
decision-making process related to daily life and improving public health.

Developing risk communication about low doses: Use of state of the art knowledge from socio-
psychological research with focus on low doses of ionising radiation and related uncertainties.

Ethical principles guiding deliberative processes on questions that cannot be decided by radiological
specialist alone: role of uninformed risk perceptions, applicability of informed consent, appro-
priateness of risk comparisons, dealing with refusal to communicate.

Perception and communication related to radiosensitivity and radiosusceptibility including mental
maps, ethical aspects.

4.6. Research line 6: radiological protection culture

Research line 6 involves research concerning the assessment and development of a radiological
protection culture among all RP stakelest, in various exposure situatigptanned, existing

and emergengdyand for different categories of expos(wecupational, patient, general puplic

The aim of this research line is to increase the understanding and application of radiological
protection principles, norms and standards; to enhance the decision-making processes concerning
the management of radiological exposure situations, and the iath and implementation of

RP actions. At the same time, it aims to enable individuals and collectivitie®th oa their own
protection antior that of others; to consider consciously radiological protection aspects in their
activities or decisions; to make their own dexisi with regard to their own protection against
ionising radiations; to participate in decisimaking processes related to the management of
exposure situations. By enabling the dialogue between professionals in theld_ihd other
stakeholders, Research line 6, contributes to enhancing tienefy and reliability of the radi-

ological protection system and its capacity toatiffely address the concerns of all stakeholders.
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Relevant topics include:

» Characterisation of RP culture, including

Speci cities associated with exposure situations;

Organisational, social, political, economic, cultural and psychological aspastnaing RP culture

or RP behaviour;

Ethical frameworks and value judgments underlying RP cultures;

Interactions between the RP culture at the level of an organisation or community, and at individual or
sub-group level;

Impact of evolving RP technologies, knowledge, information, and communication technologies on
RP culture;

Relationships between RP culture and safety or security culture.

Analysis of processes of RP knowledge production, values and expectations.

Qualitative and quantitative evaluation of RP culture, at group and or individual level.

The role of RP culture for the implementation and improvement of the RP system; and the health and
well-being of populations.

Development of tools, methods, processes and guidelines to build, maintain, enhance and transmit RP
culture, taking into account the needs and concerns of various stakeholders regarding RP culture,
including future generations, and the speities of RP elds(e.g. emergency and recovery pre-
paredness, NORM activities, radon exposures, paediatric imaging

Social, psychological and economic aspects of radiological protection choices by different actors.

5. Research needs in short-term and medium-term

Social and ethical aspects in radiological protection research, policy and practice involves
research that must be addressed to numereids related to ionising radiation and its
applications, for example: medical exposures to ionising radiation, naturally occurring
radioactive materials, nuclear waste management, environmental remediation, emergency and
recovery management, and decommissioning. On the one hand, the Social Sciences and
Humanities community encourages multi-disciplinary approaches that ensure attention to
social and ethical considerations. On the other hand, the SSH community has its own SSH
SRA dedicated research priorities, which are not currently addressed by the research agendas
for RP produced by other, non-SSH disciplines.

A gap analysis was carried out in order to identify the top SSH research priorities to be
addressed by projects responding to the EURATOM NERP18 calls(Vanhavere2018.
The gap analysis considered topics included in the SSH (Be/koet al 2016a Perkoet al
20178 and or de ned as priorities by radiological protection stakeholderpenset al
2017. The analysis highlighted key topics that have been addressed to only a limited extent
in recent or ongoing EU projects, namely:

« Risk communication in medical exposures; impact of communication on RP behaviors of
practitioners.
* Risk communication on low doses and related uncertainties.

28 NFRP: Nuclear ssion and radiation protection research.
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« Ethical basis and values underpinning risk communication exposures to ionising radiation.
« The understanding of ionising radiation concepts, risks and uncertainties by different
stakeholders in the context of planned, existing and emergency exposure situations.
The interplay of psychological aspects associated with radioactivity, social environment
and radiological protection behaviour.

Potential and pitfalls of citizen involvement in knowledge production for radiological risk
governance.

Socio-economic valuation and multi-criteria decision-aiding methods to formally
structure the evaluation and integration of radiological and non-radiological factors.
Enhancing the reexive awareness of actors involved in radiological protection R&D as

to the societal implications of research.

Democratic culture in RP in order to construct joint actions with institutional and non-
institutional actors.

Mediation, facilitation and representation on the triangle scientists, public and other
stakeholders for different exposure situations.

Collaborative framework for stakeholder engagement in RP research, policy and practice
in ways that enhance responsiveness to societal needs and concerns.

Societal needs for and evaluation of legal instruments and governance frameworks supporting
access to information, public gaipation and access to fiee in relation to RP issues.
Stakeholder and public participation tools and methodologies for different exposure
situations. Roles and rules for stakeholders in the engagement process. Motivational
factors, ethics, and links between theory and practice.

 Characterisation of RP culture.

e The role of RP culture in the implementation and improvement of the protection system.

L]

The SSH community encourages multi-disciplinary approaches that address one or more
of the above topics and facilitate the integration of social and ethical considerations into
radiological protection agendas and programmes at an early stage. This vision of priorities
will guide further development of the SRA with a view towards enhancing the role of SSH
research in RP for the mutual behef science and society.

6. Conclusions

In this article, we outlined a prospective Stratdgesearch Agenda for the Social Sciences and
Humanities in radiological protection. The SRA represents the views and commitments of a wide
range of stakeholders in the RP aréeaearchers, policy akers, implementers, authorities, and
members of technical and research platfprinsline with Europeancience policy appeals to
responsible research and innovation, the proposed SRA seelktitédefagore socially responsive
science and technology processes by systefhafit@&grating social and ethical considerations
into RP research programmes and policies. It extendsgsuand builds on previous European
efforts to integrate SSH into radiological protection researclelofs such as medicine, radio-
ecology, energy, dosimetry, and waste, with doesitleration to the social, political, ethical,
cultural and historical factors that shape research. Among the$eheonducting scientt intra-
, inter-, multi- and trans-disciplinary reseamshradiological protection may be the fostering of
user-friendly technologies for iiatbgical protection, helpingitzens make informed decisions,
and improving radiological risk governance. As evidenced by numerous studiesese8tdhers
can fruitfully inform RP research and decision-making in these and related areas.

Far from a conclusive declaration, the SRA is intended as a dynamic document to
encourage debate on what are SSH research priorities in RP; provide guidance on what
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subjects could and should be covered in new research programmes on radiological protection
researclffor example through PhD and postdoctoral progranyraesl offer a list of key SSH
topics for research programmes on specadiological protection subjects. The SRA will be
adapted in view of changing stakeholder needs, through ongoing interactions with all con-
cerned parties, including the technical and research platforms.

We anticipate that the SSH SRA presented here will have sigmi scientic and policy
impact in the intermediate and long run, as social scientists and humanities scholars
increasingly engage with RP stakeholders, policies and practices. These engagements open up
new possibilities to embed social and ethical considerations in RP research and development,
thereby expanding research options, addressing stakeholder needs and values, and fostering
forms of inter- and transdisciplinary research collaboration.

Now is the time for European research institutions, as well as national and international
authorities, including the European Commission, to invest resources in theedaesearch
lines and topics. This will facilitate the further development of SSH research, under a broad,
engaged, and rexive agenda, whose effect will be to promote responsible RP practices and
bene ts for both science and society.
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