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Abstract
Reflecting the change in funding strategies for European re-
search projects, and the goal to jointly improve medical radi-
ation protection through sustainable research efforts, five
medical societies involved in the application of ionising radi-
ation (European Association of Nuclear Medicine, EANM;
European Federation of Organizations for Medical Physics.
EFOMP; European Federation of Radiographer Societies,
EFRS; European Society of Radiology, ESR; European
Society for Radiotherapy and Oncology, ESTRO) have iden-
tified research areas of common interest and developed this
first edition of the Common Strategic Research Agenda
(SRA) for medical radiation protection.

The research topics considered necessary and most urgent
for effective medical care and efficient in terms of radiation
protection are summarised in five main themes:

1. Measurement and quantification in the field of medical
applications of ionising radiation

2. Normal tissue reactions, radiation-induced morbidity and
long-term health problems

3. Optimisation of radiation exposure and harmonisation of
practices

4. Justification of the use of ionising radiation in medical
practice

5. Infrastructures for quality assurance

The SRA is a living document; thus comments and
suggestions by all stakeholders in medical radiation protec-
tion are welcome and will be dealt with by the European
Alliance for Medical Radiation Protection Research
(EURAMED) established by the above-mentioned
societies.

Main messages
• Overcome the fragmentation of medical radiation protection
research in Europe

• Identify research areas of joint interest in the field of medical
radiation protection

• Improve the use of ionising radiation in medicine
• Collect stakeholder feedback and seek consensus
• Emphasise importance of clinical translation and evaluation
of research results

Keywords Radiation protection. Research. Optimisation.

Justification. Medicine. Dosimetry

Preamble

Reflecting the changing funding strategies of research
projects within Europe and the goal of jointly improving
medical care by sustainable research efforts, the following
medical societies involved in the application of ionising
radiation, namely,
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The stakeholders are involved through a formal consulta-
tion process that has been initiated, is ongoing and will be
reflected in future updates of the SRA presented here.

Summary

Reflecting the change of funding strategies for research pro-
jects within Europe, and the goal of jointly improving medical
care by sustainable research efforts, the medical societies in-
volved in the application of ionising radiation have identified
research areas of interest and agreed upon these in this com-
mon SRA endorsed by the medical societies.

The research that is seen to be necessary and most urgent
for effective medical care, under the best harmonised practice,
and efficient in terms of radiation protection can be
summarised to the following five main topics:

1. Measurement and quantification in the field of medical
applications of ionising radiation

2. Normal tissue reactions, radiation-induced morbidity and
long-term health problems

3. Optimisation of radiation exposure and harmonisation of
practices

4. Justification of the use of ionising radiation in medical
practice

5. Infrastructures for quality assurance

The subtopics defined for each topic describe the specific
research aspects that are identified as areas of great importance
regarding research for establishing optimal radiation protec-
tion in the field of medical applications. These descriptions
can be found in Chap. 3.

It is important to highlight that the approach to improve the
use of ionising radiation in medicine by pure fundamental
research would lack impact and influence unless having im-
mediate consequences for and being translatable to everyday
clinical practice. It is also important that the results of the
research are not only translatable but really translated into
daily routines. Therefore it is essential that the research is
undertaken in a concise manner by persons educated and
trained for good medical practice. The results have to be eval-
uated in clinical practice and have to be made public in a way
that it is easy to access (results and implementation guidelines
available on the internet) and to implement the methodologies
developed. It is also essential that the same level of importance
is placed on educating the staff working in the field to guar-
antee a direct clinical impact and to ensure high-level,
standardised medical care and related radiation protection ful-
ly exploiting and profiting from all research conducted with
regard to radiation protection in the medical field throughout
Europe. This aspect of the SRA is reflected in Chap. 4.

Background

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
research and“to set up a European umbrella structure for the
administration of radiation protection research calls”. To this
end, SRAs have been developed or are currently under
development.

Therefore, a medical SRA is especially important in view
of the applications of ionising radiation in the medical field,
since the medical use of ionising radiation is the largest man-
made source of exposure to the human population. The ad-
vantages of such SRAs include:

& Providing guidance on/help to identify the most relevant
and urgent research topics in the fields they cover

& Demonstrating the importance of research areas to the
stakeholders

& Justifying research expenditure in defined areas
& Facilitating discussions with other members of the scien-

tific community in the field of radiation protection
& Determining important topics and influencing research

calls of the EC, OPERRA and CONCERT.

Since medical applications are among the most important
contributors to exposure of the population in Europe to ionis-
ing radiation, for medical radiation protection research to be
effective, it is critical that the results of the research projects
are directly transferred into clinical practice, i.e. translational
research.

This SRA has been the cornerstone for a common platform
of the European medical societies dealing with topics related
to the use of ionising radiation. In September 2016 the
European Alliance for Medical Radiation Protection
Research(EURAMED) was launched by EANM, EFOMP,
EFRS, ESR and ESTRO and is currently run as a joint initia-
tive under the umbrella of the European Institute for
Biomedical Imaging Research (EIBIR). The medium-term
goal is to establish EURAMED as a separate legal entity with
a sustainable governacne and membership structure to allow
other stakeholders to participate actively in the platform.
Updates are available atwww.euramed.eu.

Research topics

Measurement and quantification in the field of medical
applications of ionising radiation

A key priority for radiation protection research in radiation
oncology, nuclear medicine and also interventional and
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diagnostic applications of ionising radiation is to improve
techniques and methods for measurement and quantification.
The research approaches will need to be multidisciplinary and
innovative. The key research questions in measurement and
quantification research are:

Characterisation of exposure

The basic quantity for the characterisation of exposure is the
absorbed dose, so whereever possible dose measurements or
calculations/calibrations should be stated in terms of absorbed
dose (1–3). One of the main challenges for future research is
the pronounced anatomical heterogeneity of (absorbed) doses
within and between critical organs in all areas of medical uses
of radiation. This needs to be supplemented by optimisation of
models and model parameters to translate absorbed doses into
equivalent, organ, biologically effective doses or any other
indirect dose entities. Accurate and precise measurements
with known uncertainty (4, ) are a prerequisite for the adequate
implementation of dosimetric techniques into medical practice
and medical routines, specifically for different types
(qualities) of radiation and levels of spatial resolution.
Therefore, the following issues need to be addressed in
research:

& 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-
tion against radiation fields specific to medical
applications.

& There is a limited availability of dosimeters for use inside
the human body; this implies that currently simulations of
radiation transport and deposition are necessary, e.g. using
Monte-Carlo (MC) methods (6, 7), as is normalising them
to measured quantities.

& Real-time measurement of doses is relevant to reduce
doses to staff. Therefore, the development of specific do-
simeters is required, allowing real-time monitoring, e.g. of
eye structures and extremity/finger doses, from interven-
tional radiology/cardiology and nuclear medicine. The
existing dosimeters are either not for online measurements
or they suffer from technological limitations in terms of
highest dose rates as in pulsed radiation fields or size or
practicability.

& Non-uniform spatial (3D) and temporarily varying (4D)
dose distributions can lead to differences of up to several
orders of magnitude in local dose distributions (8).
Therefore, micro-dosimetric measurement devices and
techniques for use within and between cells, the anatom-
ical structures of organs and the human body are neces-
sary, e.g. for dosimetric use with regard to individual

structures in the eye, the brain and the heart, and also other
organs depending on the basis of future research results.

& Different types of radiation (photons, electrons, protons,
heavy ions, secondary neutrons) are used for and/or asso-
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
optimisation of procedures. Also mixed fields and energy
spectra need to be taken into account for reliable measure-
ments and calculations of dose-distributions.

& Knowledge on track structure and/or microdosimetry
of internal emitters (alpha, beta, Auger) is a prerequi-
site to predict the associated biological effects (9).
Therefore, computational methods need to be further
developed and connected to the results of correspond-
ing research on measurements and calibration proce-
dures (see above).

& Development of updated or alternative quantities and con-
cepts for describing the anatomical dose distributions
within organs, tissues and the body as the basis for
predicting health effects rather than mean absorbed doses
(e.g. dose averaged over an organ) or dose volume
histograms.

& Methodologies have to be developed for determination,
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-
ent techniques and/or technologies.

This research would be a prerequisite for the accurate and
precise evaluation of the dose as the basis for better radiation
protection of the patient and medical personnel as explained
below.

Individual dosimetry

Individualised patient dose assessment methods, e.g. by ad-
justed phantoms for measurements (10), size-specific conver-
sion factors, dose measurements taking into account imaging
parameters shielding, etc., are needed to allow for accurate
patient dose estimation (2) and risk assessment (11). Many
dose distributions would depend on individual patient consti-
tution (e.g. size, weight, shape, age and biological factors such
as the distribution and kinetics of radioactive markers () or
susceptibility to different therapeutic procedures). Therefore,
the following dosimetric procedures need to be addressed in
research:

& Development of computational methods for dose distribu-
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 indi-
cators for different types of procedures in order to get
comparable meaningful information about organ doses
of individuals.

& Development of optimal measurement protocols in nucle-
ar medicine for accurate estimation of absorbed doses
using patient-specific and equipment-specific characteris-
tics. Refinement, validation and implementation of new
biokinetic models for dosimetry in molecular radiotherapy
using for example physiologically based pharmacokinetic
(PBPK) models for the individual assessment of
biokinetics (13), including uncertainty budgets (14).

& Development of methods to estimate or measure the actual
delivered radiation dose in radiotherapy.

& Development of a unique dose indicator that describes the
absorbed dose to organs in order to perform risk
assessment.

This research would be essential for accurate and precise
determination and evaluation of indication-, therapy- and/or
subgroup-specific doses and therefore risks of radiation-
induced morbidities of individual patients and thus on a per-
patient basis for better radiation protection of patients and
medical personnel.

Quality metrics for diagnostic imaging and therapy

For the use of quantitative imaging approaches, standardised
protocols for each clinical indication and/or specific disease
common clinical indication need to be developed (15).
Therefore, the following issues need to be addressed in
research:

& Development of dosimetric and image quality metrics to
fully assess the impact of novel detector technologies (e.g.
low or lowest noise as well as energy-resolving detectors)
and image reconstruction methods available for reducing
radiation exposure to the patients. To this end, research is
needed on which requirements (system stability, noise re-
duction, influence of individual patient characteristics, it-
erative reconstruction parameters) have to be met for
quantitative imaging to yield reliable and reproducible
results.

& Measuring methods (e.g. phantoms, reading protocols,
etc.) need to be improved or developed and standardised
to address the improvements in medical technology as
well as new methods, e.g. particle therapy or new molec-
ular imaging technologies.

& There is an increasing need also for quality metrics of
treatment plans to allow easier quality assurance to

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 (ADLs) have to be
redefined to meet the requirements of organ-specific dose
distributions or critical organ structures doses.

This research enables the translation of quantitative tech-
niques to widespread clinical use for the benefit of the patient.
In addition, this research is also a prerequisite for the
harmonisation of practices and quality assurance.

Sources and influences of uncertainty

Uncertainties need to be determined for all techniques
described above, be it measurements or computations.
Many components independently contribute to the uncer-
tainty in the determination, reporting and performance of
medical applications and in its characterisation (4, 16). It
is of utmost importance to develop methods to assess the
contributions of different stages in the chain of medical
interventions to be able to define the relevant points of
optimisation, which means putting effort into those parts
of a medical application scheme where there is the highest
benefit. Therefore, the following issues need to be ad-
dressed in research:

& Quantification of the influence and sensitivity of different
parameters (technique dependent, system dependent, pa-
tient dependent, medical staff dependent).

& Development of methodologies for classifying different
influencing parameters and to build a system that allows
the optimisation of medical applications of ionising radi-
ation for individual patients or methods.

Knowledge of the integral uncertainty and its components
is key to identifying the most relevant steps, to allow for
prioritisation and targeted optimisation, thus making more ef-
fective use of clinical and research resources.

Normal tissue reactions, radiation-induced morbidity
and long-term health problems

A key priority for radiation protection research in radia-
tion oncology, nuclear medicine and also interventional
and diagnostic applications of ionising radiation is to im-
prove health risk estimates. The corresponding research
approaches will need to be multidisciplinary and innova-
tive. The key research questions in tissue reactions and
biological risk research are:
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Exposure-associated cancer risk: dose, dose distribution
and dose-rate dependence

Knowledge of the dose dependence of the radiation induction
of primary or secondary cancers, in particular in relation to
dose inhomogeneities and dose rate, is of major importance to
optimise therapeutic efficiency and reduce unwanted side ef-
fects. In radiation oncology, this refers to high doses within the
planning target volume (PTV) as well as to out-of-PTV doses,
e.g. low to moderate doses, in particular in intensity-
modulated and image-guided radiotherapy, but also in brachy-
therapy and molecular (radionuclide) radiotherapy (17). It also
needs to include other, additional treatment modalities, partic-
ularly chemo- and biologically targeted therapy. Diagnostic
procedures must also be considered, especially in view of
interventional or fluoroscopic procedures or nuclear medical
imaging techniques and those applied in preparation for
treatment.

Non-cancer effects in various tissues and radiobiology-based
effect models for individual morbidity endpoints

Radiation-induced morbidity (cancer and non-cancer diseases
and disorders) may be observed early or late (occurring after 3
months to 5 years after radiation exposure), not only in the
tissues and organs exposed to high doses. Also, very late
health effects (occurring after more than 5 years to many de-
cades after exposure) may not only be observed in high-dose
radiotherapy (>5 up to 50 Gy) but also in the intermediate (0.5
to 5 Gy) or low-dose (<0.5 Gy) ranges. Examples of these
very late occurring normal tissue morbidities, which may be
induced by localised radiation exposure outside the planning
target volume of radiotherapy or by repeated interventional
procedures, are: cardiovascular or cerebrovascular diseases,
functional or structural damage to eye structures, various de-
layed, persistent immunological changes, progressive micro-
vascular injuries, but also late and very late developmental and
functional detriments after radiation exposures in diagnostic
procedures and paediatric radiotherapy and many more
radiation-associated health disorders. The contribution of oth-
er treatment modalities, particularly chemo- and biologically
targeted therapy, to the development of very late side effects is
currently poorly understood and needs also to be considered
along with any diagnostic procedures, especially for interven-
tional or fluoroscopic and nuclear medicine procedures and
those applied in preparation for treatment.

Current morbidity risk models and normal tissue compli-
cation probability (NTCP) models are largely empirical or
based on hypothetical data-fitting models of assumed process-
es of damage development and lack the evidence of a mech-
anistic basis. Moreover, they do not consider the influence of
the position of the doses within one organ or the interaction of
dose distributions in“corresponding” organs, such as lung and

heart, or the effect of additional treatments, such as chemo-
therapy (18, 19). These factors, however, must be included to
get appropriate estimates for the patterns of risk of any indi-
vidual patient with regard to modern techniques in radiother-
apy, nuclear medicine and radiological diagnosis.

Individual patient-related radiation sensitivity and early
biomarkers of response and morbidity

The individual sensitivity of patients may be considered in the
choice of specific diagnostic procedures and/or therapeutic
strategies. This can be based on intrinsic factors (age, gender,
genomics, proteomics) of their tumours or different normal
tissues, but also on concomitant diseases impacting on general
or specific normal tissue tolerance, lifestyle (e.g. reduced
lung/liver tolerance due to smoking and alcohol consumption)
or previous/parallel treatments.

In a number of tumours, biological factors affecting radio-
sensitivity, i.e. predictive factors, such as local hypoxia, tu-
mour heterogeneity, or viral infections, were identified. Such
investigations need to be extended and may also consider the
early response of the tumour to a specific treatment. Imaging
biomarkers of tumour radiosensitivity are needed in this con-
text, as well as biomarkers of morbidity, which can be identi-
fied before or early in the treatment phase and may help in the
selection of the adequate treatment of the individual patient.
These have so far been rarely studied. However, patients with
a high risk for a certain, severe, morbidity symptom may re-
quire a change in dose distribution or in treatment strategy, or
follow-up protocols may need to be adjusted to the individual
morbidity risk pattern based on early biomarker expression ().

Radiobiological mechanism of radiation-induced side effects
and protective strategies

The radiobiological molecular mechanisms of radiation-
induced morbidities in normal tissues and organs are very
complex and vary between different signs and symptoms of
morbidity in the same organ and between different organs.
Also the tumour responses to therapeutic exposure to ionising
radiation, including radiotherapy using hadrons, are currently
largely unknown. The radiobiological molecular mechanisms
are even more complex for combined radiotherapy and
chemo- or biologically targeted treatment strategies. These
mechanisms need to be clarified for specific clinical morbidity
endpoints in order to develop specific strategies for protection,
mitigation or management of the clinical consequences of
exposure. They are even more important for medical radiation
procedures in paediatric patients given the evidence showing
that the complexity and severity of morbidities and develop-
mental injury and the risks of therapy-induced malignant dis-
eases are particularly high after radiotherapy (in almost all
instances in combination with chemotherapy).
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Similarly, novel strategies for improving the diagnostic
and/or therapeutic efficacy for the application of ionising ra-
diation may be based on the synergistic combination with
upcoming technologies suchas combinations with high-
intensity focussed ultrasound and biology-based approaches
relying on tumour genomics, proteomics or metabolomics in-
cluding local enhancement of drug delivery.

Both the protective and sensitising strategies need to be
established and validated in preclinical as well as in subse-
quent clinical studies. These investigations need to focus on
the efficacy of the novel approaches and also on their selec-
tivity for the respective target tissue to guarantee a therapeutic
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 patients’ rights in cross-border
healthcare (2011/24/EU) (22) 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-
tive doses or organ doses of patients across Europe persists
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 pro-
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

largely yet to be fully addressed. Furthermore, imaging is
essential to patient-tailored therapy planning, therapy moni-
toring and follow-up of disease, as well as targeting non-
invasive or minimally invasive treatments, especially with
the rise of theranostics (combination of diagnostic and thera-
peutic procedures to optimise treatment).

For the reasons given above, and in view of reducing radi-
ation exposure to the patients by individually tailoring their
diagnosis and treatment, research needs to be conducted with
regard to the following currently unresolved issues:

& 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 response (24).

& 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
distribution (perfusion) as well as organ-motion depen-
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“change” (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 and‘omics’ 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
individual patient.

The benefit of this research could be to develop systems for
diagnosis and treatment allowing for more efficient treatment
techniques, which may also offer economic benefits. This re-
search could also provide further insights into disease process-
es of individual patients and therefore foster precision
medicine.

Full exploitation and improvement of technology
and techniques

Despite the potential for the exponential growth in the tech-
nological features of medical imaging equipment to decrease
patient doses, such benefits are not always realised in daily
clinical practice (25).

Therefore research on development, improvement, clinical
applicability and full clinical exploitation of (new) technology
and techniques for offering diagnosis and treatment delivery
associated with the lowest technically possible radiation ex-
posure to the patients is required. In this context, currently the
following topics need to be addressed by research:

& Low-dose CT imaging enabled by low tube potentials and
current-time products in view of its clinical applicability,
indication, standardisation as well as its potential diagnos-
tic and technical limitations.

& Novel image reconstruction techniques enabling low- or
lowest-dose image acquisitions, with regard to their rou-
tine clinical applicability and their limitations in view of
ensuring diagnostic accuracy and reliability.

& Novel detector technology in medical imaging in view of
its clinical applicability and potentially associated techni-
cal limitations.

& Diffraction enhanced imaging and other newly developed
approaches.

& Further development, implementation and application of
patient- and disease-adapted techniques and protocols of
combined modalities as for example SPECT/CT (26),
PET/CT, PET/MRI and LINAC-MRI.

& Optimisation of image guidance procedures in
radiotherapy.

& Strategies for a reduction in peripheral doses in radiother-
apy, e.g. by defining indications for ion therapy.

& Research for, and production of, novel radionuclides and
radiopharmaceuticals for either improving diagnostic and
therapeutic outcome or reducing associated exposure.

& Data-crawling and -mining approaches based on large-
scale data contained in imaging and treatment biobanks,
e.g. for extracting indication-specific acquisition or treat-
ment protocol parameters along with associated patient
exposure data for the purposes of diagnosis and treatment

optimisation, standardisation and harmonisation (through
the definition of European DRLs) as well as for extraction
of higher-order patterns of disease, its diagnostics and
treatment along with associated doses, and the possible
interrelation of this data, e.g. to genomic data
(radiogenomics).

While research with regard to technology development may
remain basic research that is institution- or manufacturer-
driven and controlled, though requiring and relying on input
and feedback from medical research and routine clinical appli-
cations, research on clinical applicability, improvement and
full exploitation of technology and techniques enabling radia-
tion exposure reduction is driven by, and requires, active med-
ical research in the fields of radiological diagnosis and radio-
pharmaceutical and therapeutic treatment. There needs to be an
emphasis on the close link between technology developments
at research institutions, especially at manufacturers’ sides, and
the clinical research facilities with feedback options and espe-
cially to define a process to consolidate the achievements in
terms of harmonisation.

Any optimisation in medical imaging techniques, including
dose reduction strategies, must be evaluated thoroughly in
terms of the resulting image quality. In determining whether
an image is diagnostic or fit for purpose, it is important to take
into account not only the physical measurements of image
quality [e.g. signal-to-noise ratio (SNR), modulation transfer
function (MTF) and detector quantum efficiency (DQE)] but
also to include psychophysical methods (e.g. contrast detail
assessment and spatial resolution assessment) and clinical,
diagnostic performance approaches such as visual grading
analysis (VGA), receiver-operating characteristic (ROC) and
psychometric scales. The current variability and absence of
validated approaches and guidelines represent a significant
barrier to effective optimisation research. The 1996
European Guidelines on Quality Criteria for Diagnostic
Radiographic Images (27) aimed to provide some assistance
with image quality assessment but these were very limited,
have deficiencies, were never validated and are now dated.
There is thus an urgent need for establishment of robust, val-
idated approaches to facilitate this critical aspect of optimisa-
tion research.

Technologically meaningful developments, with re-
spect to the possible output for patient, staff and public,
are at varying levels of maturity in terms of a technologies
status as a product line and their applications in the med-
ical environment.

In this context, multi-professional engagement together
with educational institutions and equipment manufacturers
will facilitate the required development of strategies for the
harmonisation of ionising radiation procedures and standards
of practice, since several studies have highlighted the hetero-
geneous use of technology and the unanticipated patient and
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staff dose increases. This is of particular importance in paedi-
atric populations as well as for patient cohorts requiring mul-
tiple consecutive diagnostic, radiopharmaceutical or therapeu-
tic procedures.

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
and patients. The development of a structured reporting sys-
tem will improve the clinical outcome of a medical imaging
procedure, by focussing on the essential message, in a
harmonised way, thus facilitating the communication process
along the clinical pathway of the patient.

There are many advantages of such reports, including im-
proved follow-up for returning or chronic patients, easy re-
trieval of pertinent information enabling clinical and transla-
tional research, integration of the information in imaging
biobanks and automated translation.

Another related issue is the lack of a centralised med-
ical databank on imaging procedures for each individual
patient on a national and European level, often leading to
unnecessary repeated diagnostic procedures and hence un-
necessary radiation exposure. Harmonisation of clinical
reports could facilitate the development of such a
centralised medical registry at a European level. Also, a
centralised dose data collection algorithm for therapeutic
procedures would allow for improved analyses of dose-
effect relationships for adverse events, including stochas-
tic radiation sequelae.

Dose reporting: Structured dose reporting in radiation di-
agnostics and therapy (or documentation of administered
activities in nuclear medicine) is a growing area of focus
and will benefit all professions directly involved in the
ionising radiation procedures and patients undergoing
such procedures in the years to come. However, the ade-
quate specification of dose distributions has not been ad-
dressed yet in research and clinical practice sufficiently
(1). In radiation oncology structured dose reporting needs
to address absorbed doses in organs at risk and/or at their
subvolumes, relevant for adverse event endpoints. The
latter needs to be specified and their scaling to be defined.
Moreover, anatomy-related dose distributions in the irra-
diated volume and in the periphery, at least down to the
1% isodose, need to be reported or re-constructible from
the documented treatment information and then specifical-
ly related to potential radiation sequelae.

The main benefits would be:

& To establish a model for providing information, in radia-
tion diagnostics and nuclear medicine, about patient dose
exposure in an easily accessible way (e.g. by integrating
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.

Structured dose reporting in radiation diagnostics (or doc-
umentation of administered activities in nuclear medicine) is
an essential tool for the harmonisation of the dose manage-
ment systems and the comparison of doses, creating a com-
prehensive, common language for health professionals.
Structured dose reporting in radiotherapy is essential to estab-
lish firm dose-effect relationships for adverse deterministic
and stochastic events.

Protection of staff, patients, carers and the general public

Aside from the optimisation of protocols and procedures, their
standardisation and their personalisation, it is most important
to optimise radiation protection using existing radiation pro-
tection measures (28). To optimise radiation protection in
terms of applicability and best benefit for staff and patients,
the establishment of key indicators of safety and quality in
radiation protection is essential according to the general
ALARA principle discussed before. The primary goal of the
development of safety programmes is to reduce morbidity
risks from excessive exposure to ionising radiation for specific
procedures and populations, e.g. interventional radiology and
the paediatric population. Another focus is on cost-benefit
analysis of the implementation of radiation protection devices
and safety programmes. Neither proven criteria of cost nor
proven criteria of benefit have been established so far.
Research must explore both external and internal radiation
exposure and their associated protection measures.

Justification of the use of ionising radiation in medical
practice

The principle of justification is one of the key pillars of radi-
ation protection underlined in the recently revised European
BSS Directive (21). This principle focusses on weighing the
benefits versus the risks. Further important elements are pa-
tient communication, as the basis for shared decision-making
including the patient rights for influencing the decision, as
well as the appropriateness of the radiological procedure with
respect to the clinical setting. The key research questions in
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research into the justification of the use of ionising radiation in
medical practice are:

Benefit/risk assessment and communication

While the clinical benefit of a diagnostic or interventional
imaging procedure is assumed to be established, an estimation
of the risk related to effective dose exposure for a given patient
is a difficult step because the current estimations are for a
general population. The current uncertainties in this area make
the establishment of a reliable benefit/risk assessment virtually
impossible.

Therefore there is the urgent need for research aimed at risk
estimation for an individual patient. However, it is unclear
how this can be implemented for the stochastic mechanisms
based on epidemiologic data. Increased risk factors for organ-
specific patient groups or patient-parameter-based changes on
optimal imaging procedure setups may however be investigat-
ed. For the development of such a research programme for
diagnostic imaging and interventional procedures, reference
to a centralised repository of imaging data would be an im-
portant resource for data mining and the following risk assess-
ment (see Sects. 3.5.1 and 3.5.2).

The proposed research will have a direct benefit for the
patient in general and especially in the context of screening
methods based on the use of ionising radiation.

Most new therapeutic radiation technologies are clinically
introduced to reduce exposure to healthy tissue. In the near
future, an increasing number of cancer patients will be treated
with particles (e.g. protons and carbon ions). Although parti-
cle therapy will result in lower dose levels to many critical
structures as compared to the currently used photon-based
technologies, the consequences in terms of reduction of late
and very late side effects remain to be determined and have to
be weighed against the higher costs.

In the context of the current drive for patient empowerment
and involvement in the decision-making process, the develop-
ment and subsequent evaluation of novel tools for patient
communication have become necessary. Some professional
organisations such as the ACR, ESR, RSNA and national
clinical societies have developed communication guidelines
and platforms for diagnostic imaging; however, a unified ap-
proach regarding methodology and content is currently
missing.

The proposed research work will aim to develop a
European evidence-based electronic communication platform
focussing on all types of diagnostic imaging using current
information technology that is endorsed by the relevant pro-
fessional organisations, patient organisations and other rele-
vant stakeholders. The European platform will be designed in
a way to allow for localisation and adaptation to the national/
regional settings. The establishment of such a system has to be

based on the successful completion of the cost-benefit re-
search activities outlined above.

Improvement of use of evidence-based guidelines

Clinical imaging guidelines are intended to help physicians
decide when an imaging study would be useful and identify
the most appropriate examination for a particular patient. In
recent years, imaging guidelines, in view of the referral pro-
cess, have received much attention from the radiation protec-
tion community and international organisations given the in-
creasing number of medical imaging procedures and studies
that have shown that about 30% of the imaging procedures
performed in Europe were found to be inappropriate (29). The
recently revised European BSS Directive (27) requires that
clinical imaging guidelines are available in all EU Member
States.

In 2011, the European Commission awarded a European
tender project to assess the availability and implementation of
clinical imaging guidelines in EU member states. One of the
key conclusions, also highlighted in subsequent studies, was
the recommendation that the awareness and use of clinical
imaging guidelines in Europe need to be improved and novel
approaches are needed for that purpose (30).

The proposed research work should identify and develop
methods to improve the use of clinical imaging guidelines in
Europe especially in view of the referral process at large, e.g.
through incentives, regulatory requirements, IT tools, etc. The
research work is related to a key priority in medical radiation
protection as outlined among others in the Bonn Call for
Action (31) and must be relevant for all diagnostic applica-
tions of ionising radiation. To define the proposed methods, an
evaluation and impact assessment of the use of currently
existing European and national guidelines must be performed
with an emphasis on evaluating the usability of the guidelines
and their impact on daily clinical practice (29, 32).

The outcome of the proposed research work should be a
European recommendation paper on how to improve the dis-
semination, integration into the clinical workflow and use at
large of clinical imaging guidelines in view of the referral
process. In addition methodologies and guidelines for adop-
tion/localisation/adaptation of the guidelines need to be
proposed.

The recommendation paper shall serve as guidance for pro-
fessional societies and policy-makers in Europe.

Infrastructure for quality assurance

To perform investigations on tissue reactions, optimisation
procedures as well as risk and benefit evaluations, it is
important to rely on optimal, quality assured data, which are
gathered under defined conditions and which are necessary for
various reasons including legal questions pertaining or

192 Insights Imaging (2017) 8:183–197



specific to the research to be performed. In addition, the
clinical system of medical applications of ionising radiation
has to be standardised (33) and evaluated concerning its effec-
tiveness in radiation protection.

Data coding, collection and management

It is crucial for the future of medical imaging in Europe to
develop a European medical imaging coding system
(EMICS) including radiology and nuclear medicine imaging
procedures. EMICS should apply to all medical procedures
based on ionising radiation, giving policy makers and
healthcare providers an objective and clear view, on a
procedure-level basis, at the national and EU levels. This
would be a fundamental tool for future studies such as popu-
lation dose studies and/or parameter-dependent image quality
studies. According to the recently published Dose DataMed 2
report“ in order to compare x-ray examination frequency data
between countries, and to assign typical effective dose values
to examinations, it is crucial that an‘X-ray examination’ is
defined and counted in a consistent way” (34). Therefore, the
development of EMICS, based on an alphanumerical code
structure, must be facilitated and must be integrated into all
HIS/RIS systems.

EMICS would also support the harmonisation of the“ lan-
guage” for medical imaging and therapy across Europe giving
healthcare providers a powerful tool for the future planning of
health systems at local, regional, national and European
levels. This should be extended to the acquisition of data on
the long-term consequences of radiation exposure, diagnostic
or therapeutic, potentially in combination with other therapeu-
tic procedures, to allow structured long-term follow-up, as-
sessment and documentation of treatment-related morbidity
and the possibility to relate morbidity to anatomical dose dis-
tribution. Requirements and structures, along with administra-
tive characteristics, including data protection issues, need to
be defined. Such data management structures will provide a
basis for epidemiological investigations into relevant medical
questions. Data should be collected throughout Europe ac-
cording to this standard using defined mandatory and where
possible additional data regarding exposure and if possible
image quality as well as certain patient-specific data.

Comprehensive medical database/imaging biobank

Biobanks are repositories for the storage and retrieval of bio-
logical samples of a large number of subjects. A major goal of
biobanks is the organised collection of biological material and
associated information to spread access among scientists re-
quiring this information. Extending this concept to medical
imaging and especially to radiation protection is needed to
collect radiation protection metrics and to allow for long-
term follow-up for specific cohorts, which will be called a

comprehensive medical database or imaging biobank. It might
be important for various reasons:

Importance for dose collection: The concepts and the use of
DRLs and achievable dose levels (ADLs) have to be redefined
to meet the requirements of organ-specific dose distributions
or critical organ structure doses as mentioned in Sect. 3.1.
Large-scale (national, regional) patient inter- and intra-organ
dose distribution monitoring is necessary for the purpose of
definition, optimisation and periodic assessment of DRLs and
ADLs. This aim can be achieved by developing large-scale
archives and automatic data analysis using the recently devel-
oped standards allowing sending and archiving of dose
information.

The development of automatic methods for phantom image
quality assessment (and patient image quality assessment) to-
gether with the use of advanced IT technologies (e.g. large-
scale archives, data-mining methods, expert system tech-
nique) is required for supporting users in the optimisation
process.

Importance for long-term follow-up of cohorts: There is clear
evidence that radiotherapy may cause, in organs and tis-
sues close to the PTV but also in organs in the periphery,
an increased risk for late and very late side effects that are
clinically relevant and have a major impact on quality of
life. Although there is an increasing awareness of
radiation-induced very late side effects, the infrastructure
to systematically collect relevant data to get more insight
in the factors that contribute to these risks is largely
lacking.

The proposed research work should involve the develop-
ment of a structure for a European imaging biobank infrastruc-
ture integrated with a European radiation oncology biobank
infrastructure.

Developing key performance indicators for quality and safety

Key performance indicators (KPIs) have been successfully
introduced as a performance measurement in many areas of
healthcare in line with the EU Agenda on Quality of Health
Care and Patient Safety put forward by the EC DG SANTE.
Currently there is no recognised gold standard in the fields of
medical imaging or radiation therapy. A general concept of
performance indicators for imaging and radiation therapy is
thus needed and should also include indicators for the safety
of patients and of procedures and how to maintain safety stan-
dards, according to the optimisation and justification
processes.

The proposed research work will consist in the establish-
ment of KPIs for the quality achieved regarding specific med-
ical procedures and in general terms of radiation protection
and harmonisation at the European level. For integration into
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the workflow, pilot studies in dedicated centres and impact
assessment before dissemination are envisaged.

Audit systems

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 against
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 Directive (21),
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-
prove the quality and outcome of patient care through struc-
tured review of medical radiological practices, procedures and
results, whereby these are examined against agreed standards
for good medical radiological procedures, with modification
of practices, where appropriate, and the application of new
standards if necessary.

In October 2009, the EC published guidelines relating
to clinical audits for radiological practice, including all
investigations and therapies involving ionising radiation
(35). In spite of this document, clinical audit is still clear-
ly underdeveloped in Europe. To address this shortcom-
ing, the proposed research must aim to develop an easy-
to-use, cost- and time-effective European clinical audit
tool taking into account existing initiatives from profes-
sional organisations. The tool will facilitate implementa-
tion of the relevant requirements in the European BSS
Directive and could potentially provide the basis for fu-
ture European accreditation processes based on quality
and safety.

Education and training metrics

There is a strong demand for new education and training
models in medical radiation protection because of the rapid
development of medical techniques based on ionising radia-
tion, growth of hospitals and the continuous need to produce
competent health professionals. The major challenge is ad-
dressing the variety of professions and professionals, with
different knowledge background and different needs, but all
working towards the same objective: patient and staff safety
(36, 37).

To achieve that objective it is necessary to establish a
harmonised and sustainablesafety culture in radiation
protection amongst health professionals through
specifically oriented education and training courses.
External assessment of the quality of education or

training provision is needed (37) and should be provided
by a European accreditation body.

It is important to develop through research:

& 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:

– 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.

There is a need to create a European certification system for
education and training in radiation protection, based on the
development of standards of proficiency for health profes-
sionals, as an instrument to guarantee safety procedures to
European citizens, through harmonisation of practice through
education and training.

Education and training

As highlighted in the recent EC Radiation Protection No. 175
‘Guidelines on radiation protection education and training of
medical professionals in the European Union’ there is a con-
tinuing and growing need for high-quality education and train-
ing in the field to ensure the radiation protection of patients,
staff and the public. This education and training must be ac-
cessible and delivered at an appropriate level for all profes-
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
came about as an outcome of the MEDRAPET project and
describes education and training in radiation protection using
the European qualifications framework (EQF), knowledge,
skills and competence (KSC) structure and European credit
transfer system (ECTS) (38).

It is essential that any research in the area of medical ion-
ising radiation is translated into clinical practice to ensure that
patients and staff see the direct benefits of this research. As
highlighted in Sects. 3.3 and 3.4 of this SRA, there is evidence
that this translational research often fails because of the ab-
sence of parallel education and training programmes. High-
quality education and training programmes will raise aware-
ness of ongoing EU research projects and initiatives and en-
sure their uptake into clinical practice at local, national and
European levels. Separately, there has been an identified need
to also develop high-quality education and training
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specifically for researchers to help strengthen the medical ion-
ising radiation research community.

Education and training may consist of traditional, face-to-
face lectures and practical sessions but should also focus on
becoming more clinically focussed and case based. Online, or
e-learning, approaches to the delivery of content at all levels
utilising mobile devices is a key consideration, which includes
the development of dedicated appropriate e-learning tools, e.g.
facilitated by a multidisciplinary European e-learning
platform.

Education of staff

In the former chapters necessary and relevant topics for re-
search related to the optimal use of ionising radiation and
radiation protection in medical applications have been ex-
plained. Also, measures have been mentioned concerning
how these optimisation have to be implemented throughout
European by means of standardisation and harmonisation.
However, it is obviously not sufficient just to define methods
for harmonisation but this has to be reflected within the edu-
cation of the staff (28, 39).

This education needs to reflect the basic aspects of:

& radiation physics,
& radiation biology,
& radiation protection,
& radiation communication and
& specific parts for the procedures/areas that are supposed to

be covered by the staff.

Therefore, within this SRA it is proposed to develop a
standardised education rule describing topics that have to be
covered. In addition there is a need for securing the highest
level of knowledge transported reflecting state-of-the art tech-
nology as well as standardisation and harmonisation efforts.
Finally, establishment of a European certification approved by
the medical societies issuing this SRA should also be covered,
not only after the completion of initial training, but also
throughout the whole professional life of each professional.

Education of researchers

To provide valuable research dealing with these identified
relevant topics with potential impact, it is important to
perform well-founded and structured research along cer-
tain lines. To do so, it is also necessary to train re-
searchers in performing research according to the best
practice. This especially holds true for research working
with humans or biological material, but also with any data
related to humans. There has to be a standardised training
structure also reflecting theactual state of the art for re-
search procedures with the goal of fostering the efficiency

of projects reflecting the research topics identified above
especially in terms of optimal patient care and radiation
protection.

In this respect it is important to deal with best practice
regarding:

& literature and citation practices;
& statistical power of investigations;
& uncertainty budget calculation of measurements and cal-

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

ACR, American College of Radiology; ADLs, Achievable
Dose Levels; ALARA, As Low As Reasonably Achievable;
ALLIANCE, European Radioecology Alliance; BMI, Body-
Mass Index; BSS, Basic Safety Standard; CT, Computed
Tomography; CONCERT, European Joint Programme for
the Integration of Radiation Protection Research; DE, Dual-
Energy; DRLs, Diagnostic Reference Levels; EANM,
European Association of Nuclear Medicine; EC, European
Commission; ECTS, European Credit Transfer System;
EFOMP, European Federation of Organisations in Medical
Physics; EFRS, European Federation of Radiographer
Societies; EMICS, European Medical Imaging Coding
System; EQF, European Qualifications Framework; ESR,
European Society of Radiology; ESTRO, European Society
for Radiotherapy and Oncology; EU, European Union;
EURADOS, European Radiation Dosimetry Group;
EURAMED, European Alliance for Medical Radiation
Protection Research; HIS, Hospital Information System; IR,
Interventional Radiology; IT, Information Technology; KPIs,
Key Performance Indicators; KSC, Knowledge, Skills and
Competence; LINAC, Linear Accelerator; MC, Monte
Carlo; MEDRAPET; Medical Exposures Directive’s
Requirements on Radiation Protection Training of Medical
Professionals in the EU; MELODI, Multidisciplinary
European Low Dose Initiative; MRI, Magnetic Resonance
Imaging; NERIS, European Platform on Preparedness for
Nuclear and Radiological Emergency Response and
Recovery; NTCP, Normal Tissue Complication Probability;
OPERRA, Open Project for European Radiation Research
Area; PBPK, Physiologically-based Pharmacokinetic; PET,
Positron Emission Tomography; PTV, Planning Target
Volume; RIS, Radiology Information System; RSNA,
Radiological Society of North America; RTD, Research and
Technological Development; SPECT, Single Photon
Emission Computed Tomography; SRA, Strategic Research
Agenda; TCP, Tumour Control Probability
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The European Radioecology Alliance 

The member organisations of the European Radioecology Alliance (ALLIANCE)1 bring together parts of 
their respective research and development programmes into an integrated programme that addresses 
scientific and educational challenges in assessing the impact of radioactive substances on humans and 
the environment and that maintains and enhances radioecological competences and experimental 
infrastructures. This integration is important and required to enable tackle complex radioecological 
challenges that could not be dealt with by one organisation alone. 

To address emerging issues in radioecology within Europe, eight founding organisations signed a 
Memorandum of Understanding (MoU) in 2009 that formed the ALLIANCE. The MoU states the 
intentions of ALLIANCE members to integrate a portion of their respective R&D efforts into a trans-
national programme that will enhance and sustain European radioecological competences and 
experimental infrastructures. The MoU asserts that ALLIANCE members will jointly address scientific 
and educational challenges related to assessing the impacts of radioactive substances on humans and 
the environment. 

The ALLIANCE members, at present incorporating an expanding number of organisations, recognise 
that their shared radioecological research can be enhanced by efficiently pooling resources among its 
partner organizations and prioritising group efforts along common themes of mutual interest. A major 
step in this prioritisation process was to develop a Strategic Research Agenda (SRA). This is one of the 
tasks of the SRA Working Group of the ALLIANCE. 

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

The list of the ALLIANCE members at the date of the 2019 General Assembly is given below.  

                                                           
1 European Radioecology Alliance http://www.er -ALLIANCE.org/, the association created by 8 founding organizations in 
Europe to integrate radioecological research in a sustainable way; also referred to the Radioecology Alliance. 
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Preface and Executive Summary 

The ALLIANCE Strategic Research Agenda (SRA) devoted to radioecology is a living document that 
defines a long-term vision (20 years) of the needs for, and implementation of, research in radioecology 
in Europe. Initiated by the STAR2 Network of Excellence (Hinton et al., 2013), the current reference 
document is the third version of our SRA. It integrates the update of the research strategy 
implemented under the EU funded COMET3 project (Garnier-Laplace et al., 2018). The CONCERT 
European Joint Program (EJP) extended the opportunity for integration at the European level in a 
synchronised manner for all the platforms for research in radiation protection by coordinating the 
release of a joint research roadmap for all platforms, planned in December 2019. This reference 
document, shared by stakeholders and researchers, will serve as an input to those responsible for 
defining EU research call topics. 

This updated version of the SRA constitutes the ALLIANCE contribution to the CONCERT WP2 task 
for the development of SRA, roadmap and priorities for research on radioecology. A first activity was 
to make sure that recent scientific knowledge from radioecology (research outputs from the EC-funded 
projects (STAR, COMET and CONCERT funded projects: CONFIDENCE, TERRITORIES), main research 
advances from the ALLIANCE members and relevant international research outputs was integrated. 
Thus, it considers the state of radioecology and the stakeholders views, the interests of ALLIANCE 
member organisations, the research needs, data gaps and recommendations for the future of 
radioecology, and its sister science of ecotoxicology. 

Research in radioecology and related sciences is justified by drivers of various types, such as policy 
changes, scientific advances and knowledge gaps, radiological risk perception by the public, integration 
of research infrastructures, education and training to serve recruitment, lessons learned from the 
Fukushima disaster and a growing awareness of interconnections between human and ecosystem 
health. This version of the SRA is formulated by considering several aspects related to these drivers. 

Furthermore, it explores how social and human sciences, including ethical developments and 
communication issues, could contribute to the consolidation of European radiation protection culture, 
bringing together human perceptions and behaviour with science and technology. Research and 
innovation supporting the implementation of the revised European Basic Safety Standards is also 
considered.  

The strategy underlying the SRA development and its implementation within a roadmap is driven by 
the need for improvement of mechanistic understanding across radioecology, such that we can 
provide fit-for-purpose human and environmental impact/risk assessments in support of protection 
of man and the environment, in interaction with society and for the three exposure situations 
defined by the International Commission on Radiological Protection, ICRP (i.e., planned, existing and 
emergency).  

 

                                                           
2 https://radioecology-exchange.org/content/star 
3 https://radioecology-exchange.org/content/comet 
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1. Introduction to the Strategic Research Agenda 

Radioecology is a branch of environmental science devoted to a specific category of stressor: 
radioactive substances. The science includes key issues common with other groups of pollutants, 
particularly metals (e.g., environmental transport, speciation, bioavailability, and effects at various 
levels of biological organisation), as well as aspects specific to radionuclides (e.g., specialised source 
terms including radioactive particles, external irradiation pathway, radiation dosimetry, radioactive 
decay, and unique aspects of very low level measurements). Radioecology emerged as a science in the 
late 1940s and 50s in response to concerns about releases from nuclear weapons production facilities 
and radioactive fallout from nuclear weapons tests. Scientific studies of several subsequent accidents 
at nuclear facilities enhanced knowledge about radioecology; however, much of the early data was 
classified and not publicly available until the cold war ended in the late 1980s (Iiyin and Gubanov, 
2004). 

Radioecological expertise is needed whenever ionizing radiation within the environment is of potential 
concern. The CONCERT First Joint Roadmap Draft (Impens et al., 2017) grouped four contexts, from 
which three of them result from environmental release (or remobilisation) of radionuclides: 

- Human activities related to the nuclear energy cycle and other industrial applications of 
ionising radiation not related to medical applications: Installations from the nuclear fuel cycle 
(from uranium mining through deposition of radioactive wastes); Industrial and scientific 
applications of ionising radiation; Military (former nuclear bomb testing sites, weapons fallout, 
nuclear-powered vessels. 

- Human activities related to the use of natural resources, containing naturally occurring 
radionuclides (NORM/ TENORM): Mining, processing, waste management of natural 
resources containing natural radionuclides  (e.g. oil and gas extraction, NOR-rich ore mining); 
use, processing, recycling and waste management of technologically enhanced naturally-
occurring radionuclides, including decommissioning of NORM affected industrial facilities; 
NORM contaminated legacy sites. 

- Natural radiation as source of ionising radiation: terrestrial and cosmogenic radiation, natural 
events leading to radionuclide releases: High natural radiation background areas, potentially 
resulting in radon and thoron in indoor and outdoor air/ or in natural nuclides present in 
water/food; exposure to cosmic radiation at high-altitude or in space.  

Seven exposure scenarios related those contexts have been identified and grouped according to the 
ICRP classification in planned, existing and emergency exposure situations. Five of these scenarios 
covers environmental exposure of the public and the ecosystems (two scenarios are not related to 
environmental exposures, i.e. patient exposure regarding medical applications and exposure of 
workers). 

- Exposure of the general public, workers and the environment as a consequence of industrial 
applications of ionising radiation and the use of NORM in normal operation conditions. 

- Exposure of the general public and the environment with regard to nuclear legacy. 
- Exposure of the public and the environment to the natural radiation environment. 
- Exposure of the general public, workers and the environment following a major nuclear or 

radiological accident or incident including 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 understand and predict the transfers of 
radionuclides and consequent exposure of humans and wildlife. This is needed for a wide range of 
sources and release scenarios, exposure situations and assessment contexts in atmospheric, terrestrial 
(agricultural, semi-natural, natural, urban) and aquatic (marine, freshwater, estuaries) environments. 
The problem is that the key processes that govern radionuclide behaviour, associated transfers among 
environmental compartments and resulting exposures are not always well understood, leading to 
models that have an incomplete (or even inaccurate) representation of the processes, i.e. model 
conceptual uncertainty. Scientific knowledge is gradually being accrued through on-going 
improvements in our understanding of these underlying processes. Hence in recent years, a number 
of research programmes have contributed to challenge 1 including EU-funded projects such as STAR, 
COMET with two associated COMET-FRAME and COMET-RATE projects, HARMONE associated to 
OPERRA, CONFIDENCE and TERRITORIES associated to CONCERT or national funded projects such as 
the French-funded projects (AMORAD) and the UK-funded RATE. The major achievements of these 
programmes can be summarised as follows: 

�x Improvement of wildlife dose assessment by initiating alternative models to the concentration 
ratio (CR) approach (Beresford et al. 2013, 2016, STAR) and exploring the application of Bayesian 
approaches (Hosseini et al., 2013) and allometric models for wildlife (Beresford and Vives i Batlle, 
2013, STAR).  

�x Assessments of animal-environment interactions were performed with the view of determining if 
current assessment models are fit for purpose (Aramrun et al., 2019; Hinton et al., 2015, 2019) and 
from these recommendations for improved field dose assessments (Beaugelin-Seiller et al. in-
press, on-line) (STAR/COMET). 

�x Regionalisation of radioecological food chain models (Brown et al. 2018) and development of 
taxonomy based models for freshwater (Cs) and terrestrial wildlife species (Cs, Pb, Se, Sr and U) 
(Beresford et al. 2013; Beresford & Willey 2019; Søvik et al. 2017, COMET and OPERRA-HARMONE). 
Evaluation of these led to the recommendations that they need to bef urther parametrised for the 
edible portions of plants (currently the models are parameterised using green shoots only) 
(Beresford et al. 2019, CONCERT-CONFIDENCE). 

�x Development of process-based soil-plant transfer models (Almahayni et al., 2019, CONCERT-
CONFIDENCE and Shaw et al. 2019, UK-funded RATE) and addition of a process-based sub-model 
in to an existing human food chain model (Almahayni et al., 2019, CONCERT-CONFIDENCE). 

�x For NORM, identification of the key processes for safety assessment studies using an FEP approach 
(Features, Events and Processes) to highlight future research priorities (COMET), but no EC-funded 
project  

�x For marine radioecology, a dynamic transfer model for biota was applied to the Fukushima 
environment (Vives i Batlle et al., 2016, COMET-FRAME), dynamic transfer modelling was further 
integrated with emergency methodologies (OPERRA-HARMONE) and different levels of complexity 
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confidence by end-users as they are perceived to be too complicated (Almahayni et al., 2019). With 
respect to predicting the exposure of wildlife the potential importance of considering the extent to 
which spatial variability may need to be considered has been highlighted in studies which have 
attached dosimeters and GPS collars to animals in contaminated environments  (Aramrun et al., 2019; 
Hinton et al., 2019 Jones et al., 2019, CONCERT TERRITORIES). Work in CONCERT-CONFIDENCE has 
begun to address the lack of data for Mediterranean food production systems (Guillén et al. 2019); 
similarly data have recently been provided for Mediterranean wildlife in collaboration with the COMET 
project (Guillén et al. 2018).   

A gap generally exists between the measurement scale typically used in research studies and the 
scale needed in management decisions and regulatory measures. One of the reasons for this gap is 
that the understanding of radionuclide interactions in the environment is often based on small-scale 
observations or experiments, and it is not known how such processes or changes may affect key 
processes and functioning of environmental systems at larger scales. Therefore, understanding of 
spatial scales between and within environmental compartments and the impact from global circulation 
patterns needs to be expanded to provide improved assessment and management strategies for 
radionuclides released into the environment. This is particularly important in atmospheric and marine 
modelling as highlighted by the findings of COMET project FRAME regarding radionuclide transport 
processes in marine ecosystem near Fukushima (such as, for example, groundwater infiltration to sea) 
and of the IAEA MODARIA working group on marine dispersion modelling, also in Fukushima. 

Process based models have varying degrees of complexity that depend on the situation modelled. Yet 
a process based model is not necessarily always too complex and may be easier to explain to the public 
than a ‘black-box’ model based on ratios and rate constants. The observation that the model 
complexity may change depending upon need has led to the suggestion that it would be useful to have 
one modelling package where different components are modularly assembled. The implementation of 
the FDMT food chain model, the ‘Absalom’ model and a sub-model for particle source terms into the 
EGOLEGO package within CONCERT-CONFIDENCE (Brown et al., 2018; Lind et al., 2019) are a good 
demonstration of how we could develop models in the future. 

In summary, the priority given in this SRA to process-based modelling is based on sound science, the 
ability of such models to reduce modelling uncertainty, increased predictive power, their ability to 
treat dynamic situations, potential to model soil-based countermeasures and their higher 
transferability compared with empirical models. There is however, as already noted, a lack of uptake 
of the previously developed process-based models by end-users and we need good communication, 
training and the ability to demonstrate validation to improve this in the future.  

2.1.1. Strategic vision for research  

Our strategic vision is that over the next 20 years radioecology will have achieved a thorough 
mechanistic conceptualisation of radionuclide transfer processes within major ecosystems (terrestrial, 
aquatic, urban) for a wide range of source terms, release and migration scenarios and exposure 
situations, where relevant and needed, and be able to accurately predict exposure to humans and 
wildlife by incorporating a more profound understanding of environmental processes and assure that 
fit -for-purpose process-based models based on scientific modelling of the radioecological mechanisms 
will have found a way into future assessment tools.  
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2.1.2. Strategic agenda  

The major aim of challenge one is to develop process based models of environmental transfer and 
exposure to substantially improve human and environmental dose and impact assessment. Research 
should be focussed on those factors contributing the most to uncertainties in exposure assessments. 
The developed process-based models will begin to form part of the next generation of assessment 
tools. They should also contribute to addressing the need for an integrated approach to human and 
wildlife exposure assessment.  

The approach can be applied (with an appropriate level of complexity) to a wide range of sources 
encompassing existing (e.g. uranium mining and milling sites, NORM sites, post-accident situations), 
planned  (e.g., new build, (geological) waste disposal, NORM involving industries, medical radio-
isotope and radiopharmaceuticals production facilities) and emergency (accident, incident, malevolent 
acts) exposure situations. Emergency situations are the focus of the SRA of NERIS so the radioecological 
related aspects will be researched and developed in close collaboration with NERIS); aspects of source-
term characterisation, distribution and migration through food chains, development of 
countermeasures and remediation strategies are within the remit of Challenge 1 of the ALLIANCE’s 
SRA. Related to (high-level) waste disposal our SRA will concentrate on the biosphere and 
geosphere/biosphere interaction zone, linking to networks such as BIOPROTA8, IGD-TP9  and 
EURADScience10 as well as the IAEA MODARIA successor projects. Environments other than temperate 
ecosystems will be considered.  

The mechanistic, process-based, approach should  

�x Enhance scientific knowledge about environmental processes and their mutual interactions. 
Radionuclides then become tracers to understand local and large scale processes, which in 
turn can help inform other disciplines (such as ecology, geochemistry and toxicology); 

�x Enable long-term forecasts and the influence of climate and landscape changes on the 
environmental transfers of radionuclides;  

�x Assist in the development of tools for response, remediation, and restoration; and  

�x Support multi-criteria analysis and hence decision making.  

Validation of developed models will be important to ensure end-user 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 resultant exposures 
of humans and wildlife 

A challenge for radioecologists over the next two decades is to develop a profound understanding of 
environmental transfers and exposure processes that permit observations to be explained and robust 
predictions to be made. The main aspects will be (i) identifying processes, parameters or factors that 

                                                           
8 http://www.bioprota.org/ 
9 http://www.igdtp.eu/  
10 http://hal.in2p3.fr/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 contaminants in living 
organisms. 

In all cases, the objective will be to produce a set of physically and dimensionally consistent primary 
differential equations that represent the temporal and spatial dynamics of processes governing 
radionuclide transfers. The equations will, to the extent possible, incorporate the material properties 
of the radionuclides and environments and, ultimately, the basic laws of nature. Knowledge on 
associated processes has advanced for post-accident situations (Cs, Sr, I) but is generally deficient for 
other exposure situations and contexts (unforeseen events, decommissioning of nuclear facilities, 
urban context, industrial environment) and the majority of other radionuclides. For some recently 
emerging radionuclides such as medical radioisotopes, data are missing but scoping calculations 
related to potential dose contribution are required before setting of too complex modelling.  

It is important that the knowledge gained from the various research activities is rapidly assimilated and 
made available to the wider community. This is likely to require the development of flexible and open 
databases that do not ‘force’ the information into an over-constrained conceptual model framework, 
together with a platform (or platforms) for the modular development of mathematical models (as 
exemplified by recent work in the CONCERT-CONFIDENCE project (Brown et al., 2018; Lind et al., 2019). 

2.1.2.2. Acquire the data necessary for parameterisation of the key processes controlling the 
transfer of radionuclides 

Major data collection activities (such the IAEA handbooks of radioecological transfer parameters) have 
identified significant data gaps and limitations for many of the empirical parameters which underpin 
dose assessment models for humans and wildlife. The wide range of radionuclides, human foodstuffs 
and species of wildlife means that, pragmatically, we may never be in the position of having empirical 
data for everything. 

There is a need to consider alternative approaches to address this lack of data for model 
parameterisation in the most robust manner possible (rather than relying on highly conservative 
judgment to avoid analysing the problem in more depth, as is often the case currently). Extrapolating 
across the periodic table using chemical analogues is such an approach. For example, in the context of 
the Fukushima accident, it was proposed that estuarine reactivity of short-lived radioactive tellurium 
could be assessed based on the behaviour of its stable analogue. Other approaches, such as Bayesian 
statistics, allow a low number of empirical observations to be supported by inferences from more 
comprehensive, larger datasets (this approach has been used in the parameterisation of the ERICA 
Tool (Brown et al., 2016)). Some approaches to extrapolate data have been suggested for application 
across species (wildlife species or human food chain species) such as phylogeny (i.e. using ‘common 
ancestry’ to categorise transfer) and allometric (mass dependent) relationships. These approaches 
have started to be advanced by activities in the STAR, COMET, CONCERT-CONFIDENCE and TREE 
projects (see above).  

The data for model parameterisation will require focused laboratory-based work and field studies, as 
well as on-going reviews of published information from the wider scientific community (both at 
suitably-designated "observatory sites" and more generally from environmental monitoring). For 
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example, a preliminary inventory of databases acquired from observatories and monitoring sites at the 
European scale by the various STAR partners highlighted the richness of environmental data, especially 
their temporal and spatial distributions, even though heterogeneity and data gaps were identified. The 
Belgian NORM site (Alliance observatory intensely investigated in CONCERT- TERRITORIES) proved the 
benefit of establishing mechanistic investigations in controlled conditions to scientifically explore 
process-based models (Vives I Battle, 2019). The Upper Silesia Coal Basin (another European 
radioecological observatory) was also investigated in CONCERT-TERRITORIES in order to explore the 
conceptual scheme of processes occurring in a Polish lake displaying NORM, including the occurrence 
of early diagenesis process (Mora et al., 2019). Even if less exhaustively informative, long-term data 
series obtained along routine surveillance programs can also provide information for transfer 
modelling (Brimo et al., 2019). 

Some of the data gaps are expected to be filled by innovative analytical tool developments in both 
radioactive and non-radioactive metrology. For example, difficulties persist in quantifying the various 
radioactive decay products from the natural U-Th decay chains within the same sample at a given time. 
In this context, ICP-MS and AMS analyses offer potentially exciting solutions.  

To maximise opportunities for data acquisition whilst minimising the environmental impacts of our 
science, a strategic focus should be placed on the development and adoption of non-lethal 
methodologies (which do not require animals to be killed) for use in radioecological research.   

The ALLIANCE have highlighted the need for experimentalists and modellers to work together from 
project outset, in order to obtain the correct match and compatibility of models and the data necessary 
to parameterise them. 

2.1.2.3. Develop process-based transfer and exposure models that incorporate physical, 
chemical and biological interactions and associated kinetics, and enable predictions 
to be made spatially and temporally  

Accurate, process-based radioecological modelling reduces model conceptual uncertainty and can 
reduce the uncertainty of model predictions, leading to a greater confidence in the results. For 
example, the consideration of chemical and physical speciation of radionuclides and their effect on 
subsequent environmental transfer (e.g., Salbu, 2009b; Salbu et al., 2018; Mitchell et al., 1995) reduces 
the 1-order of magnitude discrepancy between the near-field and far-field Kd's in the assessment of 
plutonium releases from Sellafield. Likewise, assessments of the globally-circulating radionuclides 14C 
and 3H have been greatly improved by including the influence of stable carbon, nitrogen and hydrogen 
cycles in radionuclide transfers (e.g., Schell et al., 1974). Knowing the early dynamics of radionuclide 
distributions following atmospheric deposition and marine releases has already played a major part in 
understanding the consequences of the nuclear accident at Fukushima. These developments are also 
crucial in context of site and environmental remediation. Hence, process-based and mechanistic 
models are also expected to advance countermeasure strategies and optimize site remediation and 
restoration. 

The transfer models developed should be able to integrate radioactive contaminants into the general 
dynamics of ecological systems. An example is using pollutant-coupled soil-vegetation-atmosphere 
transport (SVAT) models to investigate the wider, long-term circulation patterns of radionuclides in 
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2.1.2.4. Represent radionuclide transfer and exposure at a landscape or large geographic 
scale with an indication of the associated uncertainty  

The objective of this research line is to improve the current status by mapping radionuclide transfer 
and exposure at the European or global scale based on thematic maps, including spatial and temporal 
variability, using the newly developed process-based models. Since geographical distributions of 
radionuclides tend to be highly heterogeneous (Van der Perk et al., 1998), a detailed understanding is 
needed of radionuclide transfer processes at multiple scales. Within this research line we intend to 
design and implement a user-friendly, state-of-the-art GIS interface with the developed models, 
facilitating mapping of radionuclide transfer and exposure at a landscape level to identify sensitive 
environmental compartments/areas. An added benefit of such development could be the integration 
of knowledge at the European level (interaction with challenge 3). Improvements in spatial 
dimensioning are still needed by incorporating better process-based approaches. Such an approach 
was proposed by Gonze et al. (2016) who modelled at the landscape level air dose rates with a process-
based dynamic approach. This priority should be further developed in collaboration with NERIS), as 
they are of specific interest for post-accident situations. 

An important task here will be to bridge the previously-mentioned difference between the small scales 
at which radionuclide behaviour and transport are often studied and the larger scales often relevant 
for management decisions, also in context of site and environmental remediation. A GIS interface could 
include reference values (geochemical or anthropogenic backgrounds) and thus provide useful means 
to evaluate the level of exposure. The changing exposure conditions experienced by wildlife animals 
as they traverse and utilise various habitats with heterogeneous contamination could also be 
incorporated and visualised to improve our understanding of the exposure conditions and, as result, 
reduce uncertainties in the environmental assessment. Thematic maps of different terrestrial variables 
such as land use, soil type, leaf area index and crop coefficient, local climate, etc. will be linked to the 
radionuclide transport datasets. Such a system will enable robust environmental exposure predictions 
at various scales, allowing advanced visualisation of the complex interactions between radionuclides 
and the various environmental properties and processes. It would also enable the modelling (if 
appropriately parameterised) of countermeasures (as exemplified by Cox et al., 2005).  
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2.2. Challenge Two: To Determine Ecological Consequences under Realistic 
Exposure Conditions 

There is a growing awareness by the public of the importance of the global quality of environmental 
resources and biodiversity, with many examples of national regulations directed to the protection of 
the environment as a whole (e.g., nature conservation, uses of environmental resources, air, soil, and 
water quality). Even more significantly, human and ecosystem health are now recognised as strongly 
interconnected as evidenced, for example, by several principles and goals for sustainable development 
recently agreed upon in the 2030 development agenda of the United Nations (2015). 

This challenge is of high priority regarding new regulatory requirements for the radioprotection of the 
environment which has shifted during the last decade from an implicit to an explicit environmental 
protection. The IAEA’s Fundamental Safety Principles (IAEA, 2006), revised ICRP Recommendations 
(ICRP, 2007), the revised versions of the international Basic Safety Standards (BSS) (IAEA, 2011) and to 
a lesser extent, the Euratom BSS (European Commission 2013) promote developing guidance on wildlife 
radiological risk assessments and, as a consequence, espouse the need for ecological protection criteria 
of radioactively contaminated environments. Acquiring new scientific results on which decisions can be 
based is key to answering social concerns about (eco)toxic effects from ionising radiation and its 
ecological consequences.  

Over the last 20 years, international efforts have focused on new strategies for protecting the 
environment from radioactive substances e.g. by setting up an effects database for non-human species 
(FREDERICA) (Copplestone et al., 2008) and producing screening ecological benchmarks needed to 
implement a tiered Ecological Risk Assessment approach (ERA) [(FASSET (Williams, 2004), ERICA 
(Larsson, 2008), PROTECT (Howard et al., 2010)]. Whilst the ERA-type approach is a substantial 
advancement in radioecology, a lack of sufficient data prevents current ERA analyses from fully 
accounting for the realistic environmental conditions that organisms are actually exposed and ecological 
processes that are actually affected.  

Data are still insufficient to take into account low dose effects, variable dose rate regime, dose deposit 
heterogeneity (from molecular targets up to individuals and ecosystems), multi-contaminant scenarios 
(including the different exposures from external irradiation and internal contamination), species 
variation in radiation sensitivity due to life-history traits, community or ecosystem level effects. Such 
knowledge gaps are accounted for via extrapolation and the use of assessment factors (or safety factors) 
that add conservatism and increase uncertainties in predictive risk assessments. The vision of this SRA 
is to address such deficiencies (Figure 2). 

There exists still considerable scientific disagreement on the actual extent of the radiation effects on 
wildlife in contaminated areas. Many studies have reported no significant effects of radiation on 
wildlife (e.g. in the Chernobyl and Fukushima exclusion zones), whereas others reported significant 
radiation effects on different wildlife groups at very low dose rates (below natural background 
exposure) (Beresford et al., 2016; Chesser and Baker, 2006; Moller and Mousseau, 2009, 2016; 
Beresford et al., 2019; Fuller et al., 2019). This controversy challenges the ecological protection criteria 
published by research groups, as well as international organisations that issue guidance for radiological 
exposures. Several protection criteria with different ways of derivation and different protection 
purposes are established (UNSCEAR, 2008; ICRP, 2008; Anderson et al., 2009; Garnier-Laplace et al., 
2010); ICRP, 2014). 
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2.2.1. Strategic vision for research  

Our strategic vision is that over the next 20 years radioecology will have gained a thorough mechanistic 

understanding of the processes inducing radiation effects at different levels of biological organisation, 

including the consequences on ecosystem integrity, and be able to accurately describe and predict 

effects under the realistic conditions in which organisms are actually exposed. 

2.2.2. Strategic agenda  

Similarly to Challenge one, the key research lines developed below are intended to be applied for all 
exposure situations, as described by the CONCERT Joint Roadmap scenarios: planned exposures 
situations under normal operation conditions (scenarios 2), existing environmental exposure scenarios 
with regard to legacy (scenario 4) and natural radiation (scenario 5), as well as long term exposures after 
accidents (scenario 6) and malevolent acts (scenario 7). To address these, studies will have to include 
an appropriate combination of laboratory studies conducted under controlled conditions and field 
studies and statistical data treatment and/or mathematical modelling. In connection with challenge 
one, common to all five research lines outlined below, is a crucial need for an improved dosimetric 
assessment to reduce uncertainty and enhance robustness of dose estimates and for the establishment 
of dose-response relationships, whatever the model used (e.g., logistic, hormetic, linear non threshold). 
Such response relationships constitute the basis for any predictive risk assessment. Specifically, the 
following five research lines will need 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 at identifying key molecular/cellular and individual characteristics driving 
radiation induced effects at the individual level. The use of advanced analytical methods from 
molecular biology including high-throughput screening technologies and computational models to 
extrapolate data at different levels of biological complexity, holds great promise for enhancing our 
mechanistic understanding of radiation induced responses at the sub-cellular levels and their 
consequences to individuals and is shared between human and other organisms (Mothersill et al., 
2018). One way of describing the links between molecular initiation of the response and the observed 
adverse effects is through the formulation of an Adverse Outcome Pathway (AOP) (Ankley et al., 2010; 
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 biological complexity and 
even multiple stressors are synthesised in a way that is useful for risk assessment. The key molecular 
events (which may include epigenetic change) of an AOP might serve as a potential biomarker, once 
their response sensitivity and natural variability in populations are characterised. With validated 
biomarkers under field conditions and populations of native or non-native species (e.g., using caged 
animals in the environment), innovative biomonitoring in the field should be developed, with a 
preference to non-lethal methods and tools where possible. Field studies will be required to test the 
detectability of radiation induced changes used as biomarkers within complex realistic exposure 
situations (e.g., confounding factors such as seasonal variations, other contaminants, changes in 
habitats). A radiation-related AOP for different organisms together with specific biomarkers could 
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potentially be used in a regulatory setting to verify the results of impact assessments for operational 
facilities. 

In addition, coupled Biokinetics/Dynamic Energy Budget (DEB) approaches can aid in understanding 
the metabolic mode of actions at the individual level following radiological exposures. DEB theory 
(Kooijman, 2000) offers a single consistent framework to understand effects of stressors on growth, 
reproduction and survival in an integrated way. 

Examples of key issues are given to illustrate this research line: 

�x How does the oxidative status of the cells (or tissue/organisms) modulate the responses? 
�x How may those elementary mechanisms result in adverse outcomes at the cellular and 

individual levels (immune and neurological systems integrity, general metabolism, 
reproduction, growth, survival, behaviour, susceptibility to diseases)? 

�x How do radiation type (�D�����E�����J), exposure duration (acute, chronic), pathways (external vs. 
internal irradiation) and cellular/biological characteristics modulate the quality and quantity of 
damages? Are those damages reversible? 

�x Do specific modes of action or master genes exist for different types of radiation, and can they 
be used to develop specific biomarkers or biosensors or AOPs? 

2.2.2.2. Understand what causes intra-species and inter-species differences in radiosensitivity 
(i.e. among cell types, tissues, life stages, among contrasted life histories, influence of 
ecological characteristics including habitats, behaviour, feeding regime...) 

Even though the fundamental mechanisms that cause radiation damage seem universal, individual 
responses to radiation exposure vary tremendously, depending on factors such as type of radiation 
(variation up to ca. x50); acute versus chronic exposure (variation ca. 1-2 orders of magnitude); cell 
type; biological endpoint (e.g., reproduction versus mortality); life stage (embryos, larvae, and 
juveniles stages are the most sensitive); species (variation ca. 6 orders of magnitude); and level of 
biological organisation; simple laboratory experiments versus complex ecosystems (UNSCEAR, 2008). 
Some recent research suggests that current international protection benchmarks may not be 
protective of all organism groups (Raines, 2018). Some general parameters known to determine the 
sensitivity of an organism to radiation are: the DNA content (i.e. mean chromosome volume) of the 
cell; the efficiency and types of DNA repair/pathways; the cell repopulation capacity; and the ability of 
tissue and organs to regenerate (reviewed in Harrison and Anderson, 1996 and Adam-Guillermin et 
al.,., 2017).Differences in sensitivity between species also lie behind overall effects at higher levels 
(community, ecosystem). Understanding the mechanisms of inter-species radiation sensitivity may 
also help us understand mechanisms behind intra-species variation (Beresford et al., 2019). 

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

�x How do differences in DNA damage between different species, or the potential for DNA repair, 
explain the inter- intra-species differences in radiosensitivity? 
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�x For internal contamination, how does uneven internal distribution of radionuclides and the 
subsequent dose heterogeneity in the cell/tissue/organ influence the biological response?  

�x What is the variability in sensitivity / response between life stages and between species? 
�x How do those findings, combined with a phylogeny/homology-type approach, support inter-

species extrapolation? 
�x How do occupied habitats, organism behaviour and feeding regimes 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 co-stressors 

Exposure to multiple stressors may directly or indirectly modulate radiation effects. The environment 
is contaminated with low concentrations of complex mixtures (e.g., radionuclides, metals, pesticides, 
fire retardants and endocrine disruptors) and non-optimal or adverse environmental conditions (e.g. 
heat, drought) (Vanhoudt et al., 2012; Vandenhove et al., 2012; Mothersill et al., 2019). Studying a 
contaminant in isolation is necessary and provides critical information on the underlying mechanism 
resulting in detectable effects and can be used to test the specificity of biomarkers but cannot predict 
possible interactions among the many stressors to which organisms are exposed. Interactions can 
provide protective effects and reduce overall damage, or augment effects in negative, synergistic ways 
(SCHER, SCCS, SCENIHR, 2012). 

Modifying effects of multiple stressors can be the consequence of altering the bioaccumulation 
characteristics of radionuclides, or influencing the radiosensitivity of the species (e.g., Au et al., 1994; 
Sugg et al., 1996). Radiosensitivity is affected by exposure to other contaminants and a combination 
of stressors reduces the physiological fitness of organisms. Multiple stressors are included within our 
SRA because of the need to understand the potential for mixtures to cause antagonistic or synergistic 
interactions with radiation. 

Some research projects, including the EU funded STAR project, have been trying to answer the 
question of multi-contaminant/stressors (Gilbin et al., 2015; Gagnaire et al., 2017). While studies of 
stressor interactions are common in ecotoxicology, it has been difficult to derive general rules by which 
to predict how different species may be effected by a given combined stressor exposure (additive, 
greater than additive, less than additive) (Holmstrup et al., 2010; Vanhoudt et al., 2012). For many 
species, the limits of tolerance for some types of stressors (e.g. soil pH, temperature ranges) are 
known. Measurements of potential stressors along with radioecological measurements may identify 
those cases in which radionuclide exposures coincide with other stressful conditions helping to identify 
when multiple stressor effects may need to be taken in to account (Beresford et al., 2019.).). 

Research should be developed to understand radiation effects in the context of contaminant mixtures 
and multiple stressors. Emphasis will be placed on identifying combinations of mixtures and stressors 
that interact such that super-additive and sub-additive effects are likely to occur with radiation. The 
potential for interactions among stressors will be based on their modes of action and their cellular 
targets at the molecular level (e.g., oxidative stress, genotoxicity). This will also contribute to the 
understanding of radiotoxicity and chemotoxicity, and their delineation when it is relevant. Because of 
the multitude of potential stressors that exists in real exposure conditions, early research efforts will 
develop a scheme to prioritise hypotheses and maximise research efficacy (Escher 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 or co-contaminants that are likely to show 
interacting effects with radiation? 

�x What are the mechanisms underlying interacting effects of different co-contaminants and 
radiation or radionuclides? 

�x At what level does interaction take place: for example at the exposure, uptake, internal 
redistribution of the radionuclides, at the site of damage or in 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 long-term ecologically relevant exposures (e.g., maternal 
effects, hereditary effects, adaptive responses, genomic instability, and epigenetic 
processes). 

A strong connection with evolutionary ecology is needed to study adaptive responses and modulation 
of effects at a multi-generation scale following exposures to radiation. Understanding long-term 
effects of radiation on the phenotypic and genetic characteristics of the population is crucial to assess 
the risk of population extinction and its consequence for the maintenance of both genetic biodiversity 
and species biodiversity. This is true whatever the radiation type and exposure pathways. 

The mechanisms involved in organism responses to chronic radiation exposure, both within and 
between generations, are the subject of an active debate in the scientific literature (e.g. Boubriak et al., 
2016; Carroll et al., 2007; Goodman et al., 2019; Horemans et al., 2019). Whilst adaptation of organisms 
to radiation within the Chernobyl Exclusion Zone (CEZ) has been suggested (Møller and Mousseau, 
2016; Boubriak et al., 2008), it has not yet been the focus of any comprehensive research programme. 
If it does occur, adaptation of specific populations could lead to adaptation of the ecosystem over time 
(e.g. the plant biome is thought to help plants cope with abiotic stress such as drought or salinity (Dodd 
and Pérez-Alfocea, 2012; Liu and Zhang, 2015)). If adaptation to chronic radiation exposure exists in the 
CEZ, it will have implications for the interpretation of studies comparing current effect and exposure 
levels. 

Radiation can directly affect DNA by ionisation of the molecules that form the double helix indirectly 
through formation of Reactive Oxygen Species (ROS) leading to molecular lesions (e.g., base 
degradation or deletion, single- or double-strand breaks, protein-DNA cross link). Indirect effects of 
oxidative stress can also alter protein, enzyme and lipid structure or function, resulting in disruption 
of general metabolism. Other alterations of the cellular genome can be induced by ionising radiation 
through changes in epigenetic mechanisms that cause changes in cell signalling processes [e.g., 
genomic instability (genomic damage expressed post-irradiation, after many cell cycles), bystander 
effects (where non-irradiated cells in proximity to irradiated cells exhibit effects similar to those that 
received the radiation), and reduced repair efficiency (e.g., Morgan, 2003; Mothersill et al., 2009]. 

Knowledge about genomic instability incorporating changes in the epigenetics and in the DNA 
sequence due to mutations and repaired double strand breaks should be improved to support the 
understanding and prediction of the evolutionary response of populations 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 the evolutionary response of a 
natural population to a rapid change in its environment. 
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Some of the major elementary key questions are: 

�x What are the biological and evolutionary significance of genomic and epigenetic changes due 
to exposure to ionising radiation? How much do they contribute to transmission of genomic 
damage to offspring, through successive generations? 

�x What is the influence of ionising radiation exposure on epigenetic changes in comparison with 
other environmental factors? 

�x To what extent does multigenerational exposure make the consequences worse (or better)? 
Are populations that are exposed for several generations to ionising radiation more (or less) 
resistant to new environmental changes? What is the molecular basis of resistance (or 
vulnerability) in comparison to non-exposed populations? What is the impact of previous 
‘acute’ radiation exposure on organisms in contaminated 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 interactions, indirect 
effects at the community level, and consequences for ecosystem functioning) 

Regardless of the stressor or type of contaminant, the vast majority of ecotoxicological data describe 
effects on individual traits of organisms at the cellular, tissue or individual levels. As demonstrated for 
chemicals, effects observed at these levels may propagate such that they have consequences at higher 
levels of biological organisation (population, community, ecosystem; e.g., Forbes and Calow, 2002a; 
Forbes et al., 2011). Our knowledge of radiation effects (and radiation protection) is based almost 
entirely on single species experiments, while in reality species are exposed as part of a multi-species 
assemblage. In radioecology, the importance of an ecosystem approach has been emphasised many 
times over the last decade. Several publications and international workshops have led to a number of 
recommendations and consensus statements (Bradshaw et al., 2014; Bréchignac et al., 2016; 
Mothersill et al., 2018, 2019).  

In the wild, species within the same environment are differentially exposed to radioactivity due to their 
specific habitat, behaviour, and feeding regime. Species also have different sensitivities to radiation. 
In an ecosystem, this means that the various responses of species to radiation will also alter the 
interactions between species and may affect aspects such as competition, predator-prey or parasite-
host interactions. This may lead to secondary effects that change community structure, composition 
and function. These secondary, indirect effects may impact a population to a larger extent than the 
direct effects of radiation. Such issues have been poorly addressed in radioecology and, for that matter 
in ecotoxicology, partly due to the complexity of studying multi-species assemblages in the laboratory 
or unravelling complexity in field situations. Recently, a literature review assessing the design and 
properties of multispecies effect-study experiments and their suitability for radioecology is currently 
in review (Haanes et al, submitted). A few experiments using microcosms (multispecies experiments) 
have clearly demonstrated such indirect effects (e.g., Doi et al., 2005; Fuma et al., 2010) at quite high 
doses. A recent microcosm study performed at dose rates similar to those at contaminated field sites 
(Hevrøy et al., 2019) allowed to isolate specific relationships between interacting species in an 
ecosystem and test the direct and indirect effects. Studies have investigated the effects of ionising 
radiation on wildlife from subcellular to community levels in the CEZ (e.g. Beresford et al., 2019) and 
increasingly in the Fukushima region. However, the consequences of increased ionising radiation levels 
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2.3. Challenge Three: To Improve Human and Environmental Protection by 
Integrating Radioecology 

The risks posed by the presence of radionuclides in the environment require an efficient, balanced and 
adaptable assessment for protecting and managing exposed humans and environments. The individual 
contaminant-medium-pathway paradigm is changing towards a more integrated view of the 
environment as a whole. Radioecology’s position relative to this paradigm shift can be best maintained 
by embracing the concept of integration – integration of the underlying systems and methods of 
human and environmental protection, and integration of radioecology with other scientific disciplines, 
including social sciences and humanities (SSH) to provide necessary scientific basis for system and 
practice of radiation protection and to ensure proper answers on societal questions and challenges in 
different exposure situations. Thus, radioecology’s future success, broadly defined as meeting 
stakeholder needs, will require integration in several ways and from several different perspectives. 
This portion of the SRA identifies several integration challenges (Figure 3), as well as highlights the 
advantages gained by the science of radioecology in meeting the integration challenges: 

 

 

 

Figure 3. Five areas in challenge 3: To Improve Human and Environmental Protection by Integrating 
Radioecology. 

During the last decades, the need was recognised for explicit demonstration of the protection of the 
whole environment from the effects of radioactive contaminants, which also resulted in changes to 
international policy (ICRP, 2007; EU Directive 2013/59; ICRP, 2014). Significant effort has been 
expended in that regard and a system of environmental protection is emerging, along with the tools 
required to estimate exposure, evaluate risk and demonstrate protection (Larsson, 2008; Brechignac 
et al., 2016). In some important areas, however, the methodologies for human and environmental 
assessments still differ. This problem is exacerbated because human and environmental assessments 
are not complementary in terms of how they are conducted. The differences can cause difficulties for 
operators, stakeholders and regulators. An integration of the two radiation protection systems – both 
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in terms of the underlying philosophy and the practical application via appropriate tools and systems 
- offers significant benefits on many levels. 

Additionally, radionuclides and the risks posed by them to humans and the environment typically occur 
as part of a complex suite of co-contaminants and other stressors that may act as confounding 
variables, as exemplified by waste streams from nuclear and non-nuclear industries, complex legacy 
contamination and releases as a result of accidents. There is a clear and long-standing gap in our 
understanding of contaminant mixtures that include radioactive materials. Radioecological research 
integrated with other disciplines and directed towards better understanding of mixture effects, as well 
as adapted risk assessment methods, will make it possible to determine whether radiation protection 
criteria are robust in a multiple contaminant context.  

Radioactive contamination can occur as a result of a range of different scenarios, disparate in character 
and often specific in their actual or potential impacts, but often of great concern to the public. Societal 
perception of the technical capacity and resources required to prevent, mitigate or remediate impacts 
and ensure recovery of any contaminated area after a release should take into account the disparities 
and specificities inherent in the exposure scenarios, as they play a significant role in the assessment of 
consequences – in terms of economic considerations and from a societal perspective. A continuum of 
effects includes societal concerns, varying degrees of economic impact or loss of societal benefit, 
administrative disruption, health impacts or loss of life and impact on ecosystem services. In addition 
to these impacts, the measures taken to address them may, in turn, incur societal and environmental 
side effects. This complex interplay has been well demonstrated in the aftermaths of both the 
Chernobyl and Fukushima accidents and has been taken into consideration when developing the Joint 
Roadmap of radiation research platforms in 2017. 

Management approaches in planned, existing and emergency exposure situations can range from the 
minimal through ascending levels of complexity and detail. Although a significant amount of valuable 
knowledge exists for a wide range of exposure situations, it is fragmentary with respect to constituting 
an integrated strategy sufficient to deal with complex, dynamically changing conditions. In dealing with 
a range of actual or potential exposure situations, a gradient of integrated management approaches 
based on multi-criteria decision analyses (MCDA) and the means of creatively implementing them are 
required. The development of appropriate tools – Decision Support Systems (DSSs) – for best 
implementing such approaches must occur in tandem with the development of management 
objectives to ensure that maximum benefit is derived. The need for integrated, graded management 
approaches and the tools to implement them in handling the entire spectrum of possible effects of 
exposure and ensuring the productivity and societal benefit of impacted areas will be a primary driver 
for radioecological research in the coming decades. The recent events at Fukushima in Japan exemplify 
these problems and the existing challenges. Intrinsically bound to this need is the requirement for 
sound, fundamental and progressive science to underpin and derive maximum benefit from these 
efforts. 

2.3.1. Strategic vision for research  

Our strategic vision is that over the next 20 years radioecological research will develop the scientific 

foundation for the holistic integration of human and environmental protection, as well as their 

associated management systems. 
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2.3.2. Strategic agenda  

The following five research and integration lines will need to be addressed to achieve the vision. 

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

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

Challenge 1 of this SRA identified that transfers and exposure have to be assessed at multiple spatial 
scales, from an emitting source to the landscape or even global scale. Challenge 2 emphasised that 
effects have to be characterised not only at the individual level, but also at higher levels of biological 
organisation (population, community, and ecosystem). This means that any risk assessment at such 
integrated scales should simultaneously take into account: (i) variability of doses, depending on spatial 
variability of radionuclide transfers, as well as behavioural heterogeneity among exposed species, (ii) 
and variability in radiosensitivity among species, including gender- and life stage-dependencies. 
Improvements in risk assessments, and the increased confidence in their results, require challenge 3 
to integrate all these sources of variability into a single calculation. 

In parallel, the temporal variability characterising transfers and exposure (cf. challenge 1) as well as 
effects, from age-dependent differences to multi-generational responses (cf. challenge 2) need to be 
integrated over the period of interest for risk assessment, depending on the context, from weeks in an 
emergency situation to thousands of years for radioactive waste repositories. 

Lastly, due to its inherent integrative power, risk characterisation is the ad hoc step to fully characterise 
the global uncertainty of a risk assessment, by incorporating uncertainty from exposure assessment 
and effects characterisation. Considering the multiple sources of uncertainty, including those 
mentioned in challenges 1 and 2, this final stage is the key to a real integrated ecological risk 
assessment. 

Some recent advances have been made in relation to characterising uncertainty and variability in 
transfer modelling and exposure assessment within EJP-CONCERT funded projects. From the 
CONCERT-TERRITORIES project, Urso et al. (2019) provide guidance for carrying out uncertainty 
analysis with experts’ knowledge specifically in the field of radioecology. Structured information about 
parameter uncertainty, conceptual model uncertainty, scenario uncertainty as well as role of variability 
are presented together with analytical, probabilistic and Bayesian approaches and methodologies to 
quantify and (where possible) to reduce these uncertainties. From the CONCERT-CONFIDENCE project, 
Brown et al. (2018) explore how information on parameter uncertainty can be used in the agricultural 
food-chain models commonly implemented within European post radiological emergency decision 
support systems, the aforementioned ARGOS and RODOS systems. These new developments provide 
initial steps towards fulfilling the objectives of this research line. Integrating the mentioned 
uncertainties and variability into the overall risk assessment would contribute to better reliability of 
dose assessments in general (this being one of the ICRP’s (2017) identified areas for which research is 
needed in order to support the system of radiological protection).  

Nonetheless, the requirement still remains to reduce uncertainties so that risks to biota and humans 
can be better quantified, whatever the situation (low, as well as high risk situations; planned, existing 
and emergency situations). Most of the research lines described in Challenges 1 and 2, as well as 
research lines described in related SRAs from other platforms), identify research that could contribute 
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to improved risk quantification. The strong links which are already being built between the ALLIANCE 
and existing radiation protection research platforms will help facilitate integration and reduce 
uncertainties  

2.3.2.2. Integrate human and environmental protection frameworks 

Risk assessments for ionizing radiation have historically been exclusively focussed on human risk but 
have expanded to gradually include ecological risk. This shift is reflected in recent high-level policy 
changes. It is recognised that the present framework of radiological protection should be changed to 
explicitly demonstrate rather than assume the protection of the environment, as stated in the general 
recommendations of the International Commission on Radiological Protection (ICRP, 2007), 
international Atomic Energy Agency (IAEA, 2014) and in the EURATOM (EC, 2013) Basic Safety 
Standards.  

Over the last decade, new drivers for integration of human and environmental protection frameworks 
have emerged, such as the increasing interest from society in environmental issues, requests to 
demonstrate the overall protection of the environment and aspirations to build public confidence 
through information and transparency. Human and ecosystem health are now recognized as strongly 
interconnected as evidenced, for example, by a number of principles and goals for sustainable 
development recently agreed in the 2030 development agenda of the United Nations (UN, 2015). 
Furthermore, according to the ICRP’s and IUR’s recommendations about the integration issue, more 
focus should be put on the development of an integrated view of all benefits and impacts that includes 
consideration of protection of people and ecosystems (Brechignac et al., 2016; Garnier-Laplace et al., 
2017).  Moreover, integrating environmental protection and human protection under one generalised 
system for radioprotection, would enhance efficiency and would be of great interest to regulators, 
industry and the public (Salomaa and Impens, 2016).  

. Some initial steps with regards to exploring the issue of integration were taken in the radiological 
sciences through the application of case studies (Copplestone et al., 2010). A step forward has been 
made by the development of a combined screening model for both human and non-human biota in 
the form of the CROMERICA tool (Mora et al., 2015).) Although, this integrated assessment platform 
provides alignment with respect to the advection and dispersion models used in modelling the 
behaviour and fate of radionuclides, the tool falls short of providing a satisfactory amalgamation of all 
methodologies employed.  More recently, Copplestone et al. (2018) has explored how an integrated 
approach might be applied in planned, existing and emergency situations. This was achieved by, for 
example, showing how simplified numeric criteria may be used in planned exposure situations that are 
protective of both the public and non-human biota.  

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

The ALLIANCE is convinced that the scientific and pragmatic (application via appropriate tools) 
foundation for a holistic integration of human and environmental assessment should be addressed 
(Vandenhove et al., 2017). Further development, in the radiological sciences, of integrated 
methodologies for transfer, exposure and risk assessment, and the production of tools incorporating 
those methodologies for existing, emergency and planned exposure situations, remain a major step 
forward in ensuring efficient, adequate, demonstrable protection for both humans and the 
environment. Areas where active research towards integration is required include transfer/exposure 
and dosimetry. Currently, transfer/exposure studies for humans and biota are conducted separately 
using two dissimilar methodologies. It is evident that progress is still needed to gain fundamental 
knowledge (on underlying processes), validate tools and methods for performing realistic, integrated 
and graded impact and risk assessments for both humans and wildlife, across all ecosystems and 
exposure scenarios (Salomaa and Impens, 2016). 

This challenge, incorporating the knowledge generated in other strands of activity within the SRA, will 
focus on the scientific and practical integration of human and environmental transfer and exposure 
methodologies. By determining where harmonisation of approaches for humans and environment is 
justifiable and beneficial, the challenge will focus on developing integrated methods for assessment in 
the areas of transfer, exposure, dosimetry and risk. Future research initiatives in this area need to 
continue good links with MELODI and the work being carried out by the ICRP. 

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

Both human populations and wildlife in polluted environments of radiological concern may be exposed 
to a complex mixture of radioactive and chemical substances and various confounding factors; such 
combined exposure may sometimes cause adverse effects. The need to account for multiple stressors 
in experimental set-ups, effect analysis and risk assessment has been recognized and addressed in the 
SRA through several research lines, among others, by integration of the risk assessment frameworks 
for ionizing radiation and chemicals. 

Recently, new drivers that additionally implied the need for further development of integrated risk 
assessment frameworks emerged, such as the increased awareness by the public of the simultaneous 
presence of chemicals and ionizing radiation in the environment, their importance for ecological 
quality of environmental resources and for biodiversity, practical issues of assessors, operators and 
regulators related to the existence of separated approaches. Integration of environmental exposure 
assessment for ionizing radiation and other stressors and optimization of radiological protection have 
been identified as a common challenge and knowledge gap in the Joint Roadmap of the international 
radiation research platforms (MELODI, NERIS, EURAMED, ALLIANCE) (Impens, 2017; Vanhavere, 2018). 

The issue of multiple stressors in the risk assessment framework has recently been considered by  
studying the factors affecting the impact assessment of mixed waste disposal in the context of 
achieving an optimized waste management (BIOPROTA forum (2013, 2015); Thorne and Kautsky 
(2016;);); Thorne and Wilson (2015)). Although constraints such as missing data on stressors and 
endangered biota as well as the general complexity and diversity of existing mixed exposure scenarios, 
have been identified, steps for future alignment of the approaches by focussing on a relatively limited 
set of hazardous components (such as U, Pb, Cd, Cr and asbestos) have been proposed.  
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Furthermore, development of integrated multiple stressors risk assessment using species sensitivity 
distribution (SSD) in combination with mixture models (CA, RA, IA) allowed the derivation of an 
integrated proxy of ecological impact of radionuclide and stable stressors (msPAF, multisubstances 
potentially affected fraction of species) (Beaumelle et al., 2017; Beaugelin-Seiller et al., 2019). 

One of the recommendations from the CONCERT-TERRITORIES project, aimed to regulatory 
authorities, focuses on establishing and implementing an integrative approach in decision making 
under exposure situations involving multiple stressors and including NORM. 
 
In perspective, to meet the challenge of integration of risk assessment frameworks, the development 
process will require missing data collation, incorporation of overall uncertainty, sensitivity analysis, 
meta-analysis and integration of long time scales within the proposed tiered approach. 

2.3.2.4. Provide a multi-criteria perspective including decision support systems for an 
optimised decision-making 

In handling of existing, planned and emergency exposures, a gradient of integrated management 
approaches is required as well as the means of creatively planning environmental management 
(including waste disposal options, remediation and decommissioning strategies) and assessing their 
effectiveness prior to implementing them. Although the primary driver in choosing management 
options for radiation exposure situations will always be the reduction or prevention of dose, the 
problem is inherently multi-factorial and will involve many stakeholders. There are significant needs in 
other sectors - economic, infrastructural, social services, production – that should be considered when 
selecting management options. Thus, there is a need to transparent communication to optimise 
management approaches for radioactive contamination that go beyond the simple consideration of 
radiation dose vs. economic cost. Optimisation requires expertise in areas such as radioecology, urban 
planning, social and economic sciences, information technology, waste handling, environmental and 
agricultural sciences, and risk perception and communication. From a practical viewpoint, the 
optimisation process could be based on the integration of decision support systems (DSSs) associated 
with radiological sciences with knowledge data-bases and other decision-aid tools from different 
disciplines (e.g., urban planning, economics, sociology) so that contaminated environments are 
managed in a holistic way to the maximum benefit for society. Concerning DSSs, the following aspects 
of how integration will be of benefit for decision making are apparent: (i) integration of available 
radioecological DSSs, (ii) development of DSSs for integrated assessment and (iii) integrating DSSs for 
existing and planned with those for emergency exposures. 

As discussed above, integration of human and environmental protection systems and methodologies 
is a challenge for radioecology (and MELODI) with the potential for significant benefits which can only 
be fully realised if the means of efficiently implementing such systems are available to stakeholders, 
regulators and operators. The development of DSSs for integrated assessments of both man and 
environment is necessary in ensuring demonstrable protection in a manner accessible to stakeholders. 
Moving towards this goal serves to generate maximum benefit from the research and ensures an 
important feedback mechanism between radioecology research and stakeholders. In situations 
requiring decisions to be taken dealing with radioactive contamination, it is almost never the case that 
one criterion can be used in isolation when determining the actions to be taken. The results of joint 
European research projects clearly showed that apart from the radiological effectiveness and technical 
feasibility of the various management options, the acceptance of stakeholders and the public at large 
is at least as important. Multi-criteria analysis (Linkov and Moberg, 2012) provides a suitable 
theoretical framework that can be used to combine quantitative and qualitative factors and to guide 
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the decision process towards a satisfactory solution (since no global optimum exists in the presence of 
multiple, often conflicting criteria).  

Multi-Criteria Decision Analysis is often employed for the analysis of complex problems involving non-
commensurable, conflicting criteria that form the basis within which alternative decisions are 
assessed. This methodology promotes “a good decision-making process” (Keeney and Raiffa, 1972; 
Linkov and Moberg, 2012) by a clearer illustration of the different types of data and information items 
that go into decision-support, being able to deal in a structured and transparent way with multiple, 
conflicting objectives and value systems. At the same time, multi-criteria decision aid methods 
overcome the shortcomings of traditional decision support tools used in economy, such as Cost –
Benefit Analysis, especially when dealing with values that cannot be easily quantified (e.g., 
environmental issues), or translated in monetary terms due to their intangible nature (e.g., social, 
cultural or psychological issues). 

Proper site characterization, human and environmental exposure and impact assessments, safety 
assessments and evaluation of remediation and waste disposal options (in terms of technical 
performance, associated exposure reduction and social impact), constitute the basis for decision 
making and need to be underpinned by robust scientific and technological developments. At the same 
time, societal uncertainties and ethical implications must be seen as a constitutional part, of high 
importance, in every regulatory decision-making process. 

The integrative and participatory process between the research community and relevant stakeholders 
has been recently established in EJP CONCERT to provide a range of benefits and optimized decision 
making based on (i) better definition of radiation protection objectives, (ii) improvement of existing 
knowledge and (iii) support in challenges of regulatory authorities and TSO to (IV) choice of relevant 
measures, proper risk and uncertainty communication. Beyond EJP CONCERT, collaborative actions on 
I-IV as well as on further integration work on DSS and definition and development of multi-criteria 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 humanities (SSH)   

The system of radiological protection is underpinned by advanced research in numerous scientific 
disciplines including radioecology. At the European scale, efforts have been made in the last decade to 
establish and bring together European platforms for radiation protection research, namely MELODI, 
EURADOS, NERIS, ALLIANCE, EURAMED, as well as social sciences and humanities (SSH) researchers. A 
European Joint Programme for Radiation Protection Research CONCERT was organized (2015-2020) 
with the main objective being implementation of a joint activities in radiation protection research 
(ranging from organising open research calls to coordination and networking activities, including 
training, research infrastructure development and stakeholder involvement) (Impens et al., 2017).  

Main results of joint activities targeted current system and practice of radiation protection by giving 
the contribution to questions of general importance. Furthermore, improved answers to societal needs 
and challenges have been provided, as well as sharing and better use of state-of-the art- research 
infrastructure.  

Growing public awareness of the importance of the global quality of environmental resources and 
biodiversity nowadays covers various philosophical perspectives such as anthropocentrism (protection 
of resources), biocentrism (intrinsic value of organisms) and ecocentrism (intrinsic value on all living 
organisms and their natural environment). In these terms, integration of radioecology with other 
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3. Strategic Agenda for Education and Training 

Scientific research in radioecology and application of that knowledge in the radiation protection of 
man and the environment requires scientists and workers with adequate competence, appropriate 
skills. Research-based education and training depends on access to relevant infrastructures and 
facilities. The EC EURAC project (2005) and the Radioecology Master Programme at the Norwegian 
University of Life Sciences (2007) have been important steps in promoting environmental radioactivity 
as an academic discipline under the Bologna Model. This work continued in the Network of Excellence 
STAR, with increased participation of STAR network scientists as teachers, international students and 
professionals taking course modules, an increase in the number of radioecology graduates as well as 
interaction and joint courses with DoReMi (low-dose research) and CINCH (radiochemistry). STAR also 
solicited stakeholder engagement (industry, regulators, academics, educators, etc) in the development 
of a strategic agenda through supply and demand workshops linked to education and training (STAR 
Deliverable 6.1 Oughton et al., 2012). 

To secure the sustainability of education and training in radioecology internationally, potential funding 
mechanisms need to be discussed with the ALLIANCE, the Internal Union of Radioecology (IUR) and 
other relevant organizations, to maintain the Education and Training Platform developed in STAR and 
further developed under COMET/ OPERRA as well as under CONCERT-TERRITORIES.  

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

3.1.1. Strategic vision for Education and Training 

The strategic vision is to secure and further develop a sustainable, integrated European training and 

education platform in radioecology that attracts top-level graduates and provides a workforce that has 

the necessary skills to meet future scientific, economic and societal needs within radioecology and other 

nuclear and environmental sciences. 

3.1.2. Strategic agenda  

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

�x Increasing student and teacher/researcher mobility requires sustainable funding mechanisms 
within radioecology. Actions such as travel grants for students and guest lecturer fees have a 
relatively low cost, but need to be maintained. The ALLIANCE will foster attendance of students 
at international radioecology conferences by offering small supportive grants. 

�x Inclusion of bespoke E&T work packages in EU (and other large) funded projects with wide 
reaching outreach activities to deliver training across all levels from the public to researchers. 
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4. Strategic Agenda for Infrastructures 

Adequate infrastructures and capabilities are a necessary resource for state-of-the-art and excellence 
radioecological research, as well as for education and training activities in radioecology. Infrastructures 
and capabilities encompass the facilities, equipment, methods, databases and models, and also the 
expertise required to perform radioecological research. 

In the recent past, several EURATOM funded projects have performed activities to drive the 
improvement of the knowledge and use of radioecology infrastructures in Europe. Thus, in the 
Network of Excellence on Radioecology STAR an inventory of infrastructure, including databases and 
sample archives, available in the member organizations was created (STAR Deliverable 2.2). Also during 
the STAR project, with the subsequent support of COMET and the ALLIANCE, a virtual laboratory was 
developed to contribute to the harmonization of practices and protocols between the different 
radioecological facilities. 

The establishment of Radioecological Observatory sites12 was proposed as a tool for innovative 
research, research integration and sustainability (Initiated in STAR and fostered in COMET and 
CONCERT-TERRITORIES13 European projects, with the support of the ALLIANCE). 

Within the EJP-CONCERT the work package 6 is devoted to increase visibility of radiation protection 
infrastructures. To do so, a database (AIR2D2) and a bulletin (AIR2), on infrastructures have been 
created14.  

The approaches used to study and evaluate the behaviour and impacts of radiation and radionuclides 
on the living world are changing. Consequently the required infrastructures and capabilities are also 
changing. A robust long-term vision is essential to successfully and sustainably develop, construct and 
operate radioecological (and radiation protection) infrastructures and capabilities. Thus, a network of 
collaborations between organizations would allow advanced platforms to be utilized within the 
consortium, within Europe or internationally.  

                                                           
12 Radioecological Observatory sites are contaminated field sites that provide a focus for long-term joint field investigations. 

The development of a pooled, consolidated effort maximises the sharing of data and resources. The Observatories also 
provide excellent training and educational sites. 

13 https://territories.eu/ 
14 https://www.concert-h2020.eu/en/Concert_info/Access_Infrastructures 
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4.1. Challenge: To maintain and acquire the infrastructures and capabilities 
needed to accomplish the three scientific challenges, as well as to support 
the education and training challenge, of the SRA.  

4.1.1. Strategic vision for Infrastructures 

The strategic vision for the next 20 years is that radioecology will develop a sustainable, integrated 
network of infrastructures and capabilities, to best meet the needs of the radioecology community, 
both in research and in education and training activities. 

4.1.2. Strategic agenda  

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

�x Identify the requirements for infrastructures and capabilities and create the partnerships of 
excellence that bring together these required infrastructure and tools.  

�x Maintain and keep up to date a web-based catalogue on physical infrastructures, e-infrastructures 
and capabilities to ensure an efficient and effective sustainable integration of resources and 
capacities at a European level and to show stakeholders the radioecology capabilities available. 

�x Further development of the Radioecological Observatory Sites (ROS). The ROS are considered as 
field laboratories where experiments are conducted that support greater understanding of 
radioecological processes, enables model development, validations and improvement and 
forecasting of future radioecological conditions. The data collected at the ROS and the models 
developed will be made available and may be combined with other datasets or data collected in 
other studies to support the three challenges of the SRA. ROS are a unique tool for integration 
among different disciplines through common studies, shared data, and E&T activities.  Actually 
the ALLIANCE exploits ROS in the Chernobyl Exclusion Zone, the Fukushima Exclusion Zone and 
NORM-impacted sites in Belgium, Poland and France.   

�x Promote the visibility and joint use of existing infrastructures. Encourage wider collaboration, not 
only in the field of radioecology, but also in the broader area of radiation protection and with 
other related disciplines, leading to a better use and development of infrastructures.   
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5. Value of a Strategic Research Agenda 

The acquisition of new scientific knowledge through research in radioecology is a crucial element in 
safeguarding humans and the environment against harmful consequences, as well as responding to 
stakeholders concerns regarding the presence of radionuclides in the environment. Such studies are 
important to society because over-estimation of exposures or effects could lead to unnecessary and 
costly restrictions; alternatively, under-estimation of the risks will result in injury to humans and the 
environment. 

The three scientific challenges presented above, with their 14 associated research lines, are 
incompletely studied because they are complex and complicated. Attempts to address them have been 
piecemeal. The only way to provide rapid and efficient solutions to these difficult problems is a 
focused, hypothesis-driven research program with clear common goals and resources shared among 
the international radioecology community. For society to obtain a significant contribution from the 
radioecology of the future, a long-term, multidisciplinary approach is needed that goes beyond 
national boundaries. 

Additionally, this updated version of the SRA contains important sections on education and training of 
radioecology and infrastructure for our research. Sustaining knowledge and educating new scientists 
is critical to the viability of radioecology and was a concern expressed by several stakeholders. 

It is our hope that a science-based SRA for radioecology will focus and prioritise our collective efforts, 
resulting in increased value and more rapid advancement in our understanding of environmental 
radioactivity, as well as an improved ability to predict its effects on humans and the environment. It is 
expected that further integration within the global radiation protection community and consideration 
of stakeholders will push towards maximal efficiency, completeness and societal relevancy.  
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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 Agenda(SRA) for Social Sciences
and Humanities(SSH) in radiological protection. This is the� rst time such a
research agenda has been proposed. This paper identi� es six research lines of
interest and concern:(1) 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 RP;(4) Stakeholder
engagement and participatory processes in RP research, development, policy
and practice;(5) Risk communication; and(6) RP cultures. These topics were
developed through broad stakeholder consultation, in conjunction with
activities carried out in the framework of various projects and initiatives(EU
H2020 CONCERT programme, the EU FP7 projects OPERRA, PREPARE
and EAGLE, the 2015–2018 RICOMET series of conferences, and the 2014
and 2016 International Symposia on Ethics of Environmental Health); as well
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 Agenda(SRA) for the Social
Sciences and Humanities(SSH) in radiological protection(RP). Despite an increased institutional
recognition of the need for SSH research in radiological protection, SSH involvement in the� eld
remains� eeting and dispersed(Van Oudheusdenet al2018). Building a more robust role for SSH
in RP would open opportunities for scienti� c research communities(e.g. experts in radiobiology,
dosimetry, radioecology) to integrate societal and ethical considerations into radiological pro-
tection work. Moreover, this would lead to expanding research options and the fostering of
collaborative and co-creative approaches to research and innovation.

In recent decades, SSH researchers in Europe and beyond have demonstrated how
social studies can fruitfully inform risk governance and clarify the societal understanding of
radiological protection issues, for instance inrelation to public response to and engagement
in radioactive waste management(Jenkins-Smithet al 2011, Perkoet al 2012, Dubreuil,
Baudé, and Mays2013, Bergmanset al2014, Schröderet al2015). Other studies shed light
on public risk perception of industrial uses of ionising radiation, such as food sterilisation
(Turcanu and Perko2014); identify societal constraints related to environmental remedia-
tion and decommissioning processes(Perkoet al 2017a); and raise public awareness about
radon (Hevey 2017, Lofstedt 2018). Research has been undertaken to stimulate mutual
learning and contribute to radiation safety and security by identifying and addressing
mismatches between emergency management plans and practice(Malesic 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 of as transdisciplinary and inclusive, integrating
citizen, science and stakeholder input into research and innovation from the start.

With these principles in mind, the SSH SRA identi� es priorities for future European
Commission-supported SSH research, and beyond, in the� eld of radiological protection. The
SRA is structured along six research lines addressing issues that are relevant for all existing
European radiation protection research platforms(MELODI, 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 collective’s members, 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 RP, brie� y
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 bene� t of society.

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

The � eld of radiological protection is challenged by particularities of ionising radiation(e.g.
scienti� c and societal uncertainties, different perceptions of risks, societal trust issues) and the
evolving societal landscape(e.g. rise in social media, active citizenship). The assessment of health
effects from low radiation doses is confronted with the complexity of assessing causal and tem-
poral relationships, alongside sources of uncertainty. This is not only due to limits of the models
and data, but also to the inherent boundaries of radiation protection knowledge(Renn2008).

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 al2016). 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 engaged(or not) with nuclear
energy and radioactive waste management has been the object of several studies(Bergmanset al
2014). Recently the relationships between societies and 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 perspectives(HONEST21). Linguistic and discursive analyses have
been conducted mainly in relation to nuclear emergencies(PREPARE22), while research on
techno-cultural questions on the preservation of records, knowledge and memory of nuclear

21 HONEST: History of nuclear energy and society,http:// honest2020.eu.
22 PREPARE: Enhanced emergency preparedness and response for nuclear and radiological incidentshttps:// eu-
neris.net/ projects/ prepare.html.
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waste across generations has been undertaken by the OECD Nuclear Energy Agency
(RK&M 23). 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 Siegrist2013, Perko2014, Perkoet al
2015a, 2015b). However, there is a dearth of studies addressing these factors in speci� c long-
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 protection� eld. Although a number of national
and international recommendations and legal requirements for stakeholder engagement in radi-
ological protection have been developed(e.g. Basic Safety Standards, Aarhus Convention, IRPA
guiding principles), there remain gaps between those policies and actual practice, as highlighted
for instance by the‘Aarhus Convention in Nuclear’ initiative conducted by ANCCLI24 and
European Commission DG-ENER from 2009 to 2012(UNECE2013), and the FP7 European
projects EAGLE25 and PREPARE(Perkoet al 2016c).

From a methodological perspective, there is insuf� cient dissemination of reliable and vali-
dated quantitative measurement scales for conceptsrelating to radiological protection. There is a
need to harmonise qualitative research protocols and disseminatealready existing, systematic, and
transparent protocols for qualitative research. Such research protocols may concern, for instance,
media studies, living-laboratory observations, and‘social laboratory workshops’. 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 issues(Perko2014). SSH can
also facilitate the development of RP research programmes that take into account: responsible
research and innovation imperatives; citizen-centered RP governance(e.g. citizen 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 section4 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 project(http:// concert-h2020.eu, speci� cally
WP 2.6) and the FP7 projects OPERRA26 (Perko et al 2015a), PLATENSO27 (Mes-
kens2016), PREPARE(Schneideret al 2017), and EAGLE(Perkoet al 2016b). The topics

23 RK&M: Preservation of Records, Knowledge and Memory across Generationshttps:// oecd-nea.org/ rwm/ rkm/ .
24 ANCCLI: The Association Nationale des Comités et Commissions Locales d’ Information;http:// www.anccli.
org/ .
25 EAGLE: ENhancinG stAkeholder participation in the GovernancE of radiological risks for improved radiation
protection and informed decision-making;http:// eagle.sckcen.be.
26 OPERRA: Open project for the European radiation research area;https:// cordis.europa.eu/ project/ rcn/
109481/ en.
27 PLATENSO: Building a platform for enhanced societal research related to nuclear energy in Central and Eastern
Europe;http:// www.merience.eu/ en/ ortfolio-items/ 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 conferences(2015, 2016, 2017 and
2018), and the International Symposia on Ethics of Environmental Health(2014 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 identi� ed 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 veri� cation of the research priorities was conducted in June 2017 through
an email-based consultation of 1400 individuals from the RP� eld. 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, the� rst steps to build a joint roadmap for radiological pro-
tection research were taken by the scienti� c platforms(Impenset al 2017). At this time, a
speci� c challenge for SSH was identi� ed and integrated into the draft Joint Roadmap for
Radiation Protection Research:‘Enhancing integration of radiation protection science with
society’ (Salomaaet 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 identi� ed 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 onScience with and for societyand Responsible Research and Innovation
(EC 2018): health and wellbeing; secure, safe and resilient societies; communication, colla-
boration and citizenship; and integration, impact and re� exivity.

Firstly, health and wellbeingcomprise 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 in the� eld
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 ofsecure, safe and resilient societies, European nations face major
natural hazards and human-induced threats. SSH research seeks to make signi� cant con-
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 oncommunication, collaboration and citizenshipadvances 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 onintegration, impact and re� exivity 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 scienti� c research
agendas, processes, and outputs.

The SRA has six research lines that re� ect areas for which the need for a concerted effort
has been identi� ed as a prerequisite to addressing the contemporary societal challenges
outlined above. Each of these research lines includes a number of speci� c research topics
relevant to the future European research agenda in the� eld of 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 contexts(e.g. workers, populations living in areas affected by radiological
contamination).
different time scales(e.g. different generations).
cultural contexts,
socio-economic issues.

Perceptions of radiological risk and environmental remediation actions in post-accident and existing
exposure situations(e.g. human ecology, psychology, epidemiology).

Media impacts(social media, traditional media) on perception of radiological risk and ideas of well-
being linked to radiological exposures. This includes the in� uence 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 group(e.g. practitioners, patients, local population) and the respective ampli� cation or
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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 scienti� c aspects 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 prede� ned 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 multidisciplinary� eld, special attention will be devoted to
the added value of SSH in relation to contributions from other� elds 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 advised) and 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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Decision making mechanisms in post-accident situations, with emphasis on local knowledge, values
and decision-making.

Analysis of existing policy and regulatory in� uence on the radiological protection� eld.

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 identi� ed and 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 comewith 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 re� exive 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 con� icts of interest in radiological protection research and� nding 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 and� ndings.
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Determining how to make SSH integration meaningful and effective for all stakeholders.

Developing methodologies and tools for the dynamic mapping of stakeholders’ concerns, views and
needs to identify R&D priorities in the radiological protection� eld.

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
‘stakeholder’ we denote anyone who has a stake in radiological protection research, its
development or applications and/ or 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 stakeholders’ (e.g. local community, schools,
citizens) 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 trust in� uence risk
perception and behaviour, and how exchange or sharing of risk-related data, information and
knowledge between and among different parties(such as regulators, experts, consumers,
media, general public) can 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.

J. Radiol. Prot. 39 (2019) 766 T Perko et al

775



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 society).

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 stakeholders, in various exposure situations(planned, existing
and emergency), and for different categories of exposure(occupational, patient, general public).
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 identi� cation and implementation of
RP actions. At the same time, it aims to enable individuals and collectivities to re� ect on their own
protection and/ or that of others; to consider consciously radiological protection aspects in their
activities or decisions; to make their own decisions with regard to their own protection against
ionising radiations; to participate in decision-making processes related to the management of
exposure situations. By enabling the dialogue between professionals in the RP� eld and other
stakeholders, Research line 6, contributes to enhancing the ef� ciency and reliability of the radi-
ological protection system and its capacity to effectively 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 aspects in� uencing 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 speci� cities 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 numerous� elds 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 NFRP28 2018 calls(Vanhavere2018).
The gap analysis considered topics included in the SSH SRA(Perkoet al 2016a, Perkoet al
2017b) and/ or de� ned as priorities by radiological protection stakeholders(Impenset 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 re� exive 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 participation and access to justice 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.
• The role of RP culture in the implementation and improvement of the protection system.

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 bene� t of science and society.

6. Conclusions

In this article, we outlined a prospective Strategic Research 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 arena(researchers, policy makers, implementers, authorities, and
members of technical and research platforms). In line with European science policy appeals to
responsible research and innovation, the proposed SRA seeks to facilitate more socially responsive
science and technology processes by systematically integrating social and ethical considerations
into RP research programmes and policies. It extends, uni� es and builds on previous European
efforts to integrate SSH into radiological protection research in� elds such as medicine, radio-
ecology, energy, dosimetry, and waste, with due consideration to the social, political, ethical,
cultural and historical factors that shape research. Among the bene� ts of conducting scienti� c intra-
, inter-, multi- and trans-disciplinary research in radiological protection may be the fostering of
user-friendly technologies for radiological protection, helping citizens make informed decisions,
and improving radiological risk governance. As evidenced by numerous studies, SSHresearchers
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
research(for example through PhD and postdoctoral programmes); and offer a list of key SSH
topics for research programmes on speci� c radiological 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 signi� cant scienti� c 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 the identi� ed research
lines and topics. This will facilitate the further development of SSH research, under a broad,
engaged, and re� exive agenda, whose effect will be to promote responsible RP practices and
bene� ts for both science and society.
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