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Abstract

Exposure information is a critical element in various regulatory and non-regulatory frameworks in Europe and elsewhere.
Exposure science supports to ensure safe environments, reduce human health risks, and foster a sustainable future. However,
increasing diversity in regulations and the lack of a professional identity as exposure scientists currently hamper developing the
field and uptake into European policy. In response, we discuss trends, and identify three key needs for advancing and
harmonizing exposure science and its application in Europe. We provide overarching building blocks and define six long-term
activities to address the identified key needs, and to iteratively improve guidelines, tools, data, and education. More specifically,
we propose creating European networks to maximize synergies with adjacent fields and identify funding opportunities, building
common exposure assessment approaches across regulations, providing tiered education and training programmes, developing
an aligned and integrated exposure assessment framework, offering best practices guidance, and launching an exposure
information exchange platform. Dedicated working groups will further specify these activities in a consistent action plan.
Together, these elements form the foundation for establishing goals and an action roadmap for successfully developing and
implementing a ‘European Exposure Science Strategy’ 2020-2030, which is aligned with advances in science and technology.

Keywords ISES Europe - Human exposure * Environmental exposure * Exposure assessment * Risk assessment * International
Society of Exposure Science
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Exposure science as an important discipline

Exposure science is gaining more and more attention
worldwide as an important discipline focussing on stressors
occurring in or released to the natural and man-made envir-
onment, and their potential hazards for humans and ecosys-
tems. Various foundational National Research Council
reports recognise exposure science as an essential and integral
part of the risk management process [1-3]. Compared with
toxicology, however, exposure science is still ill developed as
an independent discipline [2, 4]. Yet, it has become an
indispensable element in various science and policy frame-
works, from policy analysis to sustainability assessment [5—
13], and has been proposed as an important component in
chemical substitution [14, 15]. Although many regulations
and studies focus on exposure to chemicals, assessing and
managing exposure to other stressors is increasingly
acknowledged. This includes biological (e.g. bacterial, fun-
gal, viral, and parasitic agents) [16] and physical stressors
(e.g. climatic factors, noise, and vibration) [17, 18]. This
broad scope of exposure science is also reflected in its various
definitions (e.g. [2, 19]), explicitly going beyond chemical
stressors and humans as target receptors (see Textbox 1).

At its core, exposure science contributes to an improved
understanding of stressor-health-environment relationships.
It furthermore contributes to achieving several global
exposure reduction and environmental protection targets
[8, 21, 22]. With that, exposure science constitutes a
growing science field with a broad applicability range.
Nevertheless, substantial efforts remain to develop its full
potential to become a viable part in enabling decision-
making for safe and secure, sustainable, and healthy
societies and environments.

The European context

In Europe, exposure science is strongly anchored in dif-
ferent regulatory frameworks, each creating specific
demands and requirements for exposure information. The
scattered policy landscape represents a substantial challenge
for practitioners and decision-makers for developing and
harmonising exposure data, methods, and tools. The current
European regulation concerning the Registration,

Textbox 1. Working definition of exposure science [20], adapted
and expanded from definitions discussed elsewhere [2, 19].

Exposure science studies the contact between stressors and
receptors, and the associated sources, pathways and processes
potentially leading to impacts on human health and the natural and
built environment.

Stressors primarily refer to chemical, biological, and physical
agents, and receptors range from molecules, cells, and organs to
humans and other organisms.
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Evaluation, Authorisation, and Restriction of Chemicals
(REACH) [23] created a fundamental mandate to deliver
adequate exposure information to foster the safe use of
chemicals in the European Economic Area. REACH
thereby applies to all substances manufactured or imported
into the EU at a scale of at least 1 tonne per year, and covers
all uses (as such, in mixtures or in articles) unless explicitly
regulated elsewhere. This was driven by the need for high
quality and reliable information on marketed chemicals—
including data on use patterns of substances and products,
and related human and ecological exposure [24]. Reliable
exposure information is also required by many other Eur-
opean regulations ranging from product safety to waste
management (Fig. 1), and even in stabilisation and peace-
building instruments [25]. While most regulations focus on
chemical exposure [26], exposure science faces increasing
demands for considering areas beyond the scope of che-
micals and classical human and environmental risk assess-
ment. This regulatory diversity constitutes a challenge
for industry, which faces additional exposure-related
reporting requirements in support of more holistic risk
management processes despite the aim of regulations like
REACH to streamline the management of industry’s
reporting burden.

Beyond the regulatory context, exposure science is
essential for several recently proposed European strategies,
from the development of nature-based solutions to resources
efficiency based on life cycle approaches [27, 28]. A special
challenge for the latter is to appropriately consider all life
cycle stages of a given product when, for example, char-
acterising exposure to air pollutants [29, 30] or to chemicals
in consumer products [31-33]. Other European strategies
include moving towards a bio-based and circular economy,
promoting sustainable chemistry and a non-toxic environ-
ment by 2050, and creating a protecting Europe [34-38].
All these strategies represent additional challenges for
providing adequate exposure information.

Exposure information is finally also relevant in interna-
tional treaties focussing on hazardous chemicals and waste, in
the global policy framework ‘Strategic Approach to Interna-
tional Chemicals Management’, and in several targets set in
the United Nations’ Sustainable Development Goals (Fig. 1).

Overall, regulatory changes over the past two decades
along with the Commission’s ambitions to move towards a
safe, secure, and sustainable Europe [39, 40] has increased
the demand for high-quality exposure information. This has
led to distinct approaches, for example, to manage insuffi-
cient or missing exposure information in different reg-
ulatory and non-regulatory decision contexts, such as
introducing ‘default’” values and generic assumptions.
However, such values are often not well underpinned by
evidence, which can lead to over- or underestimated
exposure (and related risks or impacts), which in turn
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European regulations (in force as of 2019)

2000 Biological 2002 General Food Law Regulation 2006 REACH Regulation
Agents Directive (EC) No 178/2002 laying down the (EC) No 1907/2006
2000/54/EC on the general principles and require- concerning the _ |

protection of
workers from risks
via exposure to bio-

— ments of food law, establishing the
European Food Safety Authority
and laying down procedures in

logical agents at work matters of food safety

2001 General Pro- 2002 Directive 2002/49/EC on
duct Safety Directive —— the assessment and management
2001/95/€C of environmental noise

Registration, Evaluation,
Authorisation and
Restriction of Chemicals

2008 CLP Regulation
(EC) No 1272/2008 on
classifi-cation, labelling _|
and packaging of
substances and

2008 Waste __ 2010 IPPC Industrial Emissions Directive 2017 Worker
— Framework Directive 2010/75/EU on pollution prevention/control Protection
2008/98/EC 2011 Construction Products Regulation (EU) Directive (EU)
2009 Toy Safety |- No 305/2011 laying down conditions for the $£17/2§9%_0n
| Directive 2009/48/EC marketing of construction products of?/v%rrieeri 1on
on the safety of toys 2012 Seveso Directive 2012/18/EUonthe [~ from the risks
2009 Cosmetics I— control of major-accident hazards involving related to

dangerous substances

2012 Biocidal Products Regulation (EU) No
|— 528/2012 concerning the making available

exposure to
carcinogens or
mutagens at

Regulation (EC) No
1223/2009 on
cosmetic products

pI'OdZUOC‘{]S. '[\)/;reedcitcii\?:sl 2004 Food Contact Regulation itures S8 Piant Biotecil on the market and use of biocidal products work
EC) No 1935/2004 on materials ant Protection . L S
2001/82/ECand [~ (and)articles ir{rended to come into ; ; Products Regulation 2013 lonizing Radiation Directive
2001/83/ECon, re- - contact with food . 2008 Air Quality (EC) 1107/2009 con- - 2013/59/Euratom on basic safety standards 2017 Medical
spectively, medicinal Dlrect)\re ZQOS/SO/EC on _I™ cerning the placing of for exposure to ionising radiation | Devices
products for veteri- | 2004 Detergents Regulation (EC) ambient air quality and plant protection pro- 2014 Instrument contributing to Stability Regulation (EU)
nary and human use No 648/2004 cleaner air for Europe ducts on the market [~ and Peace (IcSP) (EU) No 230/2014 2017/745
— I —
1 I 1 I 1 I 1 I 1 I T I
[ 1990 1 L 1995 1 L 2000 1 L 2005 1 L 2010 1 1 2015 1 L 2020 '—'

2004 Stockholm
Convention on

1992 Basel Convention on the Control of
Transboundary Movements of Hazardous

2006 Strategic Approach to
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Pollutants
1993 ILO’s Chemicals Convention
concerning Safety in the Use of
Chemicals at Work

L International Chemicals
Management (SAICM)

2004 Rotterdam Convention on the Prior Informed
Consent Procedure for Certain Hazardous
Chemicals and Pesticides in International Trade

2015 United Nations”
Sustainable Development Goals

2017 Minamata
Convention on
Mercury

International treaties & policy frameworks

Fig. 1 List of major European regulations, and international treaties and
policy frameworks currently in force, where exposure information in
relation to different stressors is an essential element. Note that only

compromises and questions the reliability of regulatory and
other decisions [41].

The needs to close gaps and align regulatory and non-
regulatory requirements on exposure information have put a
unique demand on the European exposure science com-
munity. This currently hampers the uptake of advances in
the field via a systematic and harmonised approach,
streamlined into common exposure assessment and man-
agement practices in support of implementing European
policies and strategies [42]. An overarching alignment
effect is hence required for addressing the current and future
needs for exposure science in Europe, and for developing a
roadmap for generating, harmonizing, and -effectively
applying exposure information in European frameworks.
Such efforts are being developed in specific subdomains, for
example in the EU-funded HBM4EU project, aiming to
‘advance human biomonitoring in Europe to provide evi-
dence for chemical policy making’ [43]. Yet, an over-
arching strategy is needed, which stimulates synergies
across subdomains, respects Europe’s ambitions and reg-
ulatory requirements, is aligned with global societal goals
for human and environmental health, while continuously
integrating knowledge from major scientific trends.

Considering major scientific trends

Generating exposure information is influenced by several
major trends in, for example, data analytics, machine
learning, and citizen science. Along such trends, we

those regulations are listed that are still in force, while exposure
information might have been already introduced in preceding regula-
tions (e.g. Council Directive 91/414/EEC for Plant Protection Products)

illustrate important achievements for exposure science,
which seeks to evolve as an independent and strong sci-
entific discipline. One trend is the increased ambition for a
holistic understanding of the complex interactions between
stressors, products, technologies, humans, and the envir-
onment. Related emerging topics are the ‘exposome’ con-
cept [44, 45] or ‘safe-by-design’ initiatives [46]. Underlying
exposure data generation increasingly builds on high-
throughput and spatial methods [47-51], and harmonized
biomonitoring efforts [43, 52], which will influence the
availability, quality and complexity of exposure informa-
tion. Various important achievements including expo-
somics, intake fraction modelling, and personal exposure
sampling are further detailed elsewhere (e.g. [2]).
Advancing exposure science in Europe should system-
atically build on such achievements, considering the fol-
lowing four principles. First, exposure science offers
knowledge, which goes beyond safety and also addresses
security and sustainability aspects [2]. Second, global trends
to move away from animal testing increase the dependency
on alternative exposure estimation methods, enabling
innovative and exposure-based ‘intelligent or integrated
testing strategies’ (ITS) [53]. Third, there is a growing
emphasis on addressing the complex human-environment
interactions within a globalised economy perspective, con-
sidering circular material flows and supply chains [8, 54].
Fourth, the need for assessing complex exposures [2, 19]
and benchmarking exposure estimates against health capa-
city limits [55, 56] are increasingly recognised, while
respective data and methods are currently missing.

SPRINGER NATURE
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Following these principles needs to build on identifying
relevant funding opportunities from industry, such as the
Long-Range Research Initiative (LRI) of the European
Chemical Industry Council (CEFIC), and from major Eur-
opean research programs, such as Horizon Europe [46].
Such a development for exposure science in Europe
requires an overarching European Exposure Science Strat-
egy to ensure a consolidated and successful effort. The main
elements for building such a strategy are outlined in the
following.

Elements for building a strategy

Building and implementing an overarching strategy for
advancing exposure science in Europe needs to start from
establishing an active professional ‘community of practice’.
This community would have the mandate to develop
missing guidance in relation to exposure knowledge and in
relation to identifying the degree of representativeness,
applicability and quality of exposure estimates in various
decision contexts. As platform for such a professional
exposure science community in Europe, the Europe
Regional Chapter of the International Society of Exposure
Science (ISES Europe, http://ises-europe.org) was founded
in 2017 as a Regional Chapter of ISES to better meet the
needs and practices with regard to exposure research and
policies in Europe [57]. In line with the recent European and
international developments (see also Fig. 1), initial focus
should be on specific advancements and harmonization
efforts across different regulations and sectors. To align
such efforts, it is critical to develop consistent goals and a
clear roadmap for a common European Exposure Science
Strategy and to broadly support its implementation. Long-
term vision of such a strategy is to foster the consistent and
continuous uptake of exposure science in Europe across
regulatory and non-regulatory frameworks and by the var-
ious stakeholders. Building this strategy has to meet two
conditions. First, the starting point must be a set of identi-
fied needs for exposure science in Europe and aligned
activities to address these needs. Second, defining and
implementing a roadmap of activities and their specific
tasks requires an iterative process to address possible
changes in key needs, major trends and funding opportu-
nities. The iterative process for building and implementing
this strategy is presented in Fig. 2. The first elements of this
strategy building process—key needs, capacity building
blocks and main proposed activities—are presented in the
following and should ideally be finalized by end of 2020,
while all goals, related detailed tasks, implementation plan
and quality control measures to operationalize the strategy
during 2020-2030 will require further efforts to be pre-
sented in the final strategy document.

SPRINGER NATURE

Recommendations
for iteratively
improving
exposure

science in F - 7
Europe /7

Assessment of major
trends relevant for
exposure science

Exposure guidelines &
tools, databases, J

education & training

Assessment of exposure
science needs for Europe

[defined building blocks]
Strategy implementation &
allocation of resources

Quality control, performance
& impact assessment

[quality/performance criteria]

Action plan for stakeholders
& working groups

[agreed activities & capacity]

‘ Strategy goals & roadmap '
established by 2020
7

[goals & roadmap for European
Exposure Science 2020-2030]

[detailed implementation plan]

Fig. 2 Process cycle for building a European Exposure Science
Strategy by 2020 with definition of goals and roadmap, and imple-
menting the strategy in Europe during 2020-2030 as key points to
harmonise and improve exposure guidelines and tools, databases, and
education and training activities in Europe

Key needs and building blocks

The first step in building a European Exposure Science
Strategy is the identification and assessment of exposure
science key needs by considering major trends in Europe and
elsewhere. To identify such key needs, two surveys were
developed targeting exposure science professionals repre-
senting a wide spectrum of stakeholders. The first survey was
conducted in 2016 and sent to all 560 participants attending
the ISES 26" Annual Meeting, 9—13 October, in Utrecht, The
Netherlands. Participants were asked to provide their visions
for exposure science in Europe in five and ten years, to
identify the main drivers for exposure science, and how they
see the role of a European chapter of ISES for improving
exposure information and its policy uptake. First results and
basic concepts were discussed among 142 participants during
a dedicated workshop in support of setting up such a Eur-
opean ISES chapter.

The second survey was conducted in 2017 providing
input from European exposure science practitioners in
preparation of the first ISES Europe Workshop, held on
19-20 June 2018 in Dortmund, Germany. This workshop
was hosted by the Federal Institute for Occupational Safety
and Health (BAuA) and attended by 119 professionals from
the European Commission, European agencies, national
authorities, industry, academia, consultants, and insurance
companies. In the preparatory survey, practitioners were
asked for their top five priority areas for advancing expo-
sure science in Europe until 2030. Reported data from both
surveys were anonymised, pooled, and categorised using
text analytics and expert judgement methods, which are
discussed elsewhere (e.g. [58]). Based on analysing the
survey results, six thematic focus areas for exposure science
in Europe were identified, namely (1) data repositories and
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| Current key needs | |Proposed main activities| |

= Establish partnerships to create -

Defining the. field of synergies and funding mechanisms
exposure science as I

independent and
interconnected discipline,
and establishing an identity

European network

Regulatory enhancement

Exposure science capacity ‘building blocks’

Regulatory frameworks involving exposure assessments

Appropriate and state-of-the-art data storage mechanisms and systems
Standardised and harmonised data, methods and tools across regulations
Common framework for addressing exposure across regulatory schemes
Incentives for sharing exposure assessment and management knowledge
Respected privacy, anonymity and intellectual property rights of data and tools

~N

Build a common exposure science
approach across EU regulations

as exposure scientists

Tools

Organising, standardising,
and harmonising data,
methods, and tools across

regulations and disciplines
within and linked to Integrated framework

Certified education

Develop certified training and —_
education programmes in Europe

Procedures and instruments for managing exposure knowledge

Transparency, reliability and uncertainty in regulatory exposure assessments
Coordination across authorities, industry and other practitioners and stakeholders
Targeted business models to ensure exposure science resources sustainability

Use and communication of the societal benefits of exposure science

Holistic approach comprising all relevant types of exposures >
Inventory of available data, methods and tools to streamline new developments

exposure assessment and [ | Develop a multi-tier framework to | =
management assess various/complex exposures

Communication

Best practice handbook

« Consolidated and robust methods to manage aggregate and combined exposures
* Available methods to estimate releases from materials and products

Exposure detection and assessment methods

Provide a handbook for best
Establishing a long-term practices in exposure science
dialogue across disciplines,
and identifying resources,
education and funding
needs within and outside

exposure science

Exposure platform

Establish a common exposure
knowledge management web portal

Collaboration, education and training in exposure science

Exposure science as discipline, yielding exposure scientists and career pathways
Certified exposure science training and education programmes

Strong alliances involving all stakeholders related to exposure science
Transparency in operations and enhanced communication with stakeholders
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Fig. 3 Key needs for exposure science in Europe, and capacity building blocks and related main proposed activities of a European Exposure

Science Strategy to address these needs

analytics, (2) regulatory exposure assessment, (3) exposure
data production and monitoring, (4) building partnerships
and collaboration, (5) exposure assessment methods and
tools, and (6) exposure education and communication.

These six thematic focus areas constitute the starting
point for identifying key needs and main capacity building
blocks for successfully developing a European Exposure
Science Strategy. At the ISES Europe 2018 workshop, key
needs and building blocks were derived by analysing
strengths, weaknesses, opportunities, and threats of expo-
sure science in Europe across the six focus areas [20]. Three
overarching key needs have been identified, namely creat-
ing an exposure science ‘identity’, aligning exposure
assessment and management ‘tools’, and advancing expo-
sure science ‘communication’ (Fig. 3).

Creating an identity as an independent scientific discipline
is crucial for defining and advancing the field’s focus areas,
minimising overlaps and creating synergies. Such synergies
should focus on connecting with adjacent disciplines, con-
sidering emerging research fields, and establishing networks
and funding schemes. Aligning exposure assessment and
management tools is required for a streamlined, efficient, and
effective uptake of exposure science into policy, other rele-
vant frameworks and strategies, and across various exposure
science-related disciplines. Finally, advancing communica-
tion based on establishing a long-term dialogue among sta-
keholders from exposure science and adjacent disciplines
will constitute the basis for effective knowledge transfer
across stakeholders.

As an initial step to address the three identified key needs
for exposure science in Europe, workshop participants

discussed main capacity building blocks across the six
thematic areas. Building blocks were identified along four
domains, namely (a) regulations involving exposure
assessment, material, facilities and activities, (b) exposure
management tools, guidance, procedures and authorities, (c)
assessment, detection, and monitoring of exposure, and (d)
collaboration, education, training and communication of
exposure science. Collaboration thereby should focus on
European networks, but also involve international partners,
such as the World Health Organization (WHO), the Orga-
nisation for Economic Co-operation and Development
(OECD), and the United Nations Environment Programme
(UN Environment), as well as countries that are strong in
exposure science, such as the United States, Japan, Canada,
and Australia. The specific building blocks are summarised
in Fig. 3, each aimed at advancing, improving, and/or
harmonising existing exposure science guidelines, regula-
tions, practices, and information. Additional details are
provided elsewhere [20]. The defined building blocks con-
stitute the basis for specifying main strategic activities as
foundation for a successful, broadly recognised and effec-
tive European Exposure Science Strategy.

Main activities for a successful strategy

Exposure science has a promising future in Europe,
involving a continuously growing and multi-disciplinary
exposure science community. Current efforts focus on
broadly agreeing on the identified needs and aligning
exposure information across regulatory and non-regulatory

SPRINGER NATURE
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frameworks and strategies. This requires a viable pool of
scientists and practitioners that continuously develop and
provide new and refine existing exposure information in
line with the strategy objectives and priorities. Yet, creating
a common identity as exposure scientists, establishing a
cross-disciplinary and long-term dialogue between the
various stakeholders, and the organisation and alignment of
exposure science tools are the areas that urgently need to be
addressed in order to create the necessary synergies and
infrastructures. In response to these needs, six main areas of
activities are proposed as long-term focus points for a
successful strategy (see Fig. 3):

e European network. Establish European-wide partner-
ships in support of creating and maximising synergies
and funding opportunities in exposure science. This will
involve exposure scientists from different disciplines,
policy-makers, practitioners and citizens, in order to
exchange information relevant for the development,
identification, promotion and exchange of best practices,
education and training, and awareness-raising of the
added value of exposure science.

e Regulatory enhancement. Build a common approach to
exposure assessment and management with the aim to
help enhance European policies and regulations that rely
on exposure science. This will be achieved by addressing
existing needs across policies and regulations, harmonis-
ing terms, vocabularies, and providing common tem-
plates for exposure information and documentation.

o Certified education. Develop tiered exposure science
education and training programmes across Europe based
on a cohesive set of learning objectives. Such programmes
can eventually be certified and aligned with the European
Credit Transfer and Accumulation System (ECTS), with
ISES Europe as a facilitator for scientific development,
educational training and instruction, and communication.

o Integrated framework. Develop a common and internally
consistent framework for evaluating and selecting suitable
exposure assessment data and models tailored towards
distinct regulatory and non-regulatory questions requiring
different tiers to assess various types (e.g. aggregate,
cumulative, mixtures) and complexity levels of exposures
across policy domains, based on harmonising and building
consistency at various levels of refinement.

e Best practices handbook. Provide guidance for exposure
scientists and practitioners by developing a handbook of
exposure science and best practice, tailored to specific
European needs and covering all relevant aspects
including exposure scenarios, standardisation and har-
monisation efforts, and a quality-rating system for data
and models in use.

o Exposure platform. Establish a common web-based
knowledge management portal for exchanging exposure

SPRINGER NATURE

science information in support of harmonising exposure
assessment and management, and standardising data
collection methods, tools and procedures.

These six key activities are strongly interlinked and
complementary, and should therefore be all seen as essential
elements in building a successful strategy. For example,
information provided in the exposure platform in support of
harmonising exposure assessment should be included in the
best practice handbook to serve as guidance for practi-
tioners, as well as in different tiers of exposure science
education and training. All proposed activities are defined in
support of Europe’s long-term goals and need to be trans-
lated into specific action plans. With that, these activities
become feasible, given that related working groups can be
established and be supported by European authorities and
other organisations, which will provide a consistent way
forward for exposure science in Europe.

Conclusions and next steps

Establishing a European Exposure Science Strategy is an
ongoing process that started with identifying key needs,
published as outcome of the first ISES Europe workshop
[20], specifying related building blocks and main proposed
activity areas. In a next step, specific action plans will be
defined along an aligned roadmap to address the identified
key needs. Outcomes and a detailed implementation plan
will be summarised in a Special Issue in the Journal of
Exposure Science and Environmental Epidemiology. To
facilitate the implementation of identified activities, a
community of practice for European exposure science is
currently being established through the formation of specific
working groups. In this effort, ISES Europe will bring
together stakeholders for exposure science in Europe, and as
a society, the chapter will take the facilitator role for the
working groups. Each of the working groups will further
elaborate on developing its specific action plan and related
tasks, and explore funding possibilities building on colla-
boration and knowledge exchange among various stake-
holders. Proposals for new working group topics in line
with the identified key needs are highly welcome and can be
submitted to ISES Europe (see http://ises-europe.org/w
orking-groups). Results from the working groups serve as
critical element for a successful European Exposure Science
Strategy with goals defined by 2020 and an iterative imple-
mentation of these goals and the action plan roadmap by
20202030, with specific objectives and concrete actions, and
aligned with advances in science and technology.
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