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ARTICLE INFO ABSTRACT

Handling Editor: Adrian Covaci Background: Evaluating and managing exposures to chemical, physical and biological stressors, which frequently
interplay with psychological stressors as well as social and behavioural aspects, is crucial for protecting human

Keywords: and environmental health and transitioning towards a sustainable future. Advances in our understanding of

Exposure assessment
Education and training
Learning outcomes

ISES Europe

Competence development

exposure rely on input from well-trained exposure scientists. However, no education programmes in Europe are
currently explicitly dedicated to cover the broader range of exposure science approaches, applications, stressors
and receptors.

Objective: To address this challenge, a curriculum is needed that yields credible, well-defined career pathways in
exposure science.

Methods: Needs and conditions for advancing exposure science education in Europe were identified. As a starting
point for a way forward, harmonised learning outcomes for exposure science were defined at each level of the
European Qualifications Framework. The course programme coordinators were recruited for three varying
courses, with respect to the course level and the proportion of the curriculum dedicated to exposure science.
These courses were assessed via our systematic course review procedure. Finally, strategic objectives and actions
are proposed to build exposure science education programmes.
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Resuits: The ISES Europe ‘Education, Training and Communication’ expert working group developed a frame-
work for creating a viable exposure science curriculum. Harmonised learning outcomes were structured under
eight learning levels, categorised by knowledge, skills and competence. Illustrative case studies demonstrated
how education providers integrated these learning outcomes for their educational context and aligned the overall

exposure science curriculum.

Conclusions: The international recognition and adoption of exposure science education will enable advances in
addressing global exposure science challenges for various stressors, from behavioural aspects from individual to
population scale, and effective communication between exposure scientists and relevant stakeholders and policy
makers, as part of the European Exposure Science Strategy 2020-2030.

1. Introduction

The advancement of scientific knowledge about human and envi-
ronmental exposure to chemical, physical, biological and psychological
stressors is vital for protecting human and environmental health,
boosting green innovation, and developing sustainable technologies and
products across sectors (Lioy, 2010; National Research Council, 2012;
Lioy and Smith, 2013; Shin et al., 2015; Bruinen de Bruin et al., 2019;
Fantke and Illner, 2019; Fantke et al., 2020b; Wood et al., 2020).
Exposure science is a multidisciplinary field combining expertise from
various disciplines, including epidemiology, occupational hygiene,
environmental science, veterinary and agricultural sciences, toxicology,
and sustainability assessment. Elements of exposure science exist in
other domains, such as environmental health and public health, for
understanding the environmental, toxicological, physiological and so-
ciology adverse effects of these stressors. Exposure science links stressors
with human and environmental receptors to quantify and characterize
related health implications (Lioy, 2010). It plays a central role in
developing effective exposure and risk management strategies, pro-
gressing sustainable-by-design (SSbD) solutions to local and global
challenges (e.g. COVID-19 and other pandemics, environmental pollu-
tion, and climate change) (Kjellstrom et al., 2018; Bruinen de Bruin
et al., 2020; Deziel et al., 2020; Fantke et al., 2021; Jolliet et al., 2021;
Lim, 2021; Kosnik et al., 2022; Persson et al., 2022). Exposure science
seeks to improve our understanding of risk through better comprehen-
sion of exposures, and reliable exposure information in health and
safety, security and sustainability science and policy, is needed. There is
increased demand for well-trained exposure scientists at different levels
across various stakeholder groups (Cohen Hubal et al., 2011; National
Research Council, 2012; Deziel et al., 2020). A scientific framework
supporting regulatory risk assessment and management (e.g. data
collection, data analysis, model development and application) and
evaluating exposure sources, stressors, and receptors at relevant
spatiotemporal scales will facilitate this growth. The importance of
exposure science was very apparent during the COVID-19 pandemic,
including its relevance for psychosocial and mental health issues
(Gruber et al., 2021) and assisted in identifying vulnerable groups,
elucidating exposure pathways and imposing mitigation factors to
minimize public health impacts from the pandemic (Deziel et al., 2020).

Combining exposure and hazard information in toxicology and
epidemiology is a feature of global chemical policies and decision-
making frameworks. However, this has often been perceived as the
most challenging (and frequently the least defined and weakest) step in
different regulatory frameworks and assessment tools (Fantke et al.,
2016; Greggs et al., 2019; Tickner et al., 2019).

In Europe, exposure information is needed in various regulatory
frameworks (Bruinen de Bruin et al., 2022), requiring literacy in
handling a large diversity of data and methods (Pleil et al., 2012; Lioy,
2015; Fantke et al., 2020a). The lack of formal education and training in
exposure science in Europe poses a threat to the development of urgently
needed baseline acceptance criteria for exposure data, methods and
tools, and aligned use of exposure information across current and future
EU legislation. A framework strategy is urgently needed to build a cur-
riculum appropriate to European conditions to match the increasing

demand (Fantke et al., 2020b). For example, in the past 20 years, the
European chemical legislation has been strengthened, including REACH
legislation, which requires exposure information for regulatory evalua-
tion and an increasing need for explicitly trained exposure scientists in
the respective agencies, i.e. the European Food Safety Authority (EFSA)
and the European Chemicals Agency (ECHA). The need for well-trained
exposure scientists will be even more pronounced to support new ini-
tiatives and policy ambitions (e.g. the European Green Deal (European
Commission, 2019), PARC®). Furthermore, the proposed strategy will
also contribute towards elevating the advancement of exposure science
as independent discipline.

In the United States, some institutions already provide graduate
programmes and modules in exposure science (Dvonch, 2020; Adetona,
2021). In Europe, short courses in exposure science are emerging, but no
stand-alone higher educational programmes for exposure science exist.
Instead, exposure science topics are integrated into education curricula
of other fields (e.g. occupational health, occupational hygiene and
health, toxicology and risk assessment). Differences in the science-to-
policy process, including directives, regulations and practices between
Europe and other continents, require tailored education and training.
Commitment to professional development should advance this inde-
pendent yet strongly interconnected scientific field.

Firstly, European exposure science education and training pro-
grammes need consistent and unambiguous learning outcomes within a
curriculum framework that can be tailored to individual countries and
decision contexts across Europe, accommodating future global guidance
initiatives (e.g. via OECD’s Working Party on Exposure Assessment). A
harmonised European exposure science curriculum will assist in estab-
lishing exposure science as a distinct academic discipline recognized by
European regulators and experts in risk assessment and other relevant
fields. An important consequence of aligned, structured training will be
the promising and dedicated career pathway opportunities in exposure
science.

As part of the ISES Europe ‘European Exposure Science Strategy
2020-2030’, this paper provides a framework for advancing exposure
science education and training in Europe. Three main objectives are: (a)
to develop an aligned set of learning outcomes for exposure science, (b)
to demonstrate in a case study and provide guidance on how to update
existing and develop new training courses and (c) to propose an action
plan that identifies specific tasks, resources, needs and timelines for
building a full exposure science curriculum.

2. Needs for an improved exposure science education

Establishing a sustainable educational field requires several ele-
ments, including scientific recognition, defined career pathways,
educational credentials, and promotion and acceptance by a profes-
sional peer group (e.g. ISES for the exposure science field) (Cohen Hubal
et al., 2011; Pleil et al., 2012). ISES Europe’s ‘Education, Training and
Communication’ working group (referred to as ‘Education Working

3 The European Partnership for the Assessment of Risks from Chemicals https
://anses.fr/en/content/european-partnership-assessment-risks-chemicals-parc.
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Group’) was created to develop a strategic framework for advancing
education around exposure science.

In a themed session, the working group identified the need for
increased acceptance of exposure science as a scientific field that re-
quires education, with only specific exposure science elements being
currently taught as part of adjacent educational programmes. However,
a niche exists for non-segmented teaching of exposure science to foster
synergies and advancing related education. Therefore, dedicated edu-
cation and training programmes to foster exposure science career
pathways are urgently required to respect and adapt to professional
boundary conditions at national and regional regulatory contexts.

Systems thinking has been identified as a key competence essential in
transitioning toward a sustainable future (Wiek et al., 2011); this is a
central theme in exposure science, holistically connecting elements from
environmental sciences, public health sciences, engineering, and social
sciences. Thus, understanding the complexity and interactions among
exposure science elements is crucial. Therefore, the Education Working
Group experts, together with stakeholders from different sectors, iden-
tified current gaps and ways forward for exposure science education
using a systematic strengths, weaknesses, opportunities and threats
(SWOT) analysis, focusing on European conditions and regulatory
settings.

Based on this analysis, the Education Working Group identified the
state-of-the-art of exposure science education in Europe and exploring
options for advancing current curricula, academic programmes, courses,
teaching materials, instructors and institutions that fall under the
broader scope of exposure science. Major strategic objectives for
advancing exposure science education were identified along with spe-
cific actions and their expected timelines as part of an overarching Eu-
ropean Exposure Science Strategy 2020-2030.

3. Towards a consistent exposure science curriculum

To develop a consistent exposure science curriculum, efforts are
needed to establish the following set of critical elements, to be addressed
in parallel:

e Recognition and broad awareness of exposure science as an inde-
pendent yet strongly interconnected scientific field,

e Harmonised learning outcomes for exposure science that various
education providers can adopt,

e Commitment from higher educational institutions to establish
exposure science education programs within the institutional and
national qualification framework and

e Appropriate funding mechanisms to facilitate educational advances
in exposure science.

Once an overarching exposure science curriculum is developed and
adopted by educational institutions, further efforts are needed to ensure
the attractiveness of these related courses. One method is to provide
certification as a method for course evaluation. This should ensure a
minimum quality of exposure science content and alignment to expec-
tations of global exposure science education and training.

4. The starting point: Aligned learning outcomes
4.1. Defining learning outcomes for exposure science

The Education Working Group experts began developing the re-
quirements of exposure science in education and training in 2018.
Learning outcomes have been outlined at each level of the European
Qualifications Framework (EQF) (European Commission, 2017), an 8-
level, learning outcomes-based framework for all types of qualifica-
tions, which serves as a translation tool between different national
qualifications frameworks and links into the Bologna Process for higher
education (European Commission, 2018), a European agreement across
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EU countries for comparability in the standards and quality of qualifi-
cations. The development of the specific learning outcomes for each
learning level was inspired by guidelines from the National Framework
of Qualifications from the National Qualifications Authority of Ireland
(National Qualifications Authority of Ireland, 2003), which gave generic
learning outcomes for each level of learning under eight different re-
quirements. The Education Working Group used the EQF levels of
learning and the generic descriptors for the learning outcomes and
categorised the requirements for learning according to descriptors
related to three main areas: knowledge, skill and competence (EC Eu-
ropean Commission, 2017, Annex II). The Education Working Group
experts used these three areas to develop and advance the generic de-
scriptors to specific exposure-science descriptions for the learning out-
comes (Table 1). Along with outlining the learning outcomes for each
level of learning, recommendations were developed on the typical
career pathway or course type, the course credits and program type, as
well as any expected entry level of knowledge or qualification.

Exposure scientists work in various professions, most prominently in
the areas of risk assessment, occupational health and exposure moni-
toring in industry, regulatory agencies or academia. Currently, most
exposure scientists start as chemists, physicists, biologists, toxicologists,
environmental scientists or other scientists and rely on self-study and
education by peers. Hence, the knowledge expected in the professional
fields mentioned above served as the basis for identifying the learning
outcomes required to be implemented in courses for exposure scientists.
The EQF levels (1-8) were used to assign learning outcomes. The EQF
1-4 levels were grouped together but split into two training types, as
these courses can vary on their entrance requirements and desired
outcomes. Therefore, we defined the first EQF 1-4 group for introduc-
tory or general short courses (1-4: I) and a second EQF 1-4 group of
specialised short courses or continual professional development courses
(1-4: P). Each level of learning has suggested career pathways, the total
required hours, European Credit Transfer and Accumulation System
(ECTS) credits, the typical type of programme that would provide these
courses, the entry level and the overarching learning objectives.
Learning outcomes at each level are thereby cumulative, meaning that
each higher level assumes that learning outcomes of lower levels have
already been met.

Following this process, specific exposure sciences learning outcomes
were developed from generic descriptors (National Qualifications Au-
thority of Ireland, 2003) and the ISES Europe Education Working Group
expertise, as summarized in Table 1.

4.2. Developing curricula topics from identified learning outcomes

Building on the learning outcomes for existing exposure science
courses, additional education and training needs were identified. To
align with the structured EQF levels, recommended learning topics were
collated and categorised based on the level of learning.

The recommended exposure science topics were grouped by generic
exposure science theory and analysis, exposure science methodologies,
and specific context and practical application (Fig. 1), collated and
categorised under the most suitable learning level (i.e. introductory to
advance learning). As progression is made through the education levels,
it is envisioned that all recommended subject matter has been encom-
passed, unless designing a specialised training course. Introductory level
in Fig. 1 would approximately correspond to EQF 1-4: I, intermediate
level to EQF 5-7, and advanced level to EQF 7-8.

Once the learning outcomes and topics were outlined, it was neces-
sary to establish the method by which course providers would establish
exposure science courses. For higher EQF levels, the participants would
require an initial level of expertise, and outlining the entry requirements
for individual courses would be required.
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Table 1

Learning outcomes for exposure science curricula at each qualification level are defined by the European qualifications framework (EQF). I: introductory or general
short courses. P: specialised short courses or continual professional development courses.

Levels as per the European Qualification Framework (EQF)

1-4:1 1-4: P 5 6 7 8
Expected career ~ Various Specialised Technician Supervisory role Junior management role/  Academia/Post-doctoral
pathways professional early stage researcher researcher/
qualifications " Senior management
Approximate 1-90 ECTS 1-5 ECTS 120 ECTS 180-240 ECTS (3-4 60-120 ECTS >90 per year
total effort years) (1-2 years) (Minimum three years)
(ECTS)?
Typical Introductory or short Continual professional Higher certificate/ Bachelor course Master course Doctoral degree
program of course development Diploma honours & ordinary
study level
Prior learning Ranging from no Specific qualification Diploma/ School/Higher Bachelor of Science Master of Science
requirements prior learning to or professional 2-3 years of study certificate (BSc) (MSc)
or entry-level specialised experience
knowledge knowledge
Learning Learners will obtain knowledge, know-how & skill & competencies and would be expected to be able to:
outcomes
Knowledge Understand the broad  Understand specific Comprehend the Demonstrate a broad Demonstrate an in-depth Demonstrate an in-depth
aims & objectives of topic aims & objectives  fundamental range of knowledge knowledge, informed by awareness of current
exposure science in of exposure science principles & concerning the critical evaluation of knowledge gaps &
relation to health, background theory fundamental principles  scientific literature & associated research
society & Demonstrate specific related to exposure & knowledge base of publications regarding needs which is at the
environment knowledge of the science & its exposure science the principles of assessing  forefront of the exposure
relationship between relationship with & managing exposures to  science field
Demonstrate an environment & health health, society & Differentiate & physical stressors
awareness of the Understand and apply environment comprehend the
relationship between specific concepts & various applications of
the environment & relate them to Identify & understand  exposure science
health exposure science the determinants of Identify relationships
Understand & apply exposure between exposure &
concepts from effects & design
multiple sub- Anticipate key health strategies for the study
disciplines related to & environmental of dose-response
exposure science impacts pertinent to relationships
exposure science &
Define the the options for their
relationships between control
exposure & the effects
of dose response Identify & evaluate
relationships relationships between
exposure & the effects
of dose response
relationships
Skills Demonstrate basic Demonstrate specific Design sampling Select & apply Formulate hypotheses & Formulate research
practical skills practical skills relevant  strategies & surveys exposure science tools design, choose & adapt questions, develop
relevant to exposure to exposure science considering the scope & methodologies to relevant methodologies research & the execution
science & goal of the exposure  assess & manage to solve complex of experiments to solve
Select & apply specific assessment exposure in a range of exposure science complex exposure
Identify relevant exposure science different contexts problems & advance science problems
information, and use methods & tools to Understand the knowledge in the
skills & or techniques  assess & manage limitations of Analyse, interpret & discipline Design & develop new
to undertake basic exposure in the exposure science tools  report a wide range of methodologies &
exposure science relevant area exposure science data Take responsibility for exposure assessment
surveys Interpret exposure communicating & tools
science data & Characterise reporting to regulatory
Identify relevant demonstrate problem uncertainty & agencies, putting the Apply science &
contextual solving abilities variability of exposure exposure data into statistics to analyse,
information for data & how this context & providing risk interpret data &
exposure assessment translates for exposure  analyses to ensure the synthesize valid
& to select suitable & risk assessment. safety of the general conclusions to the
exposure controls population & workers solution of a complex
Apply major exposure science
Perform basic components of the problem
analysis & reporting exposure science
of exposure science framework to address
data complex exposure
science problems
Competence Exercise autonomy & Exercise autonomy & Demonstrate Demonstrate Lead large complex Demonstrate an ability
judgement within a judgement on a autonomy & professional autonomy  exposure science to work at the forefront
defined set of specific exposure professional & judgement on a projects. of exposure science

parameters.

Take responsibility

science topic.

Take responsibility for

judgement on a range
of issues related to
exposure science

range of complex
exposure science
Issues.

Critically reflect upon
central ethical &

Recognize the impact of
scientific solutions in a
societal context & be

(continued on next page)
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Levels as per the European Qualification Framework (EQF)

1-4:1

1-4:P

5

6

7

8

for completing tasks
& procedures in
connection with
statutory
requirements, codes
of practice & quality
assurance practice.

completing tasks &
procedures in
connection with
statutory
requirements, codes of
practice & quality
assurance practice.

Address defined
exposure-related
problems by
determining, adapting
& using appropriate
methods & skills to
analyse exposure
science data

Evaluate actions,
methods & results
with reference to the
exposure science
framework

Evaluate scientific
literature & databases
to identify
information needed to
understand exposure

Demonstrate ability to
lead exposure science
problem solving,
project management &
related communication

Critically analyse &
interpret scientific
literature to identify
information needed to
understand &
effectively
communicate aspects
of exposure science.

Design individual
research projects
within an appropriate
setting

scientific questions in
relation to scientific work
in exposure science

Able to execute solutions
to complex exposure
science problems

able to respond
effectively to the needs
for sustainable
development with a
professional, ethical &
moral responsibility.

science

M gpecialised courses as part of continual professional development have learning outcomes that are very specific to the course.

@ 1 ECTS = 10 h of learner effort.

Advanced exposure model development

New & emerging stressors & exposure settings

Human behavior analysis/social science

Public opinion

evaluation Exposure modelling

Exposure measurements and testing

Laboratory analytics

Information gathering & processing

Pharmaco-/toxicokinetics Chemical substitution
Toxicology

Introduction to
exposure science

Exposure terminology,
theoretical concepts, principles,
& research methodology

General
application of
exposure science

Exposure results interpretation & dissemination
(e.g. report writing, communication)

Introductory level

Color key

Human/environmental biomonitoring
Statistical analysis

Occupational/industrial hygiene/health

Interplay between chemical, biological,
physical & psychological stressors

Ecological planning

Progress measurement for

Epidemiology Sustainable Development

Disaster & pandemics
management

Risk & safety assessment
Social determinants

of exposure

Life cycle impact assessment Agrifood systems

Consumer & public health/well-being management

Quantitative sustainability assessment

Environmental health

Intermediate level Advanced level

Skills: Generic exposure science theory & analysis | Methodologies relevant for exposure science | Specific contexts & practical exposure application fields

Fig. 1. A list of key topics in the field of exposure science that could be taught at various levels and modes, from introductory courses to advanced speci-

alised courses.

4.3. Applying learning outcomes in practice: Three case studies

To illustrate the practical use of the harmonised learning outcomes
for developing exposure science courses, three separate, existing courses
that deliver exposure science training aspects have been evaluated as per
the systematic course review procedure proposed (the entire procedure
is described in SI and Fig. S1). The three case studies related to post-
graduate training on human exposure assessment embedded in toxi-
cology (course A), postgraduate training within health, environmental
and life cycle impacts (course B), and occupational exposure training as
part of a specialised toxicology programme (course C). The three courses
are briefly described below, with further information provided in SI

(Supplementary Information).

Course A is a newly developed postgraduate training course as part of
the Dutch national postgraduate educational programme in toxicology.
This joint effort of eight Dutch universities offers 21 courses (https:
//www.toxcourses.nl). The course focuses on exposure assessment for
human health, is entitled ‘Human Exposure Assessment’ and qualifies
for accreditation as European Registered Toxicologist (ERT) (Wilks
et al., 2016). This course primarily targets PhD candidates pursuing
European toxicology registration corresponding to EQF level 8. This is a
one-week course corresponding to 1.5 ECTS. The learning outcome is to
understand the basic principles of exposure assessment.

Course B is a postgraduate training in assessing health,
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environmental and life cycle impacts as part of different study lines at
the Technical University of Denmark (DTU course 12774, https://kurs
er.dtu.dk/course/12774). This course was developed for a wide range
of engineering students (e.g. environmental, chemical and architectural
engineering) in the last year of their Master’s studies. This course is
delivered as a three-week block and is worth 5 ECTS credits. The
learning outcomes focus on understanding and effectively applying
assessment methods and tools for quantifying environmental, health and
life cycle impacts. A large part of the course focuses on the interface
between environmental fate, chemical exposure and toxicity effects.

Course C is developed for specialised toxicologists of the German
Society of Toxicology (DGPT, http//https://www.helmholtz-muenchen.
de/toxkurse/kurse/kursuebersicht); the ‘Identification and Assessment
of Exposure’ course focus mainly on occupational exposure, which is
delivered over one week, as part of a modular structure for advanced
learning consisting of approximately 20 modules. The learning out-
comes are to develop knowledge of exposure data and its application,
utilise exposure assessment tools and acquire a basic understanding of
consumer and environmental exposure assessment.

Fig. 2 demonstrates that the three selected courses with different
objectives and curricula can be tailored to be relevant for exposure
science and aligned across countries and education programmes. Case
study course A, a newly developed course, aligns well with the
harmonised learning outcomes (Table 1). While courses B & C had an
underlying scope that overlaps with exposure science, this evaluation
showed that these courses could be further adapted better to match the
aligned learning outcomes for exposure science. Through this adjust-
ment, these courses could be further strengthened by systematically
incorporating objectives listed under different categories (e.g. knowl-
edge, skill or competency) that are still specific to the scope of the
addressed exposure science topics (Fig. 1). Future ambitions include an
operational certification process to allow training programmes and op-
portunities to be evaluated and receive certification for their courses.

Case study course (A)

Case study course (B)
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With the above assessment process, the three illustrative case study
courses would be able to seek potential certification as exposure science
courses in the future.

4.4. A strategy for advancing exposure science education

To achieve the overall aim of this framework for education, training
and communication, four overarching, strategic objectives (SOs) have
been identified. The first strategic objective (SO1) is developing material
and resources to promote the exposure science field. Advancing on this
objective, SO2 is the development of materials that will build into an
exposure science curriculum to ensure the availability of exposure sci-
ence courses that will lead to specially qualified exposure scientists.
Once specific courses are available, there will be a requirement to have a
process to certify courses and give accreditation for exposure scientists.
The SO3 is to establish awarding bodies for certification and accredi-
tation to assist with developing defined career pathways for graduates
and advancing the scientific field. In addition, in parallel with the
aforementioned strategic objectives, SO4 would enhance the dialogue
among exposure scientists, ensuring the accomplishment of the other
three strategic objectives (Table 2).

The ISES Europe ‘European Exposure Science Strategy’ is scheduled
to be fully implemented in 2030. The education, training and commu-
nication strategy has four main strategic objectives (SO1-SO4) with
numerous milestones, incrementally building on each to eventually
implement the overall strategy in Fig. 3.

ISES and its different regional chapters could assist as being the
primary source for scientific development, educational training and
instruction, and communication by using the website as a platform for
all available exposure science-related courses and highlighting the
career pathways for exposure science graduates. Future objectives out-
lined in the roadmap include advancing the exposure science field to
achieve recognition and awareness of the discipline, which must be

Case study course (C)

Needs for course

Course specifications

Scope/domains

Exposure science
learning outcomes

Expected change in
learning

Human Exposure
Assessment

o General human exposure
competence as part of the
postgraduate toxicology programme
(or comparable initial training)

]

Postgraduate training for
toxicologists in support of MSc
candidates, 1.5 ECTS, EQF8
Focus on human exposure

[e]

Exposure assessment by
measurement and modelling

Focus on exposure to hazardous
impurities and contaminants in
consumer products (general public)
and industrial chemicals (workers)

o]

[e]

[e]

Understand principles of exposure
assessment, including how
exposure routes,toxicokinetics and
internal dose

Strengths & limitations of exposure
measurements and modelling in
human health risk assessment
Statistically analyse and interpret
exposure measurement & modelling
results in risk assessment

]

[e]

o Ability to apply exposure
assessment in multiple contexts

Assessing health, environmental
and life cycle impacts

o Ability of students to develop impact
pathways for emissions of and
exposure to chemicals and other
stressors for decision support

o Technological specification course,
MSc Eng, 5 ECTS, EQF 7

o Environmental engineering,
sustainable design

o Exposure assessment as part of life
cycle impact assessment and
chemical substitution

o Focus on modeling consumer
expousre, population exposure and
ecological exposure

o Characterize human and ecological
exposures

o Quantify exposure and impact
factors and rank results

o Apply comparative exposure
assessment models and data

o **Determine and justify
uncertainties in exposure results

o **Integrate exposure results into
comparative decision tools

o Increased understanding and use of
of exposure science data and tools
in decision support

Identification and assessment
of exposure

o Competence in an appropriate
science as part of 20 modules with
a toxicological focus (laboratory
animal science, carcinogenesis, etc.)

(o}

Course as part of the advanced
training to become a specialist
toxicologist, 1-week course, EQF 7
Focus on occupational exposure

(o}

Exposure assessment and
evaluation based on measurement
data and models

Focus on considering exposure
reduction measures in the
workplace

[e]

(o]

Understand the theory, concepts
and methods (modelling,
monitoring) of occupational
exposure assessment

Evaluate the relative importance of
different exposure pathways

Use reports, databases and
scientific literature to evaluate
exposure situations for application
in different regulatory contexts

o]

(o]

o]

o Increased knowledge of the needs
for higher-tier worker exposure
assessments and tool application

Fig. 2. An evaluation of three case studies illustrates courses compared to harmonised learning outcomes for exposure science. Details of the three courses are
provided in the SI. **Learning outcomes that were explicitly introduced into an already existing course to address the learning outcomes for exposure science

curricula as defined in Table 1.
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Table 2

Overview of four strategic objectives, key actions and estimated timelines for
developing a harmonised exposure science curriculum, integrating into the
global exposure science context.

Key actions & relation to Integration into global exposure Estimated
strategic objectives for science context timeline
advancing exposure science in
Europe
SO1: Exposure science promotion
e Develop and publish exposure e To develop awareness and 2020-26
science videos of experts in recognition of exposure
the field to promote the science as an independent
discipline and demonstrate field worldwide
defined career pathways for
graduates
e Create a centralised online e Hosted on the ISES website, it 2020-30
location to find information will include information on
on all exposure science qualifications, locations,
courses available worldwide costs, type of learning (e.g.
online/blended learning)
e Develop an overarching o The live document will be 2020-30
exposure science hosted on the ISES website,
terminology, a short glossary and international experts will
on exposure science be invited to feed into a global
terminology will be consensus-building process for
published, which will be a consistent exposure science
followed by a live document terminology
S0O2: Exposure Science Curriculum
e Develop an outline for a e Feed into global exposure 2025-30
master’s curriculum for science education and training
newly developed or adapted programmes
exposure science courses and
provide guidance on the
course subjects, materials and
the evaluation process.
S0O3: Recognition for exposure science courses
e Define a framework and e Draw on and align with 2021-25
outline criteria of the conditions of existing
exposure science course curricula from related
requirements to obtain disciplines and exposure
certification and for exposure science courses outside
scientists to apply for Europe
accreditation
e Define accreditation and e Tailor criteria toward specific 2025-30
certification progress for conditions of different world
exposure science courses and regions as part of a global
professional accreditation certification process
and establish/appoint
appropriate awarding bodies.
S04: To enhance the dialogue among exposure scientists
e Include a parallel session for e To promote dialogue among 2020-30

education, training and
communication in the ISES
Europe biannual chapter
meetings

Run Webinars/workshops,
partly to be initiated by the
WG education, training and
communication

scientists within Europe and
worldwide, a number of
avenues will be adopted to
enhance communication,
including dedicated sessions
at ISES Europe and ISES
meetings.

recognised and acknowledged with professional accreditation, including
continuous professional development. This can be achieved by devel-
oping a certified and tiered exposure science education and training
programme in Europe that aligns with the European Credit Transfer and
Accumulation System (ECTS). Furthermore, exposure science education
efforts should be as much as possible aligned with “One Health” initia-
tives (https://www.who.int/health-topics/one-health), fostering a sys-
temic understanding to sustainably balance and optimize the health of
people, animals and ecosystems, with exposure science as a central
element. Thus, in due course, ISES and the relevant chapters could
facilitate the progression of education, training and communication,
which could include providing guidance and certification/accreditation
for exposure science courses.
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5. Discussion & Recommendations

Exposure science is rapidly growing with relevance across many
disciplines, but no formal educational training programme currently
exists in Europe explicitly in this field. Although numerous occupational
health and hygiene programmes provide good foundations, there is a
need to develop programmes that cover the broader scope of exposure
science aspects.

In Europe, exposure science is firmly anchored in differ-
ent EU regulatory frameworks, fragmented into over 812 EU Regula-
tions and Directives (Bruinen de Bruin et al., 2022). Each legislative
requirement creates specific demands and requirements and represents a
substantial challenge for practitioners and decision-makers in devel-
oping and harmonising exposure data, methods, and tools. For industry,
there are many regulatory requirements for health and environmental
risk assessment. While exposure assessment and hazard characterisation
are equally essential components of risk assessment, hazard consider-
ations are often the focus and decision drivers (e.g., phase-out of
stressor, one chemical-one assessment perspective).

Beyond the regulatory context, exposure science is essential for
several recently proposed European strategies, such as the sustainable-
by-design (SSbD) framework, moving towards a circular economy and
a non-toxic environment by 2050 (Joint Research Center, 2022). The
need to close gaps and align regulatory and non-regulatory requirements
on exposure information has put a unique demand on the European
exposure science community. An increased importance on exposure
considerations could lead to better informed risk-based decision-mak-
ing. Unfortunately, the dearth of knowledgeable exposure scientists in
industry and regulation could contribute to maintaining the current
emphasis on hazards, as well as the potential for oversimplification of
regulatory assessments. Therefore, European-wide support is required to
develop best practices in exposure science education and training to
ensure appropriate expertise is available.

Currently, there is a dearth of exposure science courses, especially
across Europe. However, relevant expertise and training are available
across an array of disciplines pertinent to exposure science. To develop
specialised training in exposure science, many recommendations will
have to be addressed, including enhancing collegiality among exposure
scientists to elevate education within the field. This is especially
important for a scientific field that can be embedded within a multitude
of disciplines. Furthermore, it is essential to promote the awareness of
the exposure science role, to raise its recognition as an independent yet
interconnected field. To address these issues, the ISES Europe Education
Working Group has developed the European Exposure Science Strategy,
with a long-term ambition of creating an exposure science programme
curriculum and establishing a framework for certification and accredi-
tation of exposure science courses and professionals.

The first step is to build a foundation on which an exposure science
curriculum could be developed, including harmonising the exposure
science terminology used (Heinemeyer et al., 2022) and determining
appropriate and aligned learning outcomes across all levels of learning
(i.e. Bloom’s taxonomy of learning objectives (Krathwohl, 2002)),
where each level builds upon the previous learning level, from intro-
ductory to advance learning. For example, short or introductory courses
might include a basic level of learning, while certified or accredited
courses would be more advanced with specific applications. Advanced
learning would be most appropriate for assessing, applying and ana-
lysing, as well as providing in-depth knowledge for decision-makers in
exposure science and adjacent fields.

For the development of exposure science courses, it is imperative at
the initiation stage to formulate the overall objective and remit of the
course. Once decided, the course design can utilise the proposed
learning outcomes (chosen in alignment with the specific remit) and
select module types (e.g. Fig. 1) to develop a course plan. For adjusting
existing courses, a procedure outline (e.g. Fig. S1) and examples are
presented in Fig. 2. A curriculum should include exposure science theory


https://www.who.int/health-topics/one-health
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ISES Europe

criteria (SO-3)

Working Group (WG) ‘Education,
Training & Communication’
|

Publish exposure science
terminology document

WG strategy development

Outline accreditation

Criteria for education
certification (SO-3)
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Overall European exposure science education strategy implementation

Enhance dialogue by biannual WG meetings, webinars and workshops (SO-4)

Establish awarding body for exposure
science courses (SO-4)

Accreditation criteria for awarding

bodies; Criteria for certification of
exposure science courses (SO-3)

Exposure science curriculum (SO-2)

Live exposure science terminology document (SO-1)
Information on training courses available online (SO-1)

Education promotion (SO-1)

2022| 2024|

2026| 2028' 2030|

Fig. 3. Roadmap of the strategic objectives for advancing exposure science education.

and analysis, exposure science methodologies, specific context and
practical application, and communication. Initially, courses will prob-
ably be short, a module within an academic programme or private
training providers. However, the long-term ambitions are to build a full
curriculum for an exposure science course, which educational in-
stitutions can adopt to establish relevant postgraduate programmes (e.g.
Masters Exposure Science), with a motive to upskill relevant personnel
to enter exposure science related sectors (e.g. regulatory risk assessor).

Education providers can extract specific learning outcomes and
integrate them into their specific educational context, thus aligning the
overall exposure science curriculum. Although the proposed aligned
learning outcomes should be harmonised in all exposure science courses,
the level of learning, the delivery method, and module types may differ
across course providers based on exposure science students’ knowledge,
skills, and competency requirements. Additionally, it would also be
essential to establish the course entry requirements. Multiple methods
for evaluating a person’s initial education and experience for admittance
may be needed, depending on the course type, for example, an assess-
ment by a valuator based on initial education, including certificates of
initial training or an entry exam (Walker, 2009).

Further future ambitions include the recognition of educational
courses and programmes (e.g. certification) and the professional status
of exposure scientists in the field (e.g. accreditation), which will ulti-
mately result in appropriately trained graduates with more defined
career pathways. ISES Europe will play a central role in supporting the
development and consolidation of exposure science education, training
and communication. Once initial steps are accomplished, relevant
learning outcomes can potentially inform initiatives outside Europe. The
proposed exposure science learning outcomes and specific topics are
aligned with the Bologna Process, which is recognised internationally
and could make these applicable worldwide. A global approach can then
be attained to certify courses and accreditation of professional status for
exposure scientists.

For the successful implementation of this strategy, it is crucial to
obtain funding to support projects facilitating achieving this ambitious
goal. Also, to have support from agencies and relevant bodies in estab-
lishing exposure science as a recognised and established field with
different career options and outlining a roadmap to achieve the aligned
learning requirements for experts in this field. Furthermore, systems
need to be developed to receive certification and accreditation for
courses and professionals, respectively. However, it is imperative that

even before the strategy is fulfilled, other advancements happen in the
immediate future from scientists, policy-makers, academia, and profes-
sional bodies. Advancements in acknowledging and recognising expo-
sure scientists, the exposure science field, and the need for a dedicated
workforce is essential.

6. Conclusions

The ISES Europe Education, Training and Communication working
group strategy provides a framework for developing high-quality certi-
fied education and training programmes for exposure scientists, which is
crucial to advancing exposure knowledge and its uptake in policy, in-
dustry and society. To obtain this goal, a curriculum is required that
covers all relevant exposure science aspects while considering complex
conditions and regulatory frameworks and strengthens the link to other
scientific disciplines. The strategy and underlying action plan to develop
such an exposure science curriculum in Europe can serve as a role model
for other world regions. Moreover, Europe’s strategic plan for exposure
science education will be especially relevant for addressing global
challenges. Ensuring there are appropriately trained experts worldwide
who develop and implement solutions for the global supply chain and
risk management is required in the growing field of exposure science.

CRediT authorship contribution statement

Alison Connolly: Conceptualization, Project administration, Meth-
odology, Formal analysis, Investigation, Writing — original draft, Writing
- review & editing. Paul T.J. Scheepers: Conceptualization, Method-
ology, Formal analysis, Investigation, Writing — original draft, Writing —
review & editing. Marie A. Coggins: Conceptualization, Methodology,
Formal analysis, Investigation, Writing — original draft, Writing — review
& editing. Theo Vermeire: Conceptualization, Methodology, Formal
analysis, Investigation, Writing — original draft, Writing — review &
editing. Martie van Tongeren: Conceptualization, Methodology,
Writing — original draft, Writing — review & editing. Gerhard Heine-
meyer: Conceptualization, Methodology, Formal analysis, Writing —
original draft, Writing — review & editing. James W. Bridges:
Conceptualization, Methodology, Writing — review & editing. Susanne
Bredendiek-Kamper: Investigation, Formal analysis, Writing — review
& editing. Yuri Bruinen de Bruin: Conceptualization, Methodology,
Writing — original draft, Writing — review & editing. Johannes Gerding:



A. Connolly et al.

Investigation, Writing — review & editing. Josephine McCourt: Inves-
tigation, Formal analysis, Methodology, Writing — review & editing. Jan
Urbanus: Conceptualization, Methodology, Writing — original draft,
Writing — review & editing. Susana Viegas: Conceptualization, Meth-
odology, Writing — original draft, Writing — review & editing. Natalie
von Goetz: Conceptualization, Methodology, Writing — original draft,
Writing — review & editing. Maryam Zare-Jeddi: Writing — review &
editing. Peter Fantke: Conceptualization, Project administration,
Methodology, Formal analysis, Investigation, Writing — original draft,
Writing — review & editing.

Declaration of Competing Interest

The authors declare that they have no known competing financial
interests or personal relationships that could have appeared to influence
the work reported in this paper.

Data availability

No data was used for the research described in the article.

Acknowledgements

We thank all members of the ISES Europe Working Group on Edu-
cation, Training and Communication for their input. This work was
financially supported by the Mistra SafeChem project funded by the
Swedish Foundation for Strategic Environmental Research (grant no.
DIA 2018/11).

Appendix A. Supplementary material

Supplementary data to this article can be found online at https://doi.
org/10.1016/j.envint.2022.107477.

References

Adetona, 0., 2021. PUBHEHS 7380 - Exposure Science Monitoring Techniques. The Ohio
State University, College of Public Health, Columbus, Ohio.

Bruinen de Bruin, Y., von Goetz, N., Schliiter, U., Bessems, J., Connolly, A., Dudzina, T.,
Ahrens, A., Bridges, J., Coggins, M., Conrad, A., Crépet, A., Heinemeyer, G.,
Haénninen, O., Kephalopoulos, S., McLachlan, M., Meijster, T., Poulsen, V.,

Rother, D., Vermeire, T., Viegas, S., Vlaanderen, J., Zare Jeddi, M., Fantke, P., 2019.
Assessment of Needs for a European Strategy on Exposure Science. ISES Europe,
Riethoven, The Netherlands, p. 48.

Bruinen de Bruin, Y., Lequarre, A.-S., McCourt, J., Clevestig, P., Pigazzani, F., Zare
Jeddi, M., Colosio, C., Goulart, M., 2020. Initial impacts of global risk mitigation
measures taken during the combatting of the COVID-19 pandemic. Saf. Sci. 128,
104773 https://doi.org/10.1016/j.ssci.2020.104773.

Bruinen de Bruin, Y., Franco, A., Ahrens, A., Morris, A., Verhagen, H., Kephalopoulos, S.,
Dulio, V., Slobodnik, J., Sijm, D.T.H.M., Vermeire, T., Ito, T., Takaki, K., De Mello, J.,
Bessems, J., Zare Jeddi, M., Tanarro Gozalo, C., Pollard, K., McCourt, J., Fantke, P.,
2022. Enhancing the use of exposure science across EU chemical policies as part of
the European Exposure Science Strategy 2020-2030. J. Eposure Sci. Environ.
Epidemiol. 32, 513-525. https://doi.org/10.1038/541370-021-00388-4.

Cohen Hubal, E.A., Barr, D.B., Koch, H.M., Bahadori, T., 2011. The promise of exposure
science. J. Eposure Sci. Environ. Epidemiol. 21, 121-122. https://doi.org/10.1038/
jes.2010.55.

European Commission, 2017. 2017/C 189/03 - Council recommendation of 22 May 2017
on the European Qualifications Framework for lifelong learning and repealing the
recommendation of the European Parliament and of the Council of 23 April 2008 on
the establishment of the European Qualifications Framework for lifelong learning.
Commission of the European Communities, Brussels, Belgium.

European Commission, 2018. The EU in support of the Bologna process. European
Commission, Brussels, Belgium, p. 17.

European Commission, 2019. COM/2019/640 final - Communication from the
Commission to the European Parliament, the European Council, the Council, the
European Economic and Social Committee and the Committee of the Regions: The
European Green Deal. Commission of the European Communities, Brussels, p. 24.

Deziel, N.C., Allen, J.G., Scheepers, P.T.J., Levy, J.I., 2020. The COVID-19 pandemic: A
moment for exposure science. J. Eposure Sci. Environ. Epidemiol. 30, 591-593.
https://doi.org/10.1038/541370-020-0225-3.

Dvonch, T., 2020. EHS601: Exposure Science And Health. University of Michigan, School
of Public Health, Ann Arbor, Michigan.

Environment International 168 (2022) 107477

Fantke, P., Ernstoff, A.S., Huang, L., Csiszar, S.A., Jolliet, O., 2016. Coupled near-field
and far-field exposure assessment framework for chemicals in consumer products.
Environ. Int. 94, 508-518. https://doi.org/10.1016/j.envint.2016.06.010.

Fantke, P., Chiu, W.A., Aylward, L., Judson, R., Huang, L., Jang, S., Gouin, T.,
Rhomberg, L., Aurisano, N., McKone, T., Jolliet, O., 2021. Exposure and toxicity
characterization of chemical emissions and chemicals in products: Global
recommendations and implementation in USEtox. Int. J. Life Cycle Assess. 26,
899-915. https://doi.org/10.1007/s11367-021-01889-y.

Fantke, P., Aurisano, N., Provoost, J., Karamertzanis, P.G., Hauschild, M., 2020a. Toward
effective use of REACH data for science and policy. Environ. Int. 135,
105336-105338. https://doi.org/10.1016/j.envint.2019.105336.

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

Fantke, P., von Goetz, N., Schliiter, U., Bessems, J., Connolly, A., Dudzina, T., Ahrens, A.,
Bridges, J., Coggins, M.A., Conrad, A., Hanninen, O., Heinemeyer, G.,
Kephalopoulos, S., McLachlan, M., Meijster, T., Poulsen, V., Rother, D., Vermeire, T.,
Viegas, S., Vlaanderen, J., Zare Jeddi, M., Bruinen de Bruin, Y., 2020b. Building a
European exposure science strategy. J. Eposure Sci. Environ. Epidemiol. 30,
917-924. https://doi.org/10.1038/s41370-019-0193-7.

Greggs, B., Burns, T., Egeghy, P., Embry, M., Fantke, P., Gaborek, B., Heine, L., Jolliet, O.,
Lee, C., Muir, D., Plotzke, K., Rinkevich, J., Sunger, N., Tanir, J., Whittaker, M.,
2019. Qualitative approach to comparative exposure in alternatives assessment.
Integr. Environ. Assess. Manage. 15, 880-894. https://doi.org/10.1002/ieam.4070.

Gruber, J., Prinstein, M.J., Clark, L.A., Rottenberg, J., Abramowitz, J.S., Albano, A.M.,
Aldao, A., Borelli, J.L., Chung, T., Davila, J., et al., 2021. Mental health and clinical
psychological science in the time of COVID-19: Challenges, opportunities, and a call
to action. Am. Psychol. 76, 409-426. https://doi.org/10.1037/amp0000707.

Heinemeyer, G., Connolly, A., von Goetz, N., Bessems, J., Bruinen de Bruin, Y.,
Coggins, M.A., Fantke, P., Galea, K.S., Gerding, J., Hader, J.D., Heussen, H.,
Kephalopoulos, S., McCourt, J., Scheepers, P.T.J., Schlueter, U., van Tongeren, M.,
Viegas, S., Zare Jeddi, M., Vermeire, T., 2022. Towards further harmonization of a
glossary for exposure science — an ISES Europe statement. J. Eposure Sci. Environ.
Epidemiol. 32, 526-529. https://doi.org/10.1038/541370-021-00390-w.

Joint Research Center, 2022. Safe and sustainable by design chemicals and materials:
Framework for the definition of criteria and evaluation procedure for chemicals and
materials. European Commission, Joint Research Center.

Jolliet, O., Huang, L., Hou, P., Fantke, P., 2021. High throughput risk and impact
screening of chemicals in consumer products. Risk Anal. 41, 627-644. https://doi.
org/10.1111/risa.13604.

Kjellstrom, T., Freyberg, C., Lemke, B., Otto, M., Briggs, D., 2018. Estimating population
heat exposure and impacts on working people in conjunction with climate change.
Int. J. Biometeorol. 62, 291-306. https://doi.org/10.1007/500484-017-1407-0.

Kosnik, M.B., Hauschild, M., Fantke, P., 2022. Toward assessing absolute environmental
sustainability of chemical pollution. Environ. Sci. Technol. 56, 4776-4787. https://
doi.org/10.1021/acs.est.1c06098.

Krathwohl, D.R., 2002. A revision of bloom’s taxonomy: An overview. Theory Practice
41, 212-218. https://doi.org/10.1207/s15430421tip4104_2.

Lim, X., 2021. Microplastics are everywhere - But are they harmful? Nature 593, 22-25.
https://doi.org/10.1038/d41586-021-01143-3.

Lioy, P.J., 2010. Exposure science: A view of the past and milestones for the future.
Environ. Health Perspect. 118, 1081-1090. https://doi.org/10.1289/ehp.0901634.

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

Lioy, P.J., Smith, K.R., 2013. A discussion of exposure science in the 21st century: A
vision and a strategy. Environ. Health Perspect. 121, 405-409. https://doi.org/
10.1289/ehp.1206170.

National Qualifications Authority of Ireland, 2003. Outline National Framework of
Qualifications — Determinations made by the National Qualifications Authority of
Ireland. National Qualifications Authority of Ireland, Dublin, Ireland. https://www.
qqi.ie/sites/default/files/media/file-uploads/Determinations%20for%20the%
20outline%20National%20Framework%200f%20Qualifications.pdf.

National Research Council, 2012. Exposure Science in the 21st Century: A Vision and a
Strategy. The National Academies Press, Washington, D.C., p. 196

Persson, L., Carney Almroth, B.M., Collins, C.D., Cornell, S., de Wit, C.A., Diamond, M.L.,
Fantke, P., Hassellov, M., MacLeod, M., Ryberg, M.W., Jgrgensen, P.S., Villarrubia-
Gomez, P., Wang, Z., Hauschild, M.Z., 2022. Outside the safe operating space of the
planetary boundary for novel entities. Environ. Sci. Technol. 56, 1510-1521.
https://doi.org/10.1021/acs.est.1c04158.

Pleil, J.D., Blount, B.C., Waidyanatha, S., Harper, M., 2012. Establishing exposure
science as a distinct scientific discipline. J. Exposure Sci. Environ. Epidemiol. 22,
317-319. https://doi.org/10.1038/jes.2012.5.

Shin, H.-M., Ernstoff, A.S., Arnot, J.A., Wetmore, B., Csiszar, S.A., Fantke, P., Zhang, X.,
McKone, T.E., Jolliet, O., Bennett, D.H., 2015. Risk-based high-throughput chemical
screening and prioritization using exposure models and in vitro bioactivity assays.
Environ. Sci. Technol. 49, 6760-6771. https://doi.org/10.1021/acs.est.5b00498.

Tickner, J., Simon, R., Jacobs, M., Rudisill, C., Tanir, J., Heine, L., Spencer, P., Fantke, P.,
Malloy, T., Edwards, S., Zhou, X., 2019. Lessons from the 2018 International
Symposium on Alternatives Assessment: Advances and reflections on practice and
ongoing needs to build the field. Integr. Environ. Assess. Manage. 15, 909-916.
https://doi.org/10.1002/ieam.4213.

Walker, G., 2009. Admission and graduation requirements for special education doctoral
programs at 20 top American universities. Int. J. Special Ed. 24, 53-63.


https://doi.org/10.1016/j.envint.2022.107477
https://doi.org/10.1016/j.envint.2022.107477
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0005
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0005
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0010
https://doi.org/10.1016/j.ssci.2020.104773
https://doi.org/10.1038/s41370-021-00388-4
https://doi.org/10.1038/jes.2010.55
https://doi.org/10.1038/jes.2010.55
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0030
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0030
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0030
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0030
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0030
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0035
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0035
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0040
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0040
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0040
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0040
https://doi.org/10.1038/s41370-020-0225-3
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0050
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0050
https://doi.org/10.1016/j.envint.2016.06.010
https://doi.org/10.1007/s11367-021-01889-y
https://doi.org/10.1016/j.envint.2019.105336
https://doi.org/10.1016/j.cogsc.2018.12.001
https://doi.org/10.1038/s41370-019-0193-7
https://doi.org/10.1002/ieam.4070
https://doi.org/10.1037/amp0000707
https://doi.org/10.1038/s41370-021-00390-w
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0095
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0095
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0095
https://doi.org/10.1111/risa.13604
https://doi.org/10.1111/risa.13604
https://doi.org/10.1007/s00484-017-1407-0
https://doi.org/10.1021/acs.est.1c06098
https://doi.org/10.1021/acs.est.1c06098
https://doi.org/10.1207/s15430421tip4104_2
https://doi.org/10.1038/d41586-021-01143-3
https://doi.org/10.1289/ehp.0901634
https://doi.org/10.1038/jes.2014.59
https://doi.org/10.1289/ehp.1206170
https://doi.org/10.1289/ehp.1206170
https://www.qqi.ie/sites/default/files/media/file-uploads/Determinations%20for%20the%20outline%20National%20Framework%20of%20Qualifications.pdf
https://www.qqi.ie/sites/default/files/media/file-uploads/Determinations%20for%20the%20outline%20National%20Framework%20of%20Qualifications.pdf
https://www.qqi.ie/sites/default/files/media/file-uploads/Determinations%20for%20the%20outline%20National%20Framework%20of%20Qualifications.pdf
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0145
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0145
https://doi.org/10.1021/acs.est.1c04158
https://doi.org/10.1038/jes.2012.5
https://doi.org/10.1021/acs.est.5b00498
https://doi.org/10.1002/ieam.4213
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0170
http://refhub.elsevier.com/S0160-4120(22)00404-4/h0170

A. Connolly et al.

Wiek, A., Withycombe, L., Redman, C.L., 2011. Key competencies in sustainability: A
reference framework for academic program development. Sustain. Sci. 6, 203-218.
https://doi.org/10.1007/s11625-011-0132-6.

Wilks, M.F., Blaauboer, B.J., Schulte-Hermann, R., Wallace, H.M., Galli, C.L., Haag-
Gronlund, M., Matovié, V., Teixeira, J.P., Zilliacus, J., Basaran, N., et al., 2016. The
European Registered Toxicologist (ERT): Current status and prospects for

10

Environment International 168 (2022) 107477

advancement. Toxicol. Lett. 259, 151-155. https://doi.org/10.1016/j.
toxlet.2016.06.014.

Wood, M.D., Plourde, K., Larkin, S., Egeghy, P.P., Williams, A.J., Zemba, V., Linkov, L.,
Vallero, D.A., 2020. Advances on a decision analytic approach to exposure-based
chemical prioritization. Risk Anal. 40, 83-96. https://doi.org/10.1111/risa.13001.


https://doi.org/10.1007/s11625-011-0132-6
https://doi.org/10.1016/j.toxlet.2016.06.014
https://doi.org/10.1016/j.toxlet.2016.06.014
https://doi.org/10.1111/risa.13001

	Framework for developing an exposure science curriculum as part of the European Exposure Science Strategy 2020–2030
	1 Introduction
	2 Needs for an improved exposure science education
	3 Towards a consistent exposure science curriculum
	4 The starting point: Aligned learning outcomes
	4.1 Defining learning outcomes for exposure science
	4.2 Developing curricula topics from identified learning outcomes
	4.3 Applying learning outcomes in practice: Three case studies
	4.4 A strategy for advancing exposure science education

	5 Discussion & Recommendations
	6 Conclusions
	CRediT authorship contribution statement
	Declaration of Competing Interest
	Data availability
	Acknowledgements
	Appendix A Supplementary material
	References


