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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
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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,

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

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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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

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.

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

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)
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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.

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 26th 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

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
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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

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
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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):

● 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.

● 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.

● 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.

● 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.

● 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.

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

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
2020–2030, with specific objectives and concrete actions, and
aligned with advances in science and technology.

Acknowledgements We thank Claudia Cascio and Amelie Crépet for
input to the initial manuscript. Open access was kindly provided by the
German Federal Institute for Occupational Safety and Health (BAuA).

922 P. Fantke et al.

http://ises-europe.org/working-groups
http://ises-europe.org/working-groups


Compliance with ethical standards

Conflict of interest The authors declare that they have no conflict of
interest.

Publisher’s note Springer Nature remains neutral with regard to
jurisdictional claims in published maps and institutional affiliations.

Open Access This article is licensed under a Creative Commons
Attribution 4.0 International License, which permits use, sharing,
adaptation, distribution and reproduction in any medium or format, as
long as you give appropriate credit to the original author(s) and the
source, provide a link to the Creative Commons license, and indicate if
changes were made. The images or other third party material in this
article are included in the article’s Creative Commons license, unless
indicated otherwise in a credit line to the material. If material is not
included in the article’s Creative Commons license and your intended
use is not permitted by statutory regulation or exceeds the permitted
use, you will need to obtain permission directly from the copyright
holder. To view a copy of this license, visit http://creativecommons.
org/licenses/by/4.0/.

References

1. National Research Council. Toxicity testing in the 21st century: a
vision and a strategy. Washington, D.C.: National Research
Council; 2007.

2. National Research Council. Exposure science in the 21st century:
a vision and a strategy. Washington, D.C.: National Research
Council; 2012.

3. National Research Council. Using 21st century science to improve
risk-related evaluations. Washington, D.C.: National Research
Council; 2017.

4. Lioy PJ. Exposure science and its places in environmental health
sciences and risk assessment: why is its application still an
ongoing struggle in 2014. J Expo Sci Environ Epidemiol.
2015;25:1–3. https://doi.org/10.1038/jes.2014.59

5. Bonnell MA, Zidek A, Griffiths A, Gutzman D. Fate and exposure
modeling in regulatory chemical evaluation: New directions from
retrospection. Environ Sci Proc Imp. 2018;20:20–31. https://doi.
org/10.1039/C7EM00510E

6. Wijnhoven S, Affourtit F. Approaches and tools to better support
consumer exposure assessment under REACH. Bilthoven, The
Netherlands: Netherlands National Institute for Public Health and
the Environment; 2018.

7. Landrigan PJ, Fuller R, Acosta NJR, Adeyi O, Arnold R, Basu N,
et al. The Lancet Commission on pollution and health.
Lancet. 2018;391:462–512. https://doi.org/10.1016/S0140-6736(17)
32345-0

8. United Nations Environment Programme. Global chemicals outlook
II—from legacies to innovative solutions: implementing the 2030
agenda for sustainable development. Kenya: UNairobi; 2019.

9. Fantke P, Aylward L, Bare J, Chiu WA, Dodson R, Dwyer R,
et al. Advancements in life cycle human exposure and toxicity
characterization. Environ Health Perspect. 2018;126:125001.
https://doi.org/10.1289/EHP3871

10. Fantke P, Aurisano N, Backhaus T, Bulle C, Chapman PM,
Cooper CA, et al. Toward harmonizing ecotoxicity characteriza-
tion in life cycle impact assessment. Environ Toxicol Chem.
2018;37:2955–71. https://doi.org/10.1002/etc.4261

11. Csiszar SA, Ernstoff AS, Fantke P, Meyer DE, Jolliet O. High-
throughput exposure modeling to support prioritization of chemicals

in personal care products. Chemosphere. 2016;163:490–8. https://doi.
org/10.1016/j.chemosphere.2016.07.065

12. Wambaugh JF, Setzer RW, Reif DM, Gangwal S, Mitchell-
Blackwood J, Arnot JA, et al. High-throughput models for
exposure-based chemical prioritization in the ExpoCast project.
Environ Sci Technol. 2013;47:8479–88. https://doi.org/10.1021/
es400482g

13. Corbane C, Gamba P, Pesaresi M, Pittore M, Wieland M. Current
and innovative methods to define exposure. In: Science for dis-
aster risk management 2017: knowing better and losing less EUR
28034 EN. European Commission: Luxembourg; 2017. p. 59–69.

14. Greggs B, Burns T, Egeghy P, Embry M, Fantke P, Gaborek B,
et al. Qualitative approach to comparative exposure in alternatives
assessment. Integr Environ Assess Manage. 2019;15:880-894.
https://doi.org/10.1002/ieam.4070.

15. Fantke P, Ernstoff AS, Huang L, Csiszar SA, Jolliet O. Coupled
near-field and far-field exposure assessment framework for che-
micals in consumer products. Environ Int. 2016;94:508–18.
https://doi.org/10.1016/j.envint.2016.06.010

16. Nazaroff WW. Embracing microbes in exposure science. J Expo
Sci Environ Epidemiol. 2019;29:1–10. https://doi.org/10.1038/
s41370-018-0075-4

17. Kuras ER, Richardson MB, Calkins MM, Ebi KL, Hess JJ,
Kintziger KW, et al. Opportunities and challenges for personal
heat exposure research. Environ Health Perspect.
2017;125:085001. https://doi.org/10.1289/EHP556

18. Domingo-Pueyo A, Sanz-Valero J, Wanden-Berghe C. Disorders
induced by direct occupational exposure to noise: systematic
review. Noise Health. 2016;18:229–39. https://doi.org/10.4103/
1463-1741.192479

19. Lioy P, Weisel C. Exposure science: basic principles and appli-
cations. Oxford: Academic Press; 2014.

20. Bruinen de Bruin Y, von Goetz N, Schlüter U, Bessems J, Con-
nolly A, Dudzina T, et al. Assessment of needs for a European
strategy on exposure science. The Netherlands: ISES Europe,
Riethoven; 2019.

21. Whitmee S, Haines A, Beyrer C, Boltz F, Capon AG, de Souza
Dias BF, et al. Safeguarding human health in the Anthropocene
epoch: report of The Rockefeller Foundation–Lancet Commission
on planetary health. Lancet. 2015;386:1973–2028. https://doi.org/
10.1016/S0140-6736(15)60901-1

22. Prüss-Ustün A, Wolf J, Corvalán C, Neville T, Bos R, Neira M.
Diseases due to unhealthy environments: an updated estimate of
the global burden of disease attributable to environmental deter-
minants of health. J Publ Health. 2016;39:464–75. https://doi.org/
10.1093/pubmed/fdw085

23. European Commission. Regulation (EC) No 1907/2006 of the
European Parliament and of the council of 18 December 2006
concerning the registration, evaluation, authorisation and restriction
of chemicals (REACH). Brussels: European Commission; 2006.

24. Fantke P, Aurisano N, Provoost J, Karamertzanis PG, Hauschild
M. Toward effective use of REACH data for science and policy.
Environ Int. 2019. https://doi.org/10.1016/j.envint.2019.105336

25. European Commission. Regulation (EU) No 230/2014 of the
European Parliament and of the Council of 11 March 2014
establishing an instrument contributing to stability and peace.
Brussels: European Commission; 2014.

26. Suciu N, Tediosi A, Ciffroy P, Altenpohl A, Brochot C, Verdonck
F, et al. Potential for MERLIN-Expo, an advanced tool for higher
tier exposure assessment, within the EU chemical legislative fra-
meworks. Sci Total Environ. 2016;562:474–9. https://doi.org/10.
1016/j.scitotenv.2016.04.072

27. European Commission. Communication from the Commission to
the European Parliament, the Council, the European Economic
and Social Committee and the Committee of the Regions—

Building a European exposure science strategy 923

http://creativecommons.org/licenses/by/4.0/
http://creativecommons.org/licenses/by/4.0/
https://doi.org/10.1038/jes.2014.59
https://doi.org/10.1039/C7EM00510E
https://doi.org/10.1039/C7EM00510E
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1016/S0140-6736(17)32345-0
https://doi.org/10.1289/EHP3871
https://doi.org/10.1002/etc.4261
https://doi.org/10.1016/j.chemosphere.2016.07.065
https://doi.org/10.1016/j.chemosphere.2016.07.065
https://doi.org/10.1021/es400482g
https://doi.org/10.1021/es400482g
https://doi.org/10.1002/ieam.4070
https://doi.org/10.1016/j.envint.2016.06.010
https://doi.org/10.1038/s41370-018-0075-4
https://doi.org/10.1038/s41370-018-0075-4
https://doi.org/10.1289/EHP556
https://doi.org/10.4103/1463-1741.192479
https://doi.org/10.4103/1463-1741.192479
https://doi.org/10.1016/S0140-6736(15)60901-1
https://doi.org/10.1016/S0140-6736(15)60901-1
https://doi.org/10.1093/pubmed/fdw085
https://doi.org/10.1093/pubmed/fdw085
https://doi.org/10.1016/j.envint.2019.105336
https://doi.org/10.1016/j.scitotenv.2016.04.072
https://doi.org/10.1016/j.scitotenv.2016.04.072


roadmap to a Resource Efficient Europe—COM(2011) 571 final.
Brussels: European Commission; 2011.

28. European Commission. Towards an EU research and innovation
policy agenda for nature-based solutions & re-naturing cities.
Brussels: European Commission; 2015.

29. Fantke P, Jolliet O, Apte JS, Hodas N, Evans J, Weschler CJ, et al.
Characterizing aggregated exposure to primary particulate matter:
Recommended intake fractions for indoor and outdoor sources.
Environ Sci Technol. 2017;51:9089–9100. https://doi.org/10.
1021/acs.est.7b02589

30. Hodas N, Loh M, Shin H-M, Li D, Bennett D, McKone TE, et al.
Indoor inhalation intake fractions of fine particulate matter:
Review of influencing factors. Indoor Air. 2016;26:836–56.
https://doi.org/10.1111/ina.12268

31. Ernstoff A, Niero M, Muncke J, Trier X, Rosenbaum RK,
Hauschild M, et al. Challenges of including human exposure to
chemicals in food packaging as a new exposure pathway in life
cycle impact assessment. Int J Life Cycle Assess.
2019;24:543–52. https://doi.org/10.1007/s11367-018-1569-y

32. Csiszar SA, Ernstoff AS, Fantke P, Jolliet O. Stochastic modeling
of near-field exposure to parabens in personal care products. J
Expo Sci Environ Epidemiol. 2017;27:152–9. https://doi.org/10.
1038/jes.2015.85

33. Dionisio KL, Frame AM, Goldsmith MR, Wambaugh JF, Liddell
A, Cathey T, et al. Exploring consumer exposure pathways and
patterns of use for chemicals in the environment. Toxicol Rep.
2015;2:228–37. https://doi.org/10.1016/j.toxrep.2014.12.009

34. European Commission. Decision No 1386/2013/EU of the European
Parliament and of the Council of 20 November 2013 on a General
Union Environment Action Programme to 2020 ‘Living well, within
the limits of our planet’. Brussels: European Commission; 2013.

35. European Commission. Study for the strategy for a non-toxic
environment of the 7th environment action programme: final
report. Brussels: European Commission; 2017.

36. European Commission. COM/2019/190 final—report from the
Commission to the European Parliament, the Council, the Eur-
opean Economic and Social Committee and the Committee of the
Regions on the Implementation of the circular economy action
plan. Brussels: European Commission; 2019.

37. Blum C, Bunke D, Hungsberg M, Roelofs E, Joas A, Joas R, et al.
The concept of sustainable chemistry: Key drivers for the transi-
tion towards sustainable development. Sustain Chem Pharm.
2017;5:94–104. https://doi.org/10.1016/j.scp.2017.01.001

38. European Commission. COM/2018/321 final: Communication
from the Commission to the European Parliament, the European
Council, the Council, the European Economic and Social Com-
mittee and the Committee of the Regions: A Modern Budget for a
Union that Protects, Empowers and Defends The Multiannual
Financial Framework for 2021–2027. Brussels: European Com-
mission; 2018.

39. European Commission. COM/2016/0739 final—Communication
from the Commission to the European Parliament, the Council, the
European Economic and Social Committee and the Committee of
the Regions—Next steps for a sustainable European future: Eur-
opean action for sustainability. Strasbourg: European Commis-
sion; 2016.

40. European Commission. COM/2019/22 final—reflection paper
towards a sustainable Europe by 2030. Brussels: European
Commission; 2019.

41. Dudzina T, Delmaar CJE, Biesterbos JWH, Bakker MI, Bokkers
BGH, Scheepers PTJ, et al. The probabilistic aggregate consumer
exposure model (PACEM): Validation and comparison to a lower-
tier assessment for the cyclic siloxane D5. Environ Int.
2015;79:8–16. https://doi.org/10.1016/j.envint.2015.03.006

42. Money C. Improving the relevance and efficiency of human
exposure assessments within the process of regulatory risk

assessment. Environ Sci Proc Imp. 2018;20:12–19. https://doi.org/
10.1039/C7EM00434F

43. Ganzleben C, Antignac J-P, Barouki R, Castaño A, Fiddicke U,
Klánová J, et al. Human biomonitoring as a tool to support che-
micals regulation in the European Union. Int J Hyg Environ Health.
2017;220:94–97. https://doi.org/10.1016/j.ijheh.2017.01.007

44. Rappaport SM. Implications of the exposome for exposure sci-
ence. J Expo Sci Env Epidemiol. 2011;21:5–9. https://doi.org/10.
1038/jes.2010.50

45. Wild CP. The exposome: From concept to utility. Int J Epidemiol.
2012;41:24–32.

46. van der Waals J, Falk A, Fantke P, Filippousi V, Flipphi R, Mottet
D, et al. Safe-by-design for materials and chemicals: towards an
innovation programme in Horizon Europe. Ministry of Infra-
structure and Water Management: The Hague, The Netherlands;
2019. https://doi.org/10.5281/zenodo.3254382

47. Shin H-M, Ernstoff AS, Arnot JA, Wetmore B, Csiszar SA,
Fantke P, et al. Risk-based high-throughput chemical screening
and prioritization using exposure models and in vitro bioactivity
assays. Environ Sci Technol 2015;49:6760–71. https://doi.org/10.
1021/acs.est.5b00498

48. Ring CL, Arnot J, Bennett DH, Egeghy P, Fantke P, Huang L, et al.
Consensus modeling of median chemical intake for the U.S.
population based on predictions of exposure pathways. Environ Sci
Technol 2019;53:719–32. https://doi.org/10.1021/acs.est.8b04056

49. Bagli S, Pistocchi A. From fate to exposure and risk modeling
with GIS. In: Pistocchi A (ed) GIS based chemical fate modeling:
principles and applications. Wiley Blackwell: Hoboken, New
Jersey; 2014. p. 377–403.

50. Wannaz C, Fantke P, Jolliet O. Multi-scale spatial modeling of
human exposure from local sources to global intake. Environ Sci
Technol. 2018;52:701–11. https://doi.org/10.1021/acs.est.7b05099

51. Wannaz C, Franco A, Kilgallon J, Hodges J, Jolliet O. A global
framework to model spatial ecosystems exposure to home and
personal care chemicals in Asia. Sci Total Environ. 2018;
622–623:410–20. https://doi.org/10.1016/j.scitotenv.2017.11.315

52. Den Hond E, Govarts E, Willems H, Smolders R, Casteleyn L,
Kolossa-Gehring M, et al. First steps toward harmonized human
biomonitoring in Europe: Demonstration project to perform
human biomonitoring on a European scale. Environ Health Per-
spect. 2015;123:255–63. https://doi.org/10.1289/ehp.1408616

53. Adler S, Basketter D, Creton S, Pelkonen O, van Benthem J,
Zuang V, et al. Alternative (non-animal) methods for cosmetics
testing: current status and future prospects—2010. Arch Toxicol.
2011;85:367–485. https://doi.org/10.1007/s00204-011-0693-2

54. Ng CA, von Goetz N. The global food system as a transport
pathway for hazardous chemicals: the missing link between
emissions and exposure. Environ Health Perspect. 2017;125:1–7.
https://doi.org/10.1289/EHP168

55. Diamond ML, de Wit CA, Molander S, Scheringer M, Backhaus
T, Lohmann R, et al. Exploring the planetary boundary for che-
mical pollution. Environ Int. 2015;78:8–15. https://doi.org/10.
1016/j.envint.2015.02.001

56. Fantke P, Illner N. Goods that are good enough: introducing an
absolute sustainability perspective for managing chemicals in
consumer products. Curr Opin Green Sustain Chem.
2019;15:91–97. https://doi.org/10.1016/j.cogsc.2018.12.001

57. Bruinen de Bruin Y, Bessems J, Fantke P, von Goetz N, Schlüter
U, Connolly A. Anchoring exposure science in Europe. In: Hei-
nemeyer G, Jantunen M, Hakkinen P (eds). The practice of con-
sumer exposure assessment. Springer International Publishing:
Cham, Switzerland; 2019, p. 480.

58. Allahyari M, Pouriyeh S, Assefi M, Safaei S, Trippe ED,
Gutierrez JB, et al. A brief survey of text mining: classification,
clustering and extraction techniques. 2017. Preprint at https://a
rxiv.org/abs/1707.02919

924 P. Fantke et al.

https://doi.org/10.1021/acs.est.7b02589
https://doi.org/10.1021/acs.est.7b02589
https://doi.org/10.1111/ina.12268
https://doi.org/10.1007/s11367-018-1569-y
https://doi.org/10.1038/jes.2015.85
https://doi.org/10.1038/jes.2015.85
https://doi.org/10.1016/j.toxrep.2014.12.009
https://doi.org/10.1016/j.scp.2017.01.001
https://doi.org/10.1016/j.envint.2015.03.006
https://doi.org/10.1039/C7EM00434F
https://doi.org/10.1039/C7EM00434F
https://doi.org/10.1016/j.ijheh.2017.01.007
https://doi.org/10.1038/jes.2010.50
https://doi.org/10.1038/jes.2010.50
https://doi.org/10.5281/zenodo.3254382
https://doi.org/10.1021/acs.est.5b00498
https://doi.org/10.1021/acs.est.5b00498
https://doi.org/10.1021/acs.est.8b04056
https://doi.org/10.1021/acs.est.7b05099
https://doi.org/10.1016/j.scitotenv.2017.11.315
https://doi.org/10.1289/ehp.1408616
https://doi.org/10.1007/s00204-011-0693-2
https://doi.org/10.1289/EHP168
https://doi.org/10.1016/j.envint.2015.02.001
https://doi.org/10.1016/j.envint.2015.02.001
https://doi.org/10.1016/j.cogsc.2018.12.001
https://arxiv.org/abs/1707.02919
https://arxiv.org/abs/1707.02919

	Building a European exposure science strategy
	Abstract
	Exposure science as an important discipline
	The European context
	Considering major scientific trends
	Elements for building a strategy
	Key needs and building blocks
	Main activities for a successful strategy
	Conclusions and next steps
	ACKNOWLEDGMENTS
	Compliance with ethical standards

	ACKNOWLEDGMENTS
	References




