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OPINION  
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Occupational Health & Safety 

on the report entitled "Integration of the exposome in ANSES's activities" 

 ANSES undertakes independent and pluralistic scientific expert assessments. 
ANSES primarily ensures environmental, occupational and food safety as well as assessing the potential health 
risks they may entail. 
It also contributes to the protection of the health and welfare of animals, the protection of plant health and the 
evaluation of the nutritional characteristics of food. 
It provides the competent authorities with all necessary information concerning these risks as well as the requisite 
expertise and scientific and technical support for drafting legislative and statutory provisions and implementing risk 
management strategies (Article L.1313-1 of the French Public Health Code).  
Its opinions are published on its website. This opinion is a translation of the original French version. In the event of 
any discrepancy or ambiguity the French language text dated 2 March 2023 shall prevail. 

1. BACKGROUND AND PURPOSE OF THE REQUEST 

Since its emergence in 2005, the concept of the exposome has given rise to numerous 
research projects that form part of a continuum of questions to science about the role of 
environmental factors in the development of chronic diseases, which have become the leading 
cause of death in developed countries in recent decades. The interest shown in this concept 
has extended beyond research teams to convince public decision-makers, and it was included 
in the Act of 28 January 2016 on the modernisation of the health system.  

ANSES carries out tasks in the areas of monitoring, expert appraisal, research and reference 
in a wide range of fields including human health, animal health and welfare, and plant health. 
It provides a cross-functional perspective on health issues when assessing health risks and 
benefits, in particular through the lens of the human and social sciences. Its monitoring, 
vigilance and surveillance work provides input for risk assessment. The Agency assesses a 
broad range of risks (chemical, biological, physical, etc.) to which a person may be exposed, 
intentionally or otherwise, at all ages and times of their life, whether at work, while travelling, 
while engaging in leisure activities, or via their diet1. These risks are most often assessed from 
a single source (air, water, food, dust, veterinary medicinal products, etc.) and a single route 

                                                
1 https://www.anses.fr/en/content/our-identity 
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of exposure (ingestion, inhalation, dermal contact) by making simplified assumptions about 
exposure over time (constant, acute, one-off exposure, etc.).  

Thus, the exposome, which seeks to study the role of all the environmental factors encountered 
over the course of a lifetime in the development of disease, has yet to be largely implemented 
by ANSES, whether scientifically or methodologically. It is therefore important for the Agency 
to assess the practical consequences of including the exposome concept in legislation and 
integrating it in the deployment of its core activities. This involves identifying the opportunities, 
approaches and means for its implementation, as well as what is needed in terms of 
development and new skills to address it. 

To this end, ANSES set up a working group (Exposome WG) reporting to the Scientific Board 
and tasked with proposing ways to strengthen integration of the exposome in the Agency's 
activities, particularly its expert appraisal work. In this respect, the aim was to make practical 
proposals via case studies on integrating the exposome in the expert appraisal work carried 
out by the Agency, while analysing the consequences.  

Consideration of the exposome in risk assessment is still relatively unstructured. As the 
exposome is systemic in nature, it is made up of different components that can be studied by 
a variety of disciplines, using a wide range of approaches and techniques, some but not all of 
which are already used in risk assessment. The objective of this report is to identify the data, 
methods and tools needed to address the exposome and which can be put into practice, based 
on current risk assessment issues. It ultimately involves proposing a more comprehensive risk 
assessment approach, which takes account of the reality of exposures in terms of the diversity 
of exposure factors and sources, in a specific social and environmental context, and which 
integrates inter-individual and intra-individual variability over the course of a lifetime. This 
report focuses on all the health determinants assessed by ANSES: chemical, biological and 
physical agents, the psychosocial and socio-economic context, organisational constraints, etc., 
with the possibility of including other factors. It should be noted that the methods, data and 
examples relating to chemicals are more widely represented because the exposome approach 
was initially developed in this field. Besides expert appraisal, risk management paradigms will 
also need to be revised to integrate the exposome. This integration may also have an impact 
on all the components (assessment/monitoring/management) of risk governance. Because 
one of the Agency's missions is to support the players of this governance with its expertise, 
any changes resulting from the implementation of this WG's recommendations may then be 
reflected in public policies, as well as in the practices of economic players and populations.  

The Agency stresses the broad scope of the questions raised by the exposome, and points 
out that they extend into areas (ethical, scientific, legal, etc.) that go well beyond the remit of 
ANSES's mission. The work undertaken with the Scientific Board has enabled an initial 
exploration, while remaining within ANSES's areas of competence. 
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2. ORGANISATION OF THE EXPERT APPRAISAL  

2.1 Procedure for responding to the formal request 

In the first half of 2019, ANSES drafted terms of reference for an internal request on the issue 
of taking the exposome into account in its activities – particularly its expert appraisal work – 
and put them to its Scientific Board, which would be entrusted with responding to it. There was 
a discussion on the objectives of this request and the way in which it was to be addressed, 
and a working group (WG) made up of experts from the Scientific Board (2016-2019 mandate) 
was formed and convened for this purpose, to share an initial overview of the situation. For 
internal Agency reasons, the working group (whose initial composition has changed) was only 
able to begin its work in early 2021. The working approach proposed by the WG was presented 
and discussed at the Scientific Board's meeting in March 2021.  

In terms of "core activity" areas, the WG's work focused on expert appraisals in risk 
assessment and on research funding activities. With regard to expert appraisals, the WG made 
an original choice in basing its work on ongoing formal requests within the Agency, in order to 
consider the possibility of integrating the exposome in these specific cases of expert 
appraisals. These formal requests were suggested by the Agency and selected by the WG 
following an analysis of ANSES's work programme (2021 and 2022 versions) and the different 
stages of progress of the requests. Priority was given to work just beginning.  

To this end, a "mirror group" was set up within the Risk Assessment Department (DER) whose 
members were the coordinators of the selected formal requests. Whenever possible, the ideas 
proposed by the WG were presented to the body tasked with responding to the formal request 
(WG or Expert Committee – CES).  

The working group – named the Exposome WG – was therefore made up of most of the experts 
from the first mandate and members of the new Scientific Board (2020-2023 mandate), as well 
as an expert who is now retired and who was a member of the former Scientific Board, and 
ANSES staff members with expertise in the field of the exposome or the coordinators of the 
ongoing work for the selected formal requests.  

The Exposome WG’s expert appraisal work was regularly submitted to the Scientific Board. 
Their draft report was submitted for a targeted internal and external consultation in May 2022. 
The report produced by the working group therefore takes account of the observations and 
additional information provided during this consultation and by the Scientific Board members. 
The report and its recommendations received final validation by the Scientific Board at its 
meeting on 20 September 2022. 

This work was therefore conducted by a group of experts and ANSES staff with complementary 
skills. The expert appraisal was carried out in accordance with French Standard NF X 50-110 
"Quality in Expert Appraisals – General requirements of Competence for Expert Appraisals 
(May 2003)". 

2.2 Prevention of risks of conflicts of interest 

ANSES analyses interests declared by experts before they are appointed and throughout their 
work in order to prevent risks of conflicts of interest in relation to the points addressed in expert 
appraisals. 

The experts’ declarations of interests are made public on the following website: 
https://dpi.sante.gouv.fr/. 

https://dpi.sante.gouv.fr/
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3. ANALYSIS AND CONCLUSIONS OF THE SCIENTIFIC BOARD 

The Scientific Board adopted the following definition of the exposome, proposed by its 
Exposome WG in the context of its application to the Agency's work: 

"The exposome corresponds to all the exposure to chemical, biological and 
physical agents, both harmful and beneficial, in interaction with the physiological 
status, living environment and psychosocial context, experienced by a living 
organism from its conception through to the end of its life, in order to explain its 
state of health."  

The exposome study can be broken down schematically into four modules, as shown in the 
figure below (Figure 1). 

 
Figure 1: Representation in four modules of the study of the exposome illustrated by a few examples: from the 
ecosystem, which is the source of exposure, through to biological responses and health effects, and including 

external and internal exposure levels. The time line indicates that the exposome incorporates exposure over an 
entire lifetime. 

The Scientific Board underlines the originality of this definition, which is suited to any living 
organism and includes the ecosystem and the potentially beneficial effects of exposure.  

The Scientific Board notes that ANSES has already begun to take the exposome into account 
in its collective expert appraisal work, in particular around eight themes, presented in the 
diagram below (Figure 2). The case studies examined by the WG and presented in Chapter 6 
of the report confirmed the applicability of integrating the exposome in the formal requests 
addressed by the Agency and enabled interactions to be developed between the Agency's 
teams, thus demonstrating their interest in moving forward on this issue.  
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Figure 2: Themes explored at ANSES in relation to the exposome and risk assessment 

 
The Scientific Board recommends deploying a strategy at ANSES to progressively 
integrate the various components of the exposome approach into its risk assessment 
activities, considering in order of priority and adapting to the context: the multi-source and 
multi-route of exposure, the mixtures, the multiple factors (chemical, biological, organisational, 
physical, psychological, etc.), the temporal dimension of exposure, the risk/benefit 
assessments, the social and geographical aspects, and the eco-exposome, based on the 
diagram below (Figure 3) proposed by the WG.  
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Figure 3. Diagram of a possible introduction of the different components of the exposome in health risk 

assessments (HRAs). The modules represent the exposome components and are added according to the 
question asked. As the number of modules increases, the level of consideration of the exposome components 

rises and is associated with a greater level of complexity and consideration of the reality of exposure. 

 

The Scientific Board also formulates five recommendations for taking the exposome 
into account in ANSES's various expert appraisal activities. 

3.1 Organise cross-functional links between the units of the Risk Assessment 
Department and with other departments 

The Scientific Board recommends setting up a cross-functional activity devoted to the 
exposome, in order to strengthen collaboration between the various units currently organised 
by exposure source (food, water, air) or by agent type (physical, chemical, etc.) and grouped 
into fields. This cross-functional activity should, for example, make it possible to: 

 systematically question the main sources and routes of exposure for all formal 
requests, by assessing the need to aggregate them and organise a cross-functional 
approach to addressing the formal request; 

 systematically question the relevance and feasibility of integrating the "mixture" 
component into expert appraisals; 

 include occupational exposure for the general population and, conversely, sources and 
routes of exposure in daily life for workers; 

 hold a debate in order to propose comprehensive risk assessments (multi-source, 
multi-route, and multi-factor) integrating health impact analyses, benefits and the 
associated economic costs. 
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3.2 Acculturate ANSES's staff and expert committee members 

The Scientific Board calls for: 

 training of the Agency's staff and experts and greater awareness about:  

• taking the results of epidemiological studies into account in hazard identification 
and characterisation, and comparing epidemiological findings with experimental 
results for establishing lines of evidence; 

• assessing risks associated with mixtures; 
• the use of available data through national monitoring programmes and 

European partnerships; 
• adopting the FAIR2 principles for data; 
• the use of spatialisation and temporal analysis tools; 
• the use of specific exposome analysis methods (omics, machine learning, etc.). 

 

 points requiring vigilance to be inserted in ANSES opinions, where appropriate, to draw 
attention to components of the exposome that were not addressed in the formal 
request: other sources and routes that may contribute to exposure, other substances 
with combined effects, potential benefits of exposure, ecotoxicological impacts, etc.;  

 skills of the expert committees to be strengthened in certain fields, particularly in 
ecology, ecotoxicology and the human and social sciences (social epidemiology, 
anthropology, etc.). 

3.3 Organise data, make them available and analyse them 

The Scientific Board advises: 

 developing communication and provision of the data produced and managed by 
ANSES;  

 consolidating the organisation of databases listing the different sources and routes of 
exposure, according to FAIR principles; 

 contributing to the standardisation of data as well as methods and tools for their 
collection and storage at national (epidemiological surveillance platforms, France 
Exposome, the CALIS infrastructure, large cohorts such as Constances, E4N-E3N, 
i-Share, PSY-COHorte, etc.), European (PARC programme, etc.) and international 
levels; 

 contributing to the acquisition and structuring of eco-exposome data (water, soil, air, 
biota) in interoperable databases; 

 ensuring sustainable data management by minimising the environmental footprint; 

 pursuing development of data analysis methods and tools such as machine learning, 
which allow interoperability, analysis and interpretation of data on the exposome. 

 

                                                
2 FAIR is an acronym for Findable, Accessible, Interoperable, Reusable, describing a way of working 
that guarantees the production of easily found, easily accessible, interoperable and reusable data 
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3.4 Develop operational methods and tools  

The Scientific Board recommends: 

 developing integrated approaches to risk assessment (multi-source, multi-route, 
mixtures, etc.) and working on taking the interactions between factors into account. 
This will involve, for example: 

• organising the methods and tools needed to carry out multi-source and multi-
route risk assessments, for example by developing algorithms for combining 
data; 

• deploying a risk assessment strategy for chemical mixtures by prioritising 
mixtures according to regulatory questions, grouping substances into mixtures 
according to their likelihood of co-exposure, modes of action and specific 
effects, and using integrated approaches to testing and assessment (IATA) of 
their toxicity;   

• making available tools and methods devoted to multi-source and route  
exposures and to mixtures, such as those developed for national (Pericles, 
Coctell, etc.) and European (Euromix, HBM4EU, ATHLETE, PARC, etc.) 
research projects. 

 promoting the development of spatial and temporal measures of exposure and 
developing indices that reflect the variety of exposures over the course of a lifetime, 
their occurrence, duration and sensitivity according to the time periods in question; 

 improving how sensitive populations, different exposure routes and human 
biomonitoring data are taken into account for establishing reference values, and 
strengthening requirements regarding the quality of data and methods used for 
determining these values; 

 better integrating environmental signals in human exposure assessments, and trophic 
and behavioural interactions between species in risk assessments. 

3.5 Consolidate collaboration and partnerships  

The Scientific Board strongly encourages: 

 multidisciplinary collaboration, particularly in order to link epidemiological studies, 
experimental studies (in chemico, in vivo and in vitro), modelling (in silico) and risk 
assessment, or strengthening partnerships with ecosystem research players; 

 large-scale surveys that take several sources of exposure into account, enabling the 
investigation of specific behaviours (vegetarianism, high consumption, addictions, 
etc.), sensitive populations (pregnant women, children, etc.),and local contamination, 
as well as integrating social and cultural aspects; 

 synergies in actions rooted in the regions in question, between ANSES and other 
operators such as Regional Health Agencies (ARSs), local authorities and certain 
stakeholders (NGOs, associations). It also calls for the development of citizen science 
to take better account of the geographical, cultural and social characteristics of 
populations in exposure assessment and in the proposals for management measures. 
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With regard to ANSES's research funding mission, the Scientific Board would like the 
exposome to be maintained among the priority themes of the National Research 
Programme for Environmental and Occupational Health (PNR EST), targeting in 
particular the above-mentioned questions.  

 

In conclusion, this ambitious programme to integrate the exposome in ANSES's activities 
requires support in terms of suitable human and financial resources. 

4. AGENCY CONCLUSIONS AND RECOMMENDATIONS 

Firstly, ANSES emphasises the strategic and pioneering nature at national and European level 
of the systemic work undertaken to determine the conditions for taking the exposome into 
account in the activities of a health agency. Indeed, the Agency considered it necessary, at a 
time when the concept is being consolidated in the scientific community and has been 
enshrined in French law in the Public Health Code, to investigate the conditions for its 
implementation in its activities. The work was carried out following an internal request, 
entrusted to its Scientific Board, and included analyses of specific cases of ongoing formal 
requests. ANSES adopts the conclusions of its Scientific Board and the Exposome WG.  
 
The resulting recommendations are intended to strengthen and structure the process of taking 
the exposome into account in the Agency's different activities (expert appraisal, research and 
reference, vigilance and monitoring), in order to address the challenges of the "One Health" 
approach and tomorrow's societal issues through a comprehensive scientific approach to risk 
assessment. These recommendations are addressed to all the players involved in the risk 
assessments conducted by ANSES (researchers, assessors, experts, data producers) and to 
those who implement them (stakeholders, local players, funding bodies, managers, etc.).    

As emphasised by its Scientific Board, this implementation of the exposome in the Agency's 
activities is an ambitious programme that will need to be carried out progressively and with 
support in terms of suitable human and financial resources. This is because deployment of the 
recommendations implies a change in the Agency's practices, the acculturation and upskilling 
of its teams and expert group members, and the further development of suitable methods and 
tools to ensure that the integration of the exposome in risk assessment becomes fully 
operational. Development work will also need to be integrated upstream, from the beginning 
of the exchanges with the parties commissioning the expert appraisal – ministries and 
authorised stakeholders – and in the early phases of reformulating the questions and planning 
how the formal request will be addressed. For ANSES's other core activities, implementing the 
exposome in its research, reference, monitoring and vigilance work should be accompanied 
by the systematic application of FAIR principles to optimise the management, organisation, 
collection and analysis of data generated or used by the Agency. This change in practices 
within the Agency must be supported by the establishment of a suitable organisation. 

In addition to its own development, and with the aim of providing broader input to discussions 
on the exposome, the Agency believes it is important to share the results of its work, by 
disseminating the report to risk assessment players and publishing it within its scientific 
community and among its national, European and international partners, in order to strengthen 
cooperation on this issue. This effort is already under way with ANSES's contribution to 
research programmes on the exposome (Athlete), its participation in national and European 
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initiatives on infectious diseases within the "One Health" framework, its participation in the 
Exposome Research and Expertise Group (GREEX) and its coordination of the European 
Partnership for the Assessment of Risks from Chemicals (PARC). In this partnership, the work 
packages dedicated to FAIR principles, innovative analytical and toxicological methods, and 
an integrated approach to risk assessment considering the development of multi-source, multi-
route and multi-substance exposures over the course of a lifetime, will provide essential 
information for integrating the chemical exposome in the Agency's risk assessments. This 
project, which is bringing together 200 European partners, demonstrates ANSES's 
determination to be a key player in Europe in terms of innovation in risk assessment.  
 
Lastly, as the Ministry of Health prepares to revise the national health strategy, in application 
of Article L.1411, which introduced the concept of the exposome into French law, the results 
of this work will also be mobilised by ANSES to enable it to make its own contribution.   
 

 

 

 

 

        Pr. Benoit VALLET  
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Presentation of the participants 

PREAMBLE: The expert members of the Expert Committees and Working Groups or 
designated rapporteurs are all appointed in a personal capacity, intuitu personae, and do not 
represent their parent organisation. 

WORKING GROUP 

Chair  

Mr Robert BAROUKI – University Professor, Unit Director at Inserm – Biochemistry – 
Toxicology – Exposome 
 

Members  

Mr Jean-Pierre CRAVEDI – Research Director, INRAe – Toxicology 
Mr Philippe QUÉNEL – Honorary Professor, EHESP – Epidemiology – Environmental Health 
– Public Health 
Ms Jeanne GARRIC – Emeritus Research Director, INRAe – Ecotoxicology – Ecological risk  
Mr Alain KAUFMANN – Director of the ColLaboratoire, a unit for collaborative and participatory 
research-action at the University of Lausanne – Human and Social Sciences  
Ms Pascale DUCHÉ – University Professor, Science and Technique of Physical and Sports 
Activities, Toulon University – Exercise Physiology 
Mr Jean-Marc BONMATIN – Senior Research Fellow at the National Centre for Scientific 
Research (CNRS) in Orléans – Chemistry – Toxicology  

RAPPORTEURS 

Ms Isabelle MOMAS – University Professor, Public Health & Environment, University of Paris, 
Paris Faculty of Pharmacy – Public Health – Environmental Health – Environmental 
Epidemiology – Exposure science – Air pollution – Allergies 
Mr Christian DUCROT – Research Director, Deputy Head of the Animal Health Department at 
INRAe in Montpellier – Epidemiology – Animal health – Use of antibiotics – Infectious diseases 
– Interdisciplinarity 

EXPERT COMMITTEE 

The work that is the subject of this report was monitored and adopted by the ANSES Scientific 
Board. 
■ Scientific Board – [2020-2023] 
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Mr Robert BAROUKI – University Professor, Unit Director at the National Institute of Health 
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and monitoring of the influenza virus – Infectious diseases 
Mr Marc LUCOTTE – Professor at the Department of Earth and Atmospheric Sciences of the 
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Glossary 

"Career-long" approach Takes account of all the working conditions and constraints 
experienced by workers during their professional career. 

"Data-driven" approach 

An approach based on collecting data from multiple sources 
without knowing a priori what will be done with these data, and 
analysing them to see whether they could help solve 
surveillance problems. (Chiolero and Buckeridge 2020)  

"Lifelong" approach Takes account of all health determinants over the course of a 
lifetime.  

Biomarker of effect 

A parameter that reflects the biological response (adverse or 
not) to an exposure. This response is an observable and/or 
measurable change at the molecular, biochemical, cellular, 
physiological or behavioural level, and reveals an individual's 
present or past exposure to at least one chemical, biological or 
physical agent. 
(OPERSEI 2005) 

Biomonitoring 

Monitoring of population exposure by measuring concentration 
(contamination) levels of chemicals (and their breakdown 
products) and environmental pollutants in a body. This is done 
by measuring biomarkers in biological samples of blood, urine, 
hair or breast milk.  
(Ministère des Solidarités et de la Santé 2022) 

Eco-exposome 

Extension of exposure science from the point of contact 
between stressor and receptor inward into the organism and 
outward to the general environment, including the ecosphere. 
(National Research Council 2012) 

Adverse effect 
A change in body function or cell structure that could lead to 
disease or health problems. 
(US Agency for Toxic Substances and Disease Registry 2018) 

Epidemiology 

The study of how often diseases and other health conditions 
occur in different groups of people and why. It includes the 
study of health-related measurements (e.g. pesticide exposure 
or vitamin deficiency) in a population and how they may 
influence the risk of ill health (EFSA n.d.). 

Epigenetics 

The study of changes in gene activity that do not involve a 
change in DNA sequence and can be transmitted during cell 
division. Unlike mutations affecting the DNA sequence, 
epigenetic changes are reversible. 
(Inserm 2017) 
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Total diet study 

A study designed to estimate the likely consumption of harmful 
or beneficial substances in the diet. When undertaking such a 
study, commonly-consumed foods are purchased from shops 
in a particular country before being analysed (EFSA n.d.). 

Cumulative risk 
assessment 
 

A method of assessing risks to health or the environment 
posed by multiple substances such as chemicals (EFSA n.d.). 

Weight of evidence 
assessment 

Methodology for assessing the relevance and quality of data, 
and then combining heterogeneous data. 
(ANSES 2016b) 

Risk assessment 
 

A specialised field of applied science that involves reviewing 
scientific data and studies in order to evaluate risks associated 
with certain hazards. It involves four steps: hazard 
identification, hazard characterisation, exposure assessment 
and risk characterisation (EFSA n.d.). 

Exposure science 

This is the science of exposure assessment. It aims to identify 
and characterise contact with toxic agents and their 
penetration into the body, in real-life situations (Sari-Minodier 
et al. 2008). 

Exposure 
Concentration or amount of a particular substance that is taken 
in by an individual, population or ecosystem in a specific 
frequency over a certain amount of time (EFSA n.d.). 

Aggregate exposure 

Exposure to a chemical via all the different sources (food, 
water, air, consumer products, etc.) and routes (ingestion, 
inhalation, skin) from which it may arise (Amélie Crépet, 
Denys, and Hulin 2012) 

Exposome 

All the exposure to chemical, biological and physical agents, 
both harmful and beneficial, in interaction with the 
physiological status, living environment and psychosocial 
context, experienced by a living organism from its conception 
through to the end of its life, in order to explain its state of 
health. (ANSES Exposome WG) 

Exposomics 

Study of the exposome that relies on the application of internal 
and external exposure assessment methods (NIOSH 2022). 
"Omic" methods are used to assess internal exposure, while 
concentration data from different sources are combined with 
data on exposure factors to assess external exposure. 

Exposure factor  

Individual variables (e.g. behavioural, morphological, 
physiological, biological) that influence the internal dose of an 
agent to which an individual is exposed (U.S. Environmental 
Protection Agency (EPA) 2011).  
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Machine learning A form of artificial intelligence designed to train computers to 
ingest and process information automatically. 

Chemical mixture 
Mixtures of substances in which each chemical may have a 
separate identifiable effect on the body and/or a combined 
effect (EFSA n.d.). 

Meta-analysis A statistical approach that combines the results of a series of 
independent studies on a given problem (ANSES 2016b). 

Microbiota  Microbial communities colonising different sites. They include 
gut, lung or skin microbiota (Inserm 2016). 

Multi-factor/factorial  
Consideration of several health determinants of various kinds 
(chemical, biological or physical agents, psychosocial or socio-
economic context, organisational constraints, etc.). 

Multi-source Consideration of several exposure sources (food, water, air, 
dust, consumer products, etc.).  

Multi-route Consideration of several routes of exposure (ingestion, 
inhalation, dermal).   

Omics 

High-powered technologies used for holistic analysis of the 
molecules that make up the cells of living organisms; for 
example, genomics is the study of the entire genome, while 
proteomics analyses the complete complement of proteins 
within a biological sample (EFSA n.d.). They also include 
metabonomics, lipidomics and transcriptomics.  

 
At-risk population 

A group of individuals with a level of exposure to a chemical, 
physical or biological agent that poses a risk to their health. For 
example, in the case of a chemical or physical agent, these 
may be individuals with exposure above the TRV. Similarly, it 
may concern a group of individuals with inadequate nutritional 
intakes in relation to those expected for good health. The at-
risk population may (but not necessarily) include so-called 
sensitive or vulnerable individuals. 

Sensitive population 

A group of individuals for whom the response to a chemical, 
physical or biological agent occurs at a significantly lower level 
of exposure than for the general population, due to factors 
intrinsic to the individuals in that group. These include children, 
pregnant women, asthmatics, immunocompromised 
individuals, people who are overweight or obese, sufferers of 
chronic respiratory insufficiency, and people with specific 
conditions such as anxiety or mental illness.  

Vulnerable population 

Group comprising, in addition to sensitive populations, people 
who may be subject to higher exposure to certain chemical, 
biological or physical agents due to extrinsic social (e.g. 
isolation, cultural barriers, access to information), economic 
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(e.g. financial insecurity/poverty, type of job held), 
environmental (e.g. housing, geographical location) or 
behavioural factors (e.g. dietary behaviour).   

Risk 
The probability that something will cause injury or harm to 
health. 
(US Agency for Toxic Substances and Disease Registry 2018) 

Mental health 

A state of well-being whereby individuals recognise their 
abilities, are able to cope with the normal stresses of life, work 
productively and fruitfully, and make a contribution to their 
communities.  
(World Health Organization 1985) 

Thesaurus Structured directory of terms (key words) for content analysis 
and document classification. 

Toxicokinetics 
 

The study of the processes by which potentially toxic 
substances are handled in the body. This involves an 
understanding of the absorption, distribution, metabolism and 
excretion of such substances. 
(EFSA n.d.) 

Toxicodynamics  
 

The process of interaction of chemical substances with the 
body and the subsequent reactions leading to adverse effects. 
(EFSA n.d.) 

Toxicology 
Study of the harmful effects of substances on humans or 
animals. 
(US Agency for Toxic Substances and Disease Registry 2018) 

Toxicity reference value 

A value defining the level of a particular substance to which 
people can be safely exposed over a specified period; for 
example, the acceptable daily intake (ADI). 
(EFSA n.d.) 
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1. Background, purpose and procedure for 
carrying out the expert appraisal 

1.1 Background and objectives 

Since its emergence in 2005, the concept of the exposome has given rise to numerous 
research projects that form part of a continuum of questions to science about the role of 
environmental factors in the development of chronic diseases, which have become the leading 
cause of death in developed countries in recent decades. The interest shown in this concept 
has extended beyond research teams to convince public decision-makers, and it was included 
in the Act of 28 January 2016 on the modernisation of the health system.  
Thus, under the provisions relating to general health administration, it is written that health 
policy includes (Article L.1411-1, Subparagraph 1): "The monitoring and observation of the 
health status of the population and the identification of its main determinants, particularly those 
related to education and living and working conditions. Identification of these determinants is 
based on the concept of the exposome, understood as the integration over an entire lifetime 
of all the exposures that can influence human health." Under the provisions relating to the 
protection and promotion of maternal and child health, and more specifically on the general 
organisation and missions, Article L. 2111-1 mentions that: "The State, local authorities and 
social security bodies shall participate, under the conditions laid down in this Book, in the 
protection and promotion of maternal and child health, which shall include in particular [...] 5° 
Prevention and information measures on health risks associated with environmental factors, 
based on the exposome concept." 
ANSES carries out tasks in the areas of monitoring, expert appraisal, research and reference 
in a wide range of fields including human health, animal health and welfare, and plant health. 
The Agency provides a cross-functional perspective on health issues when assessing health 
risks and benefits, in particular through the lens of the human and social sciences. Its 
monitoring, vigilance and surveillance work provides input for risk assessment. The Agency 
assesses a broad range of risks (chemical, biological, physical, etc.) to which a person may 
be exposed, intentionally or otherwise, at all ages and times of their life, whether at work, while 
travelling, while engaging in leisure activities, or via their diet1. These risks are most often 
assessed from a single source (air, water, food, dust, veterinary medicinal products, etc.) and 
a single route of exposure (ingestion, inhalation, dermal contact) by making simplified 
assumptions about exposure over time (constant, acute one-off exposure, etc.).  
Thus, the exposome, which seeks to study the role of all the environmental factors encountered 
over the course of a lifetime in the development of disease, has yet to be largely implemented 
by ANSES, whether scientifically or methodologically. It is therefore important for the Agency 
to assess the practical consequences of including the exposome concept in legislation and 
integrating it in the deployment of its core activities. This involves identifying the opportunities, 
approaches and means for its implementation, as well as what is needed in terms of 
development and new skills to address it. 
To this end, ANSES set up a working group (Exposome WG) reporting to the Scientific Board 
and tasked with proposing ways to strengthen integration of the exposome in the Agency's 

                                                
1 https://www.anses.fr/en/content/our-identity 

https://www.anses.fr/en/content/our-identity
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activities, particularly its expert appraisal work. In this respect, the aim was to make practical 
proposals via case studies on integrating the exposome in the expert appraisal work carried 
out by the Agency, while analysing the consequences.  
Consideration of the exposome in risk assessment is still relatively unstructured. As the 
exposome is systemic in nature, it is made up of different components that can be studied by 
a variety of disciplines, using a wide range of approaches and techniques, some but not all of 
which are already used in risk assessment. The objective of this report is to identify the data, 
methods and tools needed to address the exposome and which can be put into practice, based 
on current risk assessment issues. It ultimately involves proposing a more comprehensive risk 
assessment approach, which takes account of the reality of exposures in terms of the diversity 
of exposure factors and sources, in a specific social and environmental context, and which 
integrates inter-individual and intra-individual variability over the course of a lifetime. This 
report focuses on all the health determinants assessed by ANSES: chemical, biological and 
physical agents, the psychosocial and socio-economic context, organisational constraints, 
etc., with the possibility of including other factors. It should be noted that the methods, data 
and examples relating to chemicals are more widely represented because the exposome 
approach was initially developed in this field. Besides expert appraisal, risk management 
paradigms will also need to be revised to integrate the exposome. This integration may also 
have an impact on all the components (assessment/monitoring/management) of risk 
governance. Because one of the Agency's missions is to support the players of this 
governance with its expertise, any changes resulting from the implementation of this WG's 
recommendations may then be reflected in public policies, as well as in the practices of 
economic players and populations.  
The Agency stresses the broad scope of the questions raised by the exposome, and points 
out that they extend into areas (ethical, scientific, legal, etc.) that go well beyond the remit of 
ANSES's mission. The work undertaken with the Scientific Board has enabled an initial 
exploration, while remaining within ANSES's areas of competence.  
After consultation with European health organisations, it appears that the exposome is 
currently addressed mainly at the research level (see Chapter 2.2) and is still not widely 
integrated in risk assessments. However, debates are under way. EFSA, which has not 
formally integrated the exposome in its assessments, is currently considering this possibility, 
in particular through the recent organisation of a workshop on this subject. The Czech 
Republic's Research Centre for Toxic Compounds in the Environment (RECETOX), which is 
examining the exposome issue, is pushing for the integration of these new approaches and 
their results in national activities (monitoring and biomonitoring programmes, implementation 
projects, case studies, policy documents, etc.). In addition, Hungary's National Food Chain 
Safety Office is planning to strengthen its risk assessment activities and develop its capabilities 
in order to use the exposome concept. In general, these organisations state that although they 
are aware of the importance of the exposome, it has not been possible for them to devote more 
time to this topic. The main difficulties mentioned are the lack of data, in particular harmonised 
data, the complexity of implementing this approach and the difficulty of establishing effective 
coordination between the different players.  
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1.2 Procedure: means implemented and organisation 

In the first half of 2019, ANSES drafted terms of reference for an internal request on the issue 
of taking the exposome into account in its activities – particularly its expert appraisal work – 
and put them to its Scientific Board, which would be entrusted with responding to it (Annexe 1 
). There was a discussion on the objectives of this request and the way in which it was to be 
addressed, and a working group (WG) made up of experts from the Scientific Board (2016-
2019 mandate) was formed and convened for this purpose, to share an initial overview of the 
situation. For internal Agency reasons, the working group (whose initial composition has 
changed) was only able to begin its work in early 2021. The working approach proposed by 
the WG was presented and discussed at the Scientific Board's meeting in March 2021.  
In terms of "core activity" areas, the WG's work focused on expert appraisals in risk 
assessment and on research funding activities. With regard to expert appraisals, the WG made 
an original choice in basing its work on ongoing formal requests within the Agency, in order to 
consider the possibility of integrating the exposome in these specific cases of expert 
appraisals. These formal requests were suggested by the Agency and selected by the WG 
following an analysis of ANSES's work programme (2021 and 2022 versions) and the different 
stages of progress of the requests. Priority was given to work just beginning.  
To this end, a "mirror group" was set up within the Risk Assessment Department (DER) whose 
members were the coordinators of the selected formal requests. Whenever possible, the ideas 
proposed by the WG were presented to the body tasked with responding to the formal request 
(WG or Expert Committee – CES).  
The working group – named the Exposome WG – was therefore made up of most of the experts 
from the first mandate and members of the new Scientific Board (2020-2023 mandate), as well 
as an expert who is now retired and who was a member of the former Scientific Board, and 
ANSES staff members with expertise in the field of the exposome or the coordinators of the 
ongoing work for the selected formal requests.  
The Exposome WG’s expert appraisal work was regularly submitted to the Scientific Board. 
Their draft report was submitted for a targeted internal and external consultation in May 2022. 
The report produced by the working group therefore takes account of the observations and 
additional information provided during this consultation and by the Scientific Board members. 
The report and its recommendations received final validation by the Scientific Board at its 
meeting on 20 September 2022. 
This work was therefore conducted by a group of experts and ANSES staff with complementary 
skills. The expert appraisal was carried out in accordance with French Standard NF X 50-110 
"Quality in Expert Appraisals – General requirements of Competence for Expert Appraisals 
(May 2003)".  

1.3 Prevention of risks of conflicts of interest 

ANSES analyses interests declared by experts before they are appointed and throughout their 
work in order to prevent risks of conflicts of interest in relation to the points addressed in expert 
appraisals. 
The experts’ declarations of interests are made public on the following website: 
https://dpi.sante.gouv.fr/. 

https://dpi.sante.gouv.fr/
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2. The exposome 

2.1 Definition 

The concept of the exposome was put forward in 2005 by Christopher Wild (Wild 2005), 
epidemiologist and Director of the International Agency for Research on Cancer (IARC), to 
draw attention to the critical need for more complete environmental exposure assessment in 
epidemiological studies, with "environment" being defined in the broad sense of "non-genetic" 
factors that may cause disease (Wild 2012). Indeed, he pointed out at the time that whereas 
exquisite tools had been developed to sequence the human genome and interrogate individual 
susceptibility through genome-wide association studies (GWAS) (Manolio 2010), there was a 
relative paucity of comparable tools, or indeed investment, in relation to exposure assessment. 
Given that cancer and many other chronic diseases develop predominantly from a combination 
of environmental exposures played out on a particular genetic background, the inability to 
measure one part of the gene/environment combination with anything approaching the 
precision of the other was a limitation for epidemiology, particularly as this aims to identify 
relatively modest effect sizes associated with specific environmental exposures. 
This concept was therefore intended to complement the genome effect by providing a complete 
description of the lifelong exposure history. In 2012, Wild refined his initial definition of the 
exposome to explicitly include three domains of investigation to be considered: internal (e.g. 
endogenous factors such as metabolism, morphology, etc.), specific external (e.g. 
environmental pollutants, radiation, micro-organisms, chemicals in the workplace) and general 
external (e.g. social, economic and/or psychological factors, urban/rural environment, climate, 
etc.) (Wild 2012).  
Additional important contributions followed, developing more specific views of the exposome 
and reflecting different perspectives. Epidemiologist Buck Louis emphasised the importance 
of community and lifestyle factors (Buck Louis, Smarr, and Patel 2017), while Rappaport and 
Smith focused on the internal chemical exposome consisting of xenobiotics, endogenous 
metabolites, microbial metabolites and dietary compounds (Rappaport and Smith 2010). From 
a more toxicological perspective, Miller and Jones defined the exposome as including all 
environmental influences and associated biological responses (G. W. Miller and Jones 2014). 
A view based on computer modelling and highlighting the connectivity of biological processes 
has also been proposed (D. A. Sarigiannis 2017). The eco-exposome corresponds to the 
reciprocal influences between the ecosystem and human exposure (Escher et al. 2017), but 
different definitions have also been proposed that extend the concept to the exposure of animal 
and plant species in their ecosystems (Scholz et al. 2022). More recently, Vermeulen et al. 
advocated characterisation of the exposome on a genome-like scale to address the health 
challenges facing current and future generations (Vermeulen et al. 2020). A recent literature 
review analysed the mutually beneficial relationships between the exposome and toxicology 
(Barouki et al. 2021). Lastly, in order to better distinguish exposures from their biological and 
health effects, Price et al. (2022)  suggested using the term "exposome" to describe exposures, 
and grouping biological and health impacts under the term "functional exposomics", by analogy 
with functional genomics. 
Since its emergence in 2005, the exposome concept has led to an increasing number of 
scientific publications each year (a total of 184 results from the Web of Science Core 
Collection), but this still remains small (n=37 in 2021) (Figure 1).    
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Figure 1: Number of publications and citations containing the key word "exposome" since its emergence in 2005. 

 
These publications are mainly in the fields of environmental and occupational health, 
environmental sciences and toxicology (Figure 2). 

 
Figure 2: Distribution of publications containing the key word "exposome" according to field 

 
France appears in a leading position in terms of research devoted to the exposome in Europe 
and the world, with around 20% of publications in the period 2016-2020 (second place behind 
the United States) (Figure 3). 
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Figure 3: Ranking of countries in the world in terms of publications containing the key word "exposome", 2016 to 

2020. France is ranked second (Data from R. Slama). 

 
These views of the exposome are currently leading to studies in which 1) exposure is 
characterised in greater depth, mainly through the use of new tools to monitor or measure it 
indirectly, such as the large-scale application of "omics" approaches, 2) different types of 
exposure (chemical, physical, biological, social) are combined, 3) links between exposure and 
effects are better identified and more systematically characterised, and 4) the sequence of 
exposures and developmental stages over the course of a lifetime are taken into consideration. 
Although these objectives are ambitious and cannot yet all be achieved in a single study, they 
have nevertheless inspired (and will continue to inspire) epidemiological and toxicological 
studies, leading to a better characterisation of exposure and a better estimation of the 
associations with health effects (P. Vineis et al. 2017; Barouki et al. 2021). Nevertheless, some 
important issues remain inadequately covered, including a better assessment of causality and 
the mechanisms combining multiple exposures with complex health and environmental effects. 
 
In order to facilitate the adoption and implementation of the exposome in ANSES's work, the 
WG suggests the following definition of "exposome": the exposome corresponds to all the 
exposure to chemical, biological and physical agents, both harmful and beneficial, in 
interaction with the physiological conditions, living environment and psychosocial 
context, experienced by a living organism from its conception through to the end of its life, in 
order to explain its state of health.  
 
This definition incorporates the different components making up the exposome: the multi-
dimensional component relating to mixtures, sources and multiple exposure factors, which is 
represented by "all the exposure" and the diversity of agents; the health risk/benefit 
component; the temporal component with the study of the exposome from "conception [of a 
living being through to the end of its life]"; the social and environmental components 
represented by the "interactions with the living environment and psychosocial context". It is 
applicable to both human and non-human organisms (Scholz et al. 2022). Regarding the 
animal and plant kingdoms, the notion of "psychosocial context" will not be considered, but 
those of animal welfare and specific behaviour and sensitivity to their environment will be taken 
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into account. By complementing the knowledge of the genome with which it may interact, the 
exposome thus helps explain the health status of populations (Barouki et al. 2018).  
The WG proposes to represent the exposome study in four modules as shown in Figure 4. The 
first module, "ecosystem", represents the environment in which humans live, including 
biodiversity. An individual's surroundings will define a large part of its exposure. Monitoring its 
environment and the living organisms that make up its surroundings will therefore provide 
insights on the type and level of exposure and, more broadly, on the state of health of non-
human populations living there. The second module represents all the so-called "external" 
exposures, which are the different agents to which individuals are liable to be exposed and 
which are defined by the agents’ type, sources and quantity, and the social, organisational and 
physical environment of the individuals as well as their lifestyle and activities. The levels of 
these agents can be estimated by combining data on their quantities in the various sources 
with those on lifestyle habits (consumption of food, use of items such as toys, clothing and 
furniture, use of cleaning products, pursuit of sports activities, consumption of tobacco or 
alcohol, etc.) modulated by the physical and social environment, including the workplace. 
The external exposome will then induce the type and levels of the internal exposome (third 
module) measured by biomarkers of exposure and infection in biological matrices such as 
blood, urine, hair, etc. The transition from external to internal exposure is regulated by the 
infectious process for biological agents and by toxicokinetics for chemical and physical agents. 
The external exposome and then the internal exposome will have repercussions on the human 
body by provoking biological responses at the molecular, cellular, tissue and organ levels 
(fourth module). These responses can be positive (cell repair, immune system activation, etc.) 
and/or negative (oxidative stress, cell death, etc.). Whether they are positive or negative 
depends on the duration of exposure and the body's ability to adapt. The body will react 
differently depending on its sensitivity and vulnerability (genetics, epigenetics, microbiota, life 
stage, etc.) and these responses will in some cases result in the onset of diseases (fourth 
module). Agents of the same type (for example a mixture of chemicals) or of a different type 
(for example a chemical agent and a biological agent) may combine their effects or conversely 
compete with each other, thus limiting their overall impact on health. It should be noted that 
certain factors are protective of health, such as access to healthcare, physical activity, and 
nutrient intakes when complying with the recommended levels. The components described 
above are all interrelated, illustrating the complexity of the exposome.  
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Figure 4: Representation in four modules of the study of the exposome illustrated by a few examples: from the 
ecosystem, which is the source of exposure, through to biological responses and health effects, and including 

external and internal exposure levels. The time bubble emphasises that the exposome examines exposure over 
an entire lifetime. The arrows indicate the relationships between the different modules.  

 
The following example illustrates the interactions between the exposures described above. A 
population can be exposed to a chemical from three different sources: food, air and veterinary 
medicines for pets. The level of external exposure to this substance will depend on each 
individual's environment (e.g. urban/rural) and behaviour, in this case dietary and whether or 
not they have a pet. The chemical can enter the body by three routes: oral, respiratory and 
dermal contact, and can then be distributed to the various organs, metabolised and eliminated 
according to its toxicokinetics. The presence of this substance will trigger a chain of biological 
responses leading to the potential occurrence of a health effect, for example a decrease in 
immunity. If, as a result of this exposure, a virus comes into contact with the host, the two 
responses will combine to produce a greater response than if exposure to the virus had not 
been preceded by exposure to the chemical. Access to healthcare to treat the associated 
disease will depend on the individual's social, economic and geographical context (level of 
education, information, income, etc.). 
Figure 5 represents the exposome as an individual pathway. With their own unique genetic 
and epigenetic heritage, individuals are subjected throughout their lives to several chemical, 
biological and physical exposure events over varying periods of time, ranging from acute 
exposure during a meal, for example, to chronic exposure over several years. These exposure 
events will potentially lead to health effects that will be triggered either immediately after the 
exposure event, such as allergic reactions, or months or years later, such as cancer. For 
example, it has been observed in recent years that specificities in genetic polymorphism may 
play an important role in the development of neurodegenerative diseases (Deloménie et al. 
1998; Lee et al. 2018; Toselli et al. 2015). 
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Figure 5: Representation of the exposome as an example of an individual pathway with chemical, biological and 

physical exposure events occurring over the course of a lifetime and potentially leading to health events 

 
The study of the exposome requires interdisciplinary collaboration between the many scientific 
fields shown in Figure 6. Very close collaboration between epidemiology and other 
environmental health disciplines (medicine, exposure science, toxicology, microbiology, 
"omics" technologies, mathematics, social sciences, etc.) is needed in order to examine all the 
socio-environmental determinants of chronic non-genetic diseases.  
  

 
Figure 6: Disciplines used to study the exposome showing the diversity of scientific fields required (non-

exhaustive representation) 
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2.2 Research projects and infrastructure  

European projects on the exposome 

Since 2012, several European projects on the exposome have been funded by the European 
Commission (EC), initially in the context of the FP72 (2007-2013) and H20203 (2014-2020) 
programmes. The European strategy initially consisted in funding multi-partner research 
projects with precise objectives, rather than infrastructures made available to epidemiological, 
clinical or toxicological programmes, as has been done in the United States since the 2010s, 
in particular with the following infrastructures: HERCULES4 on the development of methods 
and tools for research on the exposome, CHEAR5 to promote incorporation of the exposome 
into children's health studies, and LIFE6, which focuses on the pre-conception period by 
characterising maternal and paternal exposure in order to assess their effects on fertility and 
birth. In Europe, the first three FP7 projects were HELIX7 on the mother-child exposome 
(Vrijheid et al. 2014); Exposomics on the effects of air and water pollution (P. Vineis et al. 
2017); and HEALS8 on the development of methods with a strong modelling component (D. Α. 
Sarigiannis et al. 2020). Other projects include Lifepath, which introduces notions of the social 
exposome throughout life (Paolo Vineis et al. 2020).  
The EC has continued its efforts by funding nine projects on the exposome under the H2020 
programme since 2020, grouping them together as a cluster called the European Human 
Exposome Network (EHEN). These projects have diverse objectives, some focusing on 
diseases (pulmonary, cardiovascular, immune, child neurocognitive development), others on 
contexts such as urban and work settings, and others on incorporating social factors and on 
methodologies. These projects are summarised in Figure 7 below. 

                                                
2 Seventh Framework Programme 
3 Horizon 2020 
4 Health and Exposome Research Center: Understanding Lifetime Exposures 
5 Children's Health Exposure Analysis Resource 
6 Longitudinal Investigation of Fertility and the Environment 
7 Human Early-Life Exposome 
8 Health and Environment-wide Associations based on Large population Surveys 
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Figure 7: The different European H2020 projects in the EHEN cluster  

 

In addition to the exposome projects themselves, there are related projects covering part of 
the exposome. The European biomonitoring project HBM4EU9 (H2020, 2017-2022) aims to 
organise biomonitoring studies of chemical exposure at European level. Besides monitoring, 
this project is also seeking to better characterise the health impacts of priority chemicals and 
predict sources of contamination. In this sense it represents an effort to characterise the 
chemical exposome. The PARC10 project, which started in 2022 and will run for seven years, 
is even more ambitious as it pursues and goes beyond the objectives of the HBM4EU project 
by including components on the toxicology of chemicals, integrated approaches to risk 
assessment, and environmental effects. It will be the flagship project on the link between the 
chemical exposome, risk assessment and public decision-making. France actively participates 
in European exposome programmes, often playing a leading role, such as in the REMEDIA, 
HELIX, ATHLETE, HBM4EU and PARC projects. 

European infrastructure  

In 2021, the EIRENE11 infrastructure project was included in the European ESFRI12 roadmap, 
reflecting a shift in European strategy towards establishing infrastructure. EIRENE is intended 
to be the future pan-European reference structure for assessing human exposure to 
environmental risk factors. It offers comprehensive approaches to the human and 
environmental chemical exposome, and omics and computational approaches to support 
research projects in this area. France participates in this infrastructure through the consortium 
that makes up the France Exposome infrastructure (see below). Other European 
infrastructures can also contribute to work on the exposome, in particular BBMRI-ERIC13 and 
the ELIXIR14 infrastructure on life science tools and data storage. 

                                                
9 European Human Biomonitoring for Europe 
10 Partnership for the Assessment of Risks from Chemicals 
11 Environmental Exposure Assessment Research Infrastructure 
12 European Strategy Forum on Research Infrastructures 
13 Biobanking and Biomolecular Resources Research Infrastructure 
14 European Life-Science Infrastructure 
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National infrastructure: France Exposome 

The Laberca analytical biomonitoring platform (UMR 1329 Oniris-INRAe, Nantes) joined forces 
with the LERES laboratory (IRSET – UMR 1085 Inserm, Rennes) to form a national research 
infrastructure project called France Exposome. Its analytical activities are supplemented by 
toxicokinetic and systemic toxicology approaches. France Exposome, registered by the 
Ministry of Higher Education, Research and Innovation (MESRI) in early 2021, has been 
included in the national infrastructure roadmap. Oniris, EHESP and Inserm are the founding 
supervisory authorities, and INRAe, Université Paris Cité and Ineris are the associate 
authorities. France Exposome is the French branch of the European infrastructure EIRENE.  

National projects 

Several national projects also contribute to exposome research. They are financed, for 
example, by the National Research Programme for Environmental and Occupational Health 
(PNR EST) and the French National Research Agency (ANR). The PNR EST projects were 
presented at the Exposome Day15 organised by ANSES and Inserm on 30 November 2022. 
Ongoing ANR projects on the exposome include GePhEx16, which focuses on learning causal 
effects between phenome and exposome from large amounts of heterogeneous data in human 
complex diseases; SoEcoHealth, developing an approach for the evaluation of succinate 
dehydrogenase inhibitor (SDHI) fungicide use: exposome and hazards for biodiversity and 
human health; and PolluHealth on the impacts of early-life exposome on the occurrence of 
susceptibility factors to develop respiratory diseases at adult age. 
The future-oriented investment programme (PIA) set up by the State offers opportunities for 
more extensive plans. For example, a project for priority exploratory research programmes and 
equipment (PEPR) focusing on the exposome (Expo-Dis) has just been submitted, and the 
ExposUM project from the University of Montpellier has just been recognised under an 
Excellence sous toutes ses formes programme. 

Link to the PNSE4 and Green Data for Health 

The Fourth National Environmental Health Action Plan (PNSE4) is promoting the funding of a 
PEPR on the exposome, which led to Expo-Dis being submitted by Inserm. In addition, the 
PNSE4 supports the Green Data for Health programme, which is clearly relevant to the 
exposome. This is because work on the exposome generates large datasets, and their storage 
and exploitation are at the heart of Green Data for Health. If these two objectives of the PNSE4 
are achieved quickly, and if the funding agencies give priority to environmental and health 
issues, a genuine national strategy on the exposome will have been set in motion, which will 
foster the strong involvement of French teams at European level.  

                                                
15 https://www.anses.fr/en/content/anses-inserm-scientific-conference  
16 Genome, Phenome, Exposome 

https://anr.fr/Projet-ANR-19-MRS1-0013
https://anr.fr/Projet-ANR-19-MRS1-0013
https://www.anses.fr/en/content/anses-inserm-scientific-conference


ANSES ● Collective expert appraisal report                      Request No 2022-METH-0197 "Integration of the 
 exposome in ANSES's activities"  

   

Final version page 36 / 186  June 2022 

3. The exposome in ANSES's research funding 
mission 

ANSES manages and implements the National Research Programme for Environmental and 
Occupational Health (PNR EST). This programme aims to promote sustainable research into 
the risks to human health associated with our environment, including our working environment, 
and risks to ecosystems.  
 
PNR EST issues calls for research projects each year, in order to: 
 link research and expert appraisal: the actions carried out under this programme are 

situated both upstream and downstream of the expert appraisal process. Upstream, it 
mobilises the research community in these fields, in order to provide the expert 
appraisal process with new data and experts; downstream, it ensures that the research 
needs identified during expert appraisals are incorporated in the calls for projects;  

 support the production of knowledge that can be directly used for developing public 
prevention and precautionary policies, and for their assessment. It also contributes to 
their dissemination to stakeholders;  

 play a leading role in fostering interactions within the scientific community, which helps 
ANSES mobilise researchers for its collective expert appraisals of health risks.  

 
These general or specific17 calls for projects are designed to finance research on priority issues 
linked to changes in society, raised by public policies (French Environmental Health, 
Occupational Health, Cancer and Ecophyto18 plans). PNR EST is currently financed by ANSES 
from budgets delegated by the Ministries of the Environment, Labour and Agriculture, together 
with several co-funding partners, including ADEME and ITMO Cancer from the AVIESAN 
alliance.  
 
Among the topics of interest in these calls for projects are risks associated with chemical 
agents such as endocrine disruptors, nanomaterials, biological agents, light pollution, noise 
and radiofrequencies. Other issues such as the impact of climate change, factors promoting 
cancers, and vector control are also included. To address these issues, the calls for projects 
encourage proposals that aim to develop multidisciplinary approaches, including human and 
social science approaches. 

3.1 Review of exposome-related projects over the last 10 years 

An average of around 35 projects have been funded each year by the PNR EST since its 
creation in 2006. For this review, we analysed the themes of the projects funded since 2011, 
the year in which the topics proposed to researchers were first structured by research question, 
as well as the current selection process. Since 2011, the list of funding bodies and therefore 

                                                
17 A call for projects on the theme of "Radiofrequencies and health" has been launched every year since 
2013; the issue of "Antimicrobial resistance and the environment" was the subject of a specific call in 
2017. 
18 The Ecophyto II+ plan supports efforts to reduce the use of plant protection products. 
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the scope of these calls has also stabilised, with just a few variations. In total, between 2011 
and 2020, 357 projects were financed, finalised or were still in progress. Full projects generally 
have a budget of around €200K, and €50K for feasibility studies. Thus, the exposome cannot 
be studied as a single project, as this would go far beyond the limits of the allocated grants. 
Nevertheless, many of these projects may address one or more components of the exposome.  
Projects with one of the following characteristics were considered to be related to the 
exposome and were therefore selected for analysis:  
 Epidemiological studies enabling a "lifelong" or "career-long" approach.  
 Projects with in vitro or in vivo experimental approaches, integrating either multiple-

exposure aspects, mixtures or research into markers of exposure (particularly through 
"omics" or epigenetic studies).  

 Projects dealing specifically with vulnerable populations. 
 Projects taking different exposure routes into account for the same agent.  
 Studies including the exposure of ecosystems for an overall approach that takes 

account of the health of all organisms and the human living environment: contamination 
of aquatic ecosystems, contaminated soil, bee health. 

 Lastly, projects encompassing notions of disease burden and socio-economic 
components. 

These criteria identified 210 projects, i.e. 59% of the projects funded by the PNR EST, 40% of 
which were based on epidemiological studies and 60% on experimental approaches. Annexe 
2  presents the 32 projects focusing on co-exposure.  
 
Targeted populations 

Sensitive populations, especially children and pregnant women, were taken into account in 
30% of these funded projects. Other categories of sensitive individuals were also addressed 
by specific studies (5%): hospital patients, people with asthma, allergies, overweight, chronic 
diseases, diabetes, age-related macular degeneration (AMD) or the elderly. A large proportion 
of the studies (23%) only related to workers, and 9% of the projects focused more specifically 
on ecosystems. 

 
Epidemiological and toxicological models used 

The breakdown of the different epidemiological and toxicological models used in the funded 
projects is presented in Figure 8. More than 40% of the projects involved human 
epidemiological studies. In a large proportion, in more than 20% of cases, cell models or three-
dimensional tissues (organoids) were used. Next came the classic animal models: rats and 
mice. Fish and shellfish were also well represented, particularly for studying exposure 
associated with aquatic ecosystems.   
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Figure 8: Breakdown of the different epidemiological and toxicological models used in the projects funded by the 

PNR EST over the last 10 years. One project may study several models. 

 

Types of hazards studied 

More than half of the projects dealt with chemical agents: pesticides, phthalates, phenols, 
endocrine disruptors, etc. The others focused on physical agents (radiofrequencies, LEDs, 
electromagnetic fields, etc.), air pollutants, nanoparticles or fibres, biological agents (bacteria, 
mould, mites, etc.), working environments (such as night work) and some took social 
determinants into account (socio-economic status). Figure 9 summarises the different types of 
factors considered and their proportions. Air pollutants addressed by specific research 
questions are considered separately from other types of factors.  

 
Figure 9: The different types of hazards considered and their proportion in exposome-related projects 
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These hazards may be studied alone or in mixtures. In the case of chemical agents, more than 
half of the projects studied mixtures. Studies also looked at co-exposures between different 
types of hazards. We were particularly interested in these projects. They are usually 
epidemiological or exposure studies.  
Among the projects studying exposure to chemicals, including pesticides, these chemicals 
were studied in co-exposure with: 
 both air pollution, physical agents (natural radioactivity, high-voltage power lines) and 

socio-economic aspects (Annexe 2 [1, 2]); 
 biological agents (Zika virus) (Annexe 2 [3]); 
 other physical aspects such as mechanical stress and noise (Annexe 2  [4,5]); 
 socio-economic or organisational factors such as night work (Annexe 2 [6-11]). 

Among the projects dealing with exposure to physical agents, this exposure was combined 
with: 
 noise (172Annexe 2 [12]), UV radiation (Annexe 2 [13]), radiofrequencies and light 

pollution (Annexe 2 [14]), or air pollution; 
 electromagnetic fields, asbestos fibres and tobacco (Annexe 2 [15]); 
 biomechanical constraints and psychosocial and organisational aspects (Annexe 2 

[16,17]); 
 radiofrequencies and sociological determinants (Annexe 2 [18]). 

Projects addressing issues related to air pollutants were studied in relation to biological agents 
(bacteria, viruses), sand haze (Annexe 2 [19]) or socio-economic determinants (Annexe 2 [20-
21]). 
To a lesser extent (10% of projects), co-exposures were addressed in in vivo and/or in vitro 
experimental studies. These projects combined the study of exposure to chemical products 
and physical agents (radiofrequencies, nanoparticles or LEDs, Annexe 2  [22-26]).  
In projects related to ecotoxicology, ecosystem exposure and the identification of biomarkers 
of exposure were mainly investigated through metabolomic (Annexe 2 [27]) and transcriptomic 
(Annexe 2 [28-31]) studies. Epigenetic and transgenerational aspects of exposure were also 
explored in aquatic ecosystems (Annexe 2 [32]).  
Overall, "omics" or epigenetic studies accounted for more than 30% of the projects (almost 
50% of the experimental studies). 
 

Effects on human health and ecosystems 

More than a quarter of the effects on human health concerned cancer, while neurological and 
respiratory aspects, metabolism, reproduction, pregnancy outcomes, cardiovascular aspects 
and allergies completed the range of effects studied. The effects on representative ecosystem 
species, in particular bees, earthworms and aquatic organisms, etc. were also studied. The 
different effects examined are presented in Figure 10. 
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Figure 10: Effects examined in the projects in relation to the exposome funded by the PNR EST 

3.2 Additions to the 2022 PNR EST research questions 

A general call for projects was issued in November 2021 under the PNR EST. 
This call for projects focused on priority issues in environmental and occupational health. The 
expected projects were required to address environmental risks to human health, in the 
general population or in the workplace, as well as risks to ecosystems and the quality of 
environments. The research questions proposed to the scientific community took into account 
the issues and priorities of public policies, such as exposure to chemical agents and their 
effects; risks associated with nanomaterials, microplastics, noise or light pollution; the link 
between environmental exposure and cancer; the link between biodiversity loss, ecosystem 
degradation and infectious diseases; worker exposure, inequalities in the face of 
environmental exposure, etc.  
The research questions to be answered by researchers were grouped into several themes: 
physical agents, fibres and nanomaterials, cancer, chemical agents, endocrine disruptors, 
biological agents, human and social science approaches to health and environmental risks, 
environmental media and contamination, vectors, climate change and the associated 
management measures. 
In the definition of the research programme's orientations, characterising the exposome and 
its effects on health was identified as critical and important. The notion of exposome appeared 
more specifically in research questions on exposure to mixtures of chemical agents or in 
combination with physical agents. This notion has not been explicitly expressed in the research 
questions until now, although many of them have contributed and continue to contribute to this 
notion. 
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The WG wished to propose additions to the research questions in the 2021 call, in order to 
strengthen research and production of data on certain components of the exposome. Thus, in 
addition to point 2 of the research question "Chemical agents", it proposed adding the following 
specific question: 

In addition to point 4 of the research question "Chemical agents" and in point 4 of the research 
question "Biological agents", it proposed adding the question of: 

 
Following these proposals and the discussions that took place at the steering committee 
meeting, it was decided that the exposome would be explicitly included in this new call under 
the chemical and biological agent themes.  

Impacts on human health and ecosystems of co-exposures to microbiological and chemical 
agents. 

Characterisation of exposures and study, by experimental and epidemiological means, of 
the health impacts on sensitive, little-studied populations (asthmatics, immunocompromised 
individuals, sufferers of chronic breathing difficulties, people who are overweight or obese, 
those suffering from psychological disorders or in a situation of social vulnerability, etc.). 
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4. The exposome in ANSES's collective expert 
appraisal mission: overview and 
recommendations  

The WG proposes structuring its recommendations around eight themes related to the 
exposome and risk assessment ( 

Figure 11). For each of these themes, the context and main issues relating to risk assessment 
are summarised. Examples of what ANSES is already doing in relation to the issues identified 
are presented. Then, recommendations are provided with regard to the issues mentioned, with 
short- (2023-2025), medium- (2026-2029) and long-term (2030 and beyond) time scales. The 
dates are indicative and do not constitute a deadline as such. 

 

 
Figure 11: The eight themes underlying the WG's recommendations on taking the exposome 

into account in risk assessment 

4.1 Exposome and epidemiological studies   

4.1.1 Background and identification of issues  

Since the exposome concept first emerged in 2005, many researchers in fields ranging from 
perinatal epidemiology to chronic diseases or psychiatry – and more recently infectious 
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diseases such as COVID-19 – have published commentaries and reviews highlighting the 
potential benefits of characterising the exposome and incorporating it into epidemiological 
studies (Rappaport 2011; Lioy and Rappaport 2011; Buck Louis et al. 2013; G. W. Miller and 
Jones 2014; Vrijheid 2014; Robinson and Vrijheid 2015; Paolo Vineis 2015; Andra, Austin, and 
Arora 2016; DeBord et al. 2016; Guloksuz, van Os, and Rutten 2018; Rappaport 2020).  
Indeed, the exposome differs from the exposure measurement paradigm used in "traditional" 
epidemiological studies in three ways: 1) a broader and more dynamic assessment of (lifelong) 
exposure taking multiple exposure routes into account; 2) integration of data on the 
measurement of exposure as well as on the response, across multiple scales, particularly spatio-
temporal; 3) exploitation of the multidimensional information produced on the multiple exposure-
response relationships, via a "data-driven" approach. The exposome represents a complement 
to, not a replacement for, the hypothesis-driven research that has successfully advanced the 
field of environmental health (Stingone et al. 2017).  
A large proportion of the publications on the exposome that have appeared since 2005 consist 
of considerations or comments on the concept, its promise, challenges, feasibility, different 
methodological approaches, methods implemented, etc. However, the second wave of 
European EHEN projects (see Chapter 2.2) is beginning to produce practical results 
incorporating the components of the exposome. For example, as part of the ATHLETE project 
on understanding and preventing the health effects of various exposures in early life, de Prado-
Bert et al. (2021) investigated the association between more than 100 exposures and epigenetic 
age acceleration, whereas Guillien et al. (2021) studied the role of multiple environmental and 
lifestyle determinants in asthma. The HEDIMED project, whose objective is to identify disease 
mechanisms and environmental factors related to immune-mediated diseases, has studied the 
link between the exposome and diabetes (Nurminen et al. 2021). 
The main challenges and difficulties faced by researchers in integrating the exposome are partly 
due to theoretical and practical obstacles, mainly: 1) the lack of infrastructure to support the 
comprehensive exposure assessment activities essential to exposome research, 2) the difficulty 
in differentiating between normal physiological variations and environmentally induced changes 
in biological response measurements, 3) the lack of analytical, bioinformatics and statistical 
methods to process, integrate and analyse multi-dimensional data and, 4) the lack of training 
tailored to these new approaches and of researchers with multi-faceted training who can develop 
and implement them. 
In 2017, Stingone et al. made recommendations based on a review of international studies 
proposing advances in the exposome (Stingone et al. 2017). The following issues were 
mentioned, based on the challenges identified by Stingone et al.: 
 Catalogue existing tools and methodologies to facilitate exposome research and its 

use in epidemiological studies. For example, epidemiologists need accessible tools and 
approaches that can be used to characterise exogenous and endogenous factors of 
exposure, including exposure for which there are currently no corresponding 
biomarkers. 

 Develop new tools and methods to take account of specific aspects of the 
exposome, such as the variation in exposure over time, particularly during critical and 
sensitive periods of human reproduction and development. For this, it is necessary to 
design studies that facilitate comparisons of the exposome over time. This can be done, 
for example, via ad hoc sampling taking the half-life of chemicals into account, and/or 
via transgenerational prospective cohort studies with repeated clinical follow-up and 
including several periods of biological sampling and/or dosimetry, or via cohort studies 
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conducted at territorial/population levels (farmers, winegrowers, firefighters, etc.) in a 
national or European multicentre framework. 

 Take account of multiple exposures, in terms of agents, sources and routes, and the 
different associated uncertainties in epidemiological study designs and data 
analysis plans.  

 Promote data sharing and interdisciplinary collaboration, in particular to ensure 
that the development of exposome assessment methods is compatible with basic 
epidemiological principles of study design and analysis.  

 Consider causal inference in the context of the exposome. Causal epidemiology, 
such as mediation analyses that can improve understanding of the mechanistic 
pathway between exposure and disease, will be greatly facilitated if comprehensive 
data on exposure and the associated biological responses are available. The 
plausibility and consistency of the relationship can also be documented by 
complementing epidemiological studies with toxicological approaches such as adverse 
outcome pathway (AOP) analysis based on scientific evidence obtained through 
experimentation (Stingone et al. 2017; Bornehag et al. 2019). For biological agents, 
biological plausibility and the causal links between exposure and a health impact can 
also be examined through experimental studies, such as those using new models to 
study the microbiota. These experimental studies, coupled with epidemiological 
studies, provide a better understanding of the interactions between innate response, 
acquired immunity and inflammation. Some studies have thus revealed the complex 
relationships between gut microbiota, the immune system, the endocrine system and 
the central nervous system (Cryan and Dinan 2015; Bastiaanssen et al. 2020; Cusick, 
Wellman, and Demas 2021). 

 

 
Figure 12: Recommendations for the exposome and epidemiological studies 
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4.1.2 What ANSES is already doing 

ANSES draws on the results of epidemiological studies in its risk assessments, for example 
to: 
 Contribute establish lines of evidence as part of an assessment of the weight of 

evidence at the hazard identification step. For example, in its report on the effects of 
outdoor ambient air particulate matter (ANSES 2019e), levels of evidence for the 
effects of particulate matter according to composition or particle size were established 
on the basis of epidemiological data. In work conducted by its WG on Occupational 
Diseases, epidemiological data combined with toxicological and mechanistic data were 
used to establish the existence of a causal link between an agent and a given effect 
(ANSES 2021e). In work conducted by its WG on Carcinogenic Processes, an analysis 
of the levels of evidence from epidemiological studies identified new target organs for 
the carcinogenicity of welding fumes (ANSES 2022g).  

 Establish internal or external reference values (RVs). For chlordecone, an internal 
toxicity reference value (TRV) was developed from an epidemiological study on the 
effects of this substance on pregnancy duration (ANSES 2021l). This new internal TRV 
is used to interpret the results of biomonitoring studies, in terms of risk. A new TRV for 
cadmium by ingestion was also established for the general population, based on 
epidemiological data about its effects on osteoporosis (ANSES 2019b). External 
reference values have also been established from epidemiological studies, for 
example: an 8hr-OEL for beryllium based on several epidemiological studies (ANSES 
2010), an 8hr-OEL for 1,3-butadiene based on an occupational cohort for carcinogenic 
effects (ANSES 2011b), a chronic TRV for toluene based on an epidemiological study 
in workers (ANSES 2017d), and an IAQG for NO2 based on a pool of epidemiological 
studies in children (ANSES 2013d).  

 Establish dose-response curves for biological agents. Meta-analyses have been 
applied to epidemiological data to establish dose-response curves for biological agents 
(Thébault et al. 2013; Perrin et al. 2015; ANSES 2017b; 2018b). 

 
ANSES also contributes to the production of data, methods and tools by: 
 Financing epidemiological studies related to the exposome such as GeoCap-

PAST/BIRTH, ZIP, NeuroBiomecaTMS, etc. in the framework of the PNR EST (see 
Chapter 3.1 and Annex 2).  

 Conducting and participating in epidemiological studies based in part on the 
exposome approach, such as the PestiRiv study on pesticide exposure of people living 
in winegrowing and non-winegrowing areas, carried out in partnership with Santé 
Publique France. 

 Taking part in European projects that develop the exposome approach in 
epidemiology, such as the HBM4EU project on the use of human biomonitoring data in 
establishing internal RVs (Lamkarkach et al. 2021; Ougier et al. 2021), or the ATHLETE 
project on the child exposome (Vrijheid et al. 2021). 

 Coordinating, under Horizon Europe, the European PARC research and innovation 
partnership, which will combine an epidemiological approach, experimental studies and 
risk assessment.  
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4.1.3 Short-term recommendations (2023-2025) 

The short-term recommendations, in line with what ANSES is already doing, are to: 
 Strengthen the degree to which the results of epidemiological studies are taken into 

account in the hazard identification and characterisation steps.  
 Support the development of multidisciplinary partnerships linking epidemiological 

studies, experimental studies (in chemico, in vivo and in vitro) and risk assessment. 
 Encourage the establishment and maintenance of large cohorts in France such as 

Constances19, E4N20-E3N21, i-Share22, Psy-COHorte23, etc. and promote the 
standardisation of exposure estimates from these cohorts to enable future joint 
analyses.  

 Participate in and support infrastructure projects such as France Exposome 
(national infrastructure to support research on the chemical exposome) and EIRENE 
(EU project to establish a network of analytical platforms for targeted and non-targeted 
assessment of substances in biological or environmental samples, which aims to 
support and strengthen epidemiological research in the field of environmental health). 

4.1.4 Medium-term recommendations (2026-2029) 

In the medium term, it is necessary to promote data generation and the integration of methods 
and results of epidemiological studies in risk assessment. The PARC programme will 
contribute to this, for example, by developing internal RVs derived from the matching of 
biomarkers of exposure and effect (e.g. liver enzymes, cardiotoxicity markers, etc.), by 
developing PBPK models to link internal exposure measured in biological matrices and 
external exposure obtained from data on environmental contamination and lifestyle habits, or 
by combining health risk and impact indicators.   
Among the current research funding schemes, the PNR EST has a central role in supporting 
research on environmental health. However, the scale of the calls for projects (number of 
projects, budget allocated per project, etc.) does not allow ambitious proposals to be submitted 
for the development of detailed interpretation data on existing or future cohorts. It is therefore 
recommended that, in addition to the expected PEPR on the exposome, in the framework of 
the funding planned under the PNSE4, the amounts of the grants awarded by the PNR EST 
should be increased to accommodate proposals in line with this report's recommendations 
for deploying the exposome in expert appraisals.  

4.1.5 Long-term recommendations (2030 and beyond) 

In the long term, it is hoped that ANSES will base the risk assessments it conducts for its 
expert appraisals, whenever possible, on the results of epidemiological studies and that it 
will, if necessary, combine them with those of experimental studies, with the aim of reinforcing 
the establishment of lines of evidence between exposure and effects, identifying relevant 

                                                
19 Epidemiological cohort of patients consulting Social Security health clinics 
20 Epidemiological study among the children of E3N women 
21 Epidemiological study among women in the national education system 
22 Internet-based Students HeAlth Research Enterprise 
23 Cohorts in psychiatry 
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markers of effect, establishing quantitative dose-effect relationships, etc. In addition, further 
study of gene-environment interactions should, in the long term, provide important information 
for better identifying individual susceptibilities in populations. Integrating these susceptibilities 
could challenge risk assessment methods (Deloménie et al. 1998; Lee et al. 2018; Toselli et 
al. 2015).     

4.2 Interoperability and analysis of exposome data  

4.2.1 Background and identification of issues 

The study of the exposome involves the use and combination of various types of data: health 
data, toxicological data, data on concentrations in food and the environment, data on living 
and working habits and conditions, etc. Advances in analytical sciences, the ability to measure 
a large number of analytes simultaneously, to detect and quantify them at low concentrations, 
and to process samples of various kinds (biological, environmental) have broadened the field 
of study to the individual, group or population level.  In addition, the analysis concept of "omics" 
approaches (genomics, proteomics, transcriptomics and metabolomics) applied to the fields of 
chemistry and biology leads to these methods being defined as generating large amounts of 
the same type of information (Sillé et al. 2020).   
Studies based on the exposome concept examine a multitude of environmental exposures 
evolving over time and space for an individual or populations. The more abundant the exposure 
measurements (analytes/mass spectrum, concentrations/signals, sampling 
conditions/matrices, subjects, temporal amplitude), the more precise and detailed the 
description of the exposome will be, and the more metadata (study reference, authors, period, 
etc.) will be available to refine their use. A great diversity of exposure measurement tools is 
used, ranging from analyses of biological samples using targeted (determined a priori) or non-
targeted (no a priori) approaches to individual external exposure measurements using 
personal sampling tools or portable devices and sensors. The exposome can also be 
described using external exposure data from various sources such as air, water, food, 
consumer products, lifestyle habits, living conditions, the local environment and occupational 
exposure. These data can be collected via questionnaires or adapted sampling, or come from 
other local or wider environmental monitoring schemes (concerning air, water, soil, food, 
climate, artificial light) such as the GECCO24 initiative in the Netherlands (Lakerveld et al. 2020) 
which use localised data (address, GIS Geographic Information System).  
A recent systematic review examined the different types of published studies on the 
exposome (Haddad, Andrianou, and Makris 2019). It identified and analysed 78 studies. The 
approaches used included questionnaires and interviews in 47% of cases, biomarker 
measurements in 36%, use of "omics" platforms (metabolomics, 28%, genomics, 4%), access 
to databases available at local, government or hospital level (24%), measurements from 
portable sampling or measurement systems (15%), geospatial monitoring data (13%), 
environmental measurement data (9%) and clinical data (9%). The review of these studies 
demonstrates the importance of coupling classical monitoring approaches (questionnaires, 
targeted environmental and biological measurements) with non-targeted measurements to 
describe internal and external exposure over the course of a lifetime. The use of personal 
measuring devices is increasing, facilitating geolocated and activity measurements, and is 
                                                
24 Geoscience and hEalth Cohort COnsortium 
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expected to become the norm in the future. Data mining capabilities are being developed to 
better characterise the chemical exposome and improve its description and interpretation. 
Progress mainly concerns the annotation of metabolomic data (Meijer et al. 2021) and 
reconstruction of metabolic networks affected by exposure (Amara et al. 2022). Several other 
challenges need to be overcome, both in the analytical field for mapping the "chemical space" 
through combinations of extraction and separation methods, and in the field of signal 
processing to obtain quantitative data on levels of exposure to emerging substances (David et 
al. 2021). At the same time, raw data exploitation approaches are also being developed in the 
fields of genomics, metagenomics, transcriptomics and proteomics.   
In order to jointly analyse these different types of data, statistical approaches that analyse 
univariate and multivariate regression models are used to highlight associations. They are not 
currently able to analyse complex interactions or the effects of mixtures. Other cluster analysis-
based approaches to define exposure profiles and their associations with health effects are 
also being developed (Traoré et al. 2016; 2018; Mancini et al. 2021). Lastly, new approaches 
have been proposed that take into account the hierarchical structure of the different types of 
data obtained (Guillien et al. 2021).   
The spatial data selected for the studies must be transformed into standard GIS data in order 
to be re-projected onto a geographic reference frame. These baseline data are then exploited 
according to the spatial scale needed for producing data that will be converted from 
environmental data into personal exposure data, or data on a geographical exposure area 
used for statistical analyses (Lakerveld et al. 2020).  
However, the data analysis methodology for detecting and quantifying associations needs to 
be well established when analysing large time-series datasets from complex dynamic 
systems (Runge et al. 2019). Indeed, these datasets are often multidimensional and non-
linear, and obtained from a limited number of samples. This creates problems related to the 
dimensions of these datasets, which associate a very large number of parameters with only a 
few individuals. In this context, the analytical methods must be able to detect the maximum 
number of proven causal relationships, while controlling the risk of false positives (Cadiou et 
al. 2021).  
Lastly, the management of datasets obtained in these epidemiological studies must comply 
with data protection regulations and be conducted within an ethical framework, particularly in 
terms of informing participants and gaining consent, as well as in communicating their results 
to individuals. 
The issues in terms of data for the exposome can be structured around the four FAIR 
principles: Findable, Accessible, Interoperable, Reusable. It is then necessary to:   
 Identify existing datasets from research and monitoring activities, by assigning 

computer identifiers and metadata to enable searches and the assessment of their 
relevance for use in exposome studies. 

 Help define data description standards and thesauruses for new exposome studies 
in order to make them interoperable, and recommend implementing good practice and 
compliance with standards on metadata and data description. 

 Generate data using harmonised or validated methods based on standards allowing 
their connection, with performance criteria, and which are comparable and reproducible 
over time. 

 Ensure the sustainability and security of data storage conditions for future re-use.  
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 Enable access to data in line with the open data policy and the development of 
computer access protocols facilitating their use for research, expert appraisal or 
communication purposes. 

 Create open access online databases and platforms to facilitate access for 
researchers and health agencies. The development of shared spaces for 
environmental data (Green Data For Health25, GECCO26), health data (Health Data 
Hub27) and social data is necessary to allow them to be combined and to increase their 
number in order to improve the statistical power of analyses. Examples can be found 
in the United States in different epidemiological contexts (Senier et al. 2017). 

 Develop mathematical methods for data mining and analysis (machine learning) 
or draw on methods developed in the analysis of genetic results that determine 
probabilities of causality of genetic variants as determinants of disease (Vermeulen et 
al. 2020).  

More specifically, in relation to analytical tools for the exposome, the challenges are to: 
 Develop non-targeted approaches to identify emerging or unexpected chemical and 

biological agents in a matrix.   
 Include the different types of markers of exposure in biological matrices and 

environmental media (exposomics for parent substances and metabolites, genomics 
for micro-organisms) and markers of effect ("omics": metabolomics, proteomics, 
transcriptomics, epigenomics).  

 Develop and organise sample libraries for performing retrospective analyses. 
 For all analytical measurements, it is necessary to ensure their metrological 

performance and robustness. 

Figure 13 below summarises ANSES's current actions regarding exposome data and the WG's 
recommendations for the future.  

 

 

                                                
25 https://eig.etalab.gouv.fr/defis/green-data-for-health/    
26 https://www.gecco.nl/  
27 https://www.health-data-hub.fr/ 

https://eig.etalab.gouv.fr/defis/green-data-for-health/
https://www.gecco.nl/
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Figure 13: Recommendations for exposome data 

4.2.2 What ANSES is already doing 

ANSES works to make the data it collects widely available. These data may concern food 
consumption (Individual and National Study on Food Consumption (INCA)), contamination and 
dietary exposure (Total Diet Study (TDS)), the nutritional quality of foods (Ciqual nutritional 
composition table and French Food Observatory (OQALI) database), the composition of 
tobacco and vaping products (ANSES 2020c; 2020d), nanoparticles (R-nano register), habits 
regarding use of consumer products (EU EPHECT28 project), or food contamination by 
pathogens based on published data (PathogensInFood, www.pathogensinfood.esa.ipb.pt). 
The same is true for the data it manages, such as the Contamine database listing data from 
monitoring and control plans on the concentrations of chemicals found in food. Whenever 
possible, ANSES makes these data freely available for download on www.data.gouv.fr. The 
Agency also creates databases with the results of its expert appraisals, such as the database 
listing all the TRVs established by ANSES, which is accessible on its website29. It also 
considers how best to store and share the data resulting from its laboratories' work. In 
addition, it contributes to European programmes on data provision and management 
(EuroFIR30, Common Open Data Platform on Chemicals31, European Health Data Space32, 
GreenData4All33). ANSES also participates in EFSA's work on the harmonisation of 
questionnaires and the standardisation of food consumption and contamination data at 
European level (FOODEX2 and SSD2 formats).  
In addition to developing correspondence tables, ANSES uses machine learning methods 
to link and harmonise the different nomenclatures in its databases and to analyse and interpret 
them. Its methods can be integrated in operational tools such as the RSExpo software 
application for identifying mixtures using dimensionality reduction techniques. Lastly, in its risk 
assessments, ANSES provides an analysis of the uncertainty associated with the data 
(ANSES 2016c). 
In order to optimise the efficient exchange of information, a scheme for harmonising terms, 
concepts and metadata relating to chemical and microbiological exposure assessment 
models has been proposed by ANSES in collaboration with the DTU34, EFSA35 and BfR36 as 
part of the RAKIP37 initiative (Plaza-Rodríguez et al. 2018). This scheme is seen as a key 
element in the development of a harmonised information exchange format: the Food Safety 
Knowledge Markup Language (FSK-ML), which defines a structure for encoding data, 
metadata and model scripts in a readable format.  

                                                
28 Exposure Patterns and Health Effects of Consumer Products in the EU 
29 https://www.anses.fr/en/content/toxicity-reference-values-trvs   
30 European Food Information Resource: https://www.eurofir.org/  
31https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age/european-data-
strategy_en  
32 https://ec.europa.eu/health/ehealth-digital-health-and-care/european-health-data-space_en  
33 https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13170-GreenData4All-
updated-rules-on-geospatial-environmental-data-and-access-to-environmental-information_en 
34 Denmark Technical University 
35 European Food Safety Authority 
36 Bundesinstitut für Risikobewertung (German Federal Institute for Risk Assessment) 
37 Risk Assessment modelling and Knowledge Integration Platform 

http://www.data.gouv.fr/
https://www.anses.fr/en/content/toxicity-reference-values-trvs
https://www.eurofir.org/
https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age/european-data-strategy_en
https://ec.europa.eu/info/strategy/priorities-2019-2024/europe-fit-digital-age/european-data-strategy_en
https://ec.europa.eu/health/ehealth-digital-health-and-care/european-health-data-space_en
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13170-GreenData4All-updated-rules-on-geospatial-environmental-data-and-access-to-environmental-information_en
https://ec.europa.eu/info/law/better-regulation/have-your-say/initiatives/13170-GreenData4All-updated-rules-on-geospatial-environmental-data-and-access-to-environmental-information_en
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4.2.3 Short- and medium-term recommendations (2023-2029) 

 In order to apply the FAIR principles, the Exposome WG recommends working to: 

 Develop the training of ANSES staff in: 
o Good practice and compliance with standards;  
o The use of data available within and outside the Agency, for example via 

European partnerships or monitoring programmes;  
o Exposome-specific analytical methods such as omics and machine learning; 
o Taking the uncertainty associated with data into account. 

 Develop communication and the provision, interoperability and querying of data 
produced and managed by ANSES. The first steps should involve identifying the 
available databases, developing and maintaining correspondence and reference 
tables, developing query interfaces, etc.   

 Join, support and coordinate initiatives and projects such as:  
o The Ministry of Agriculture's epidemiological surveillance platforms based on 

FAIR principles, such as those on food-chain surveillance38, or epidemiological 
surveillance in animal health39 and plant health40;  

o Data management platforms (Green Data for Health, Health Data Hub); 
o The European PARC partnership, where a debate will be held on metadata and 

data standardisation, in particular through implementation of the human 
biomonitoring programme on a European scale and an assessment of the 
resources available in the field of environmental monitoring;  

o Participation in and support for the France Exposome and EIRENE projects 
(see Chapter 4.1.3), which will produce data from targeted and non-targeted 
analysis of chemicals in biological or environmental samples, and whose 
sharing, analysis and long-term storage must be safeguarded.   

 Continue developing data analysis methods and tools such as machine learning, to 
ensure interoperability and interpretation of data on the exposome.  

4.2.4 Long-term recommendations (2030) for ANSES's expert appraisal 
activities  

In the long term, the Exposome WG proposes that ANSES undertake work to:  
 Continue developing the standardisation of data and the methods and tools for 

collecting and storing them at national, European and international levels. 
 Contribute to adoption of the FAIR principles and associated tools in the various 

regulatory areas. 
 Ensure sustainable data management by minimising the environmental footprint.  
 Use artificial intelligence to manage and analyse large datasets.  

                                                
38 https://agriculture.gouv.fr/la-plate-forme-de-surveillance-de-la-chaine-alimentaire-livre-sa-premiere-
production  
39 https://www.plateforme-esa.fr/  
40 https://plateforme-esv.fr/  

https://agriculture.gouv.fr/la-plate-forme-de-surveillance-de-la-chaine-alimentaire-livre-sa-premiere-production
https://agriculture.gouv.fr/la-plate-forme-de-surveillance-de-la-chaine-alimentaire-livre-sa-premiere-production
https://www.plateforme-esa.fr/
https://plateforme-esv.fr/
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4.3 Assessment of risks associated with mixtures 

4.3.1 Background and identification of issues 

This chapter discusses the assessment of risks associated with mixtures of agents of the same 
type. It is mainly applicable to risks associated with mixtures of chemicals or mixtures of 
microbiological agents. The risks associated with mixtures of agents of different types, for 
example a chemical agent and a biological agent, are discussed in Chapter 4.7, under the term 
"multi-factors".    
Exposure to mixtures of chemicals, whether man-made or naturally occurring in the 
environment, is a complex phenomenon involving multiple factors. The complexity is due to 
the characterisation of the mixture (composition, change over time, routes and sources of 
exposure), but above all to the difficulty in understanding the toxic effects of this mixture on the 
body, due to the possible interactions between substances (inhibition, potentiation, additivity, 
synergy), which may vary according to each one's respective concentration. These obstacles, 
together with the infinite combination of mixtures that populations may be faced with, explain 
why chemicals are still mostly assessed individually. However, in recent years, methods for 
assessing the risks of chemical mixtures have been proposed (Boobis et al. 2008; EFSA 2007; 
2008; EFSA Scientific Committee et al. 2019; International Programme on Chemical Safety 
and Inter-Organization Programme for the Sound Management of Chemicals 2009; Fox, 
Brewer, and Martin 2017). They have been applied to classes of substances such as dioxins 
and PCBs (Marion Hulin et al. 2020), and phthalates (EFSA Panel on Food Contact Materials, 
Enzymes and Processing Aids (CEP) et al. 2019; Clewell et al. 2020),  or more widely to certain 
pesticide residues (Boon et al. 2008; EFSA, Craig, Dujardin, Hart, Hernández-Jerez, et al. 
2020; EFSA, Craig, Dujardin, Hart, Hernandez-Jerez, et al. 2020; Sprong et al. 2020; Crépet 
et al. 2019), and are mainly based on the principle of additivity of effects, which is regarded as 
a conservative approach. On the other hand, very few studies combine several exposure 
routes (inhalation, ingestion and dermal contact combined) and/or several categories of 
substances (to give just the example of dietary exposure: contaminants, additives, residues, 
toxins or newly-formed products) (Evans et al. 2016; Amélie Crépet et al. 2021; Bopp et al. 
2018; Drakvik et al. 2020). 
Considering firstly that exposure to mixtures of substances is the rule for all individuals, and 
secondly that several studies indicate that additive or even synergistic effects can occur 
(European Commission. Directorate General for Health and Consumers 2012), it appears that 
the usual methods based on substance-by-substance risk assessment need to evolve to take 
these mixtures into account.  
With regard to the microbiological agents that may be present in food matrices and cause 
infectious diseases (ANSES 2017a; 2018a) , it is generally assumed that there is no interaction 
between these pathogens. Two types of evidence support this hypothesis. On the one hand, 
the mechanisms of pathogenesis are specific to each micro-organism and on the other hand, 
as the prevalence is generally low, the probability of concomitant presence of several agents 
in a food portion is low. The risks associated with a food matrix are therefore assessed for 
each pathogen without interaction with the others (ANSES 2020h). Using a common risk metric 
– for example, the disability-adjusted life year (DALY) unit – an overall risk associated with a 
disease can be estimated from the sum of the risks attributed to each pathogen. However, 
microbiological investigations in patients can sometimes reveal co-infections, in particular viral 
and bacterial co-infections (Azevedo, Mullis, and Agnihothram 2017; Nagaoka et al. 2020; 
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Román et al. 2003). Co-infection plays a key role in the progression of a disease (Azevedo, 
Mullis, and Agnihothram 2017).  It has also been observed that initial infection with one 
pathogen can indirectly contribute to infection with a second agent (Vangay et al. 2015). For 
example, administering antibiotics to treat respiratory infections can lead to disruption in gut 
microbiota composition, which no longer protects the body from pathogenic bacteria (Quévrain 
and Seksik 2013). Meta-analyses of case-control studies have recently shown that antibiotic 
use significantly increases the risk of infection with foodborne pathogens (Augustin et al. 2021; 
Guillier et al. 2021). The presence of several pathogens in the same food category also 
presents difficulties in risk management and requires consideration to be given to multiple 
exposure. Given the limited monitoring resources available to risk managers and 
professionals, it is important to be able to prioritise the different micro-organisms contributing 
to consumer exposure in order to optimise sampling plans and management measures.  
 

The issues in terms of quantitative assessment of risks associated with mixtures are to:  
 Characterise priority mixtures by grouping agents into mixtures. They can be 

grouped and prioritised on the basis of co-exposure obtained via external or internal 
exposure data, or from toxicological data on effects, or by combining the two in order 
to obtain an initial estimate of the risk (Crépet et al. 2019). The integration of different 
sources and routes of exposure is also a challenge for the assessment of mixtures. 
Because it requires the processing of large amounts of data and information, methods 
and tools need to be developed for modelling data on exposure and toxicology, such 
as machine learning, read-across, QSAR, etc. 

 Determine the effects and toxicokinetics of priority mixtures by generating data 
on their toxicity using innovative methods. The toxicity of the mixture can be compared 
with that predicted for the individual substances in order to test the widely used 
hypotheses of additivity of doses (similar mode of action) or additivity of effects 
(independent mode of action). The development of high-throughput screening tools 
such as "omics" approaches enables a large number of tests to be carried out, which, 
when they can be organised around AOP networks, provide a better understanding of 
the nature of the effects and the mode of action of the mixture constituents. 
Metabolomic analysis and the characterisation of metabolic networks are now helping 
to explain the toxicokinetics of substances in several species (humans, livestock), 
particularly in terms of identifying biotransformation pathways (Viant et al. 2019; Fu et 
al. 2021; Jia et al. 2022). Several epidemiological studies are looking at the effects of 
mixtures (HELIX) or, more recently, are combining human data with experimental 
approaches to better establish the causal links between exposure and health effects 
(Braun et al. 2016; Patel 2017; Stingone et al. 2017; Jain et al. 2018; Joubert et al. 
2022; Huhn et al. 2021; Dubrall et al. 2021; Bornehag et al. 2019; Caporale et al. 2022).  

 Assess the risks of priority mixtures by developing approaches based on the 
various proposed methods and risk indicators (hazard index, reference point of 
departure, point of departure index, etc.) and suggest management tools such as 
identification of the agents contributing most to the risk or application of a protection 
factor such as the mixture assessment factor (MAF).   

 
Figure 14 below summarises ANSES's current actions regarding integration of the mixtures 
component in risk assessment and the WG's recommendations for the future.  
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Figure 14: Recommendations for integrating the mixtures component in risk assessment 

 

4.3.2 What ANSES is already doing 

For several years now, under various research projects, ANSES has been working on 
developing methods and tools as well as producing data for assessing the risks associated 
with mixtures of chemicals. More recently, it has introduced the issue of chemical mixtures into 
its expert appraisals. 
 
Concerning the characterisation of exposure to chemical mixtures, this work focuses on 
the: 
 Implementation of machine learning methods such as dimensionality reduction, 

classification/clustering and network analysis to prioritise mixtures and identify 
homogeneous co-exposure patterns in the general population, in workers or in bees 
(A. Crépet et al. 2013; Traoré et al. 2016; Crépet et al. 2019). These methods have 
been implemented with the ANSES RSExpo software application to facilitate their use 
by non-statisticians. 

 Non-targeted analysis of xenobiotics in food using high-resolution mass spectrometry 
(HRMS) to detect the presence of a large number of known or unknown substances in 
the same sample (preliminary screening step) (Martin et al. 2020).  

 Determination of homogeneous profiles of workers subject to multiple exposure, 
mainly by identifying situations of exposure to several chemicals and targeting certain 
occupational sectors particularly concerned by combined risks (Fourneau et al. 2021). 

 
Concerning the effects of chemical mixtures, research is under way in collaboration with 
teams of epidemiologists from Inserm, Santé Publique France and the François Baclesse 
Centre to study the associations between exposure to mixtures and health effects. For 
example, studies are looking at the possible link between pesticides and neurodegenerative 
diseases in rural populations and agricultural workers, between pesticides and prostate cancer 
in agricultural workers, between food contaminants and mortality in women, or between 
pesticides and mortality rates in bees. ANSES's laboratories are also studying the toxic effects 
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of mixtures by means of in vitro tests. These tests are generally performed on human cells to 
assess different effects (cytotoxicity, genotoxicity, oxidative stress, inflammatory response, 
etc.). The mechanisms of action were recently investigated using proteomic and metabolomic 
analysis methods.  
 
Concerning the risk of chemical mixtures, besides conducting risk assessments for classes 
of substances such as dioxins, furans and PCBs (M. Hulin et al. 2014), phthalates (Véronique 
Sirot et al. 2021) and pyrethroids (Vanacker, Quindroit, et al. 2020), ANSES has: 
 Conducted a literature review on existing risk assessment methods for mixtures 

(ANSES 2022c).   
 Developed an approach to establishing reference values for mixtures. This was 

used to establish an indoor air quality guideline (IAQG) value for a mixture of irritants 
in air (ANSES 2022h), and a TRV for a mixture of benzene, toluene, ethylbenzene and 
xylenes (BTEX) (ANSES 2022d).   

 Developed a combined prioritisation and risk assessment approach to mixtures, 
which has been applied to breast milk contaminants (Amélie Crépet et al. 2022).  

 Conducted case studies, since 2015, to produce cumulative risk assessments of 
pesticide mixtures using MCRA41 (van der Voet et al. 2015) and data from food 
monitoring and control plans.  

ANSES participates in European working groups to group substances according to different 
criteria (EFSA Scientific Committee et al. 2021), or to conduct cumulative exposure 
assessments (EFSA et al. 2021; ANSES et al. 2019). 
Concerning microbiological agents, scientific work has been undertaken as part of the 
ANR's ARTISANEFOOD42 project and a thesis co-supervised by ANSES and Centrale 
Supelec, in order to optimise the sampling to be carried out in the case of multi-pathogen 
food contamination. 

4.3.3 Short-term recommendations (2023-2025)  

In the short term, in order to continue taking account of mixtures in ANSES expert appraisals, 
the WG proposes: 
 Raising the awareness of CESs about the issue of mixtures and questioning them 

on the need to integrate the mixture component in expert appraisals.  
 Defining criteria for assessing the need and feasibility of conducting a mixture risk 

assessment when responding to a formal request. 
 Collecting and organising the data needed to conduct mixture risk assessments. 

For example, in the process of establishing RVs, health effects other than the critical 
effect could also be identified in a database, which could then be used to search for 
common effects of the constituents of a mixture. 

 Issuing warnings in the ANSES opinions by identifying the main co-exposures for 
each agent assessed, as well as the need and feasibility of proposing a mixture 
approach (World Health Organization 2019). With regard to the hazard, identifying 
whether the agent has potentiating properties or particular synergy situations could 

                                                
41 Monte Carlo Risk Assessment software 
42 http://www.ipb.pt/artisanefood/  

http://www.ipb.pt/artisanefood/
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open up the question of mixtures. This information on co-exposures and effects could 
be listed in a specific database to enable its use in future expert appraisals. 

 Assessing the different approaches proposed by national and international health 
agencies such as Health Canada, EFSA, WHO, etc. and by the regulations (debate on 
the use of MAFs in the framework of the REACH Regulation). It will then be necessary 
to assess the extent to which these could be applied to ANSES's work.   

4.3.4 Medium-term recommendations (2026-2029) 

In the medium term, it is recommended that ANSES develop a risk assessment strategy for 
mixtures based on robust data and methods. For this purpose, it would be advisable to: 
 Develop a ranking method based on the exposome concept to identify the mixtures 

to be given priority consideration in risk assessment and regulation.  
 Establish tools and databases based on integrated approaches to testing and 

assessment (IATA) for grouping substances according to effects, modes of action or 
AOP networks and assessing their toxicity. 

 
In order to ensure the dissemination of knowledge and the "mixture culture", it would be 
useful if the CESs concerned could conduct a risk assessment for at least one mixture of 
chemicals. In order to facilitate this initial work, it would be useful to: 
 Provide the CESs with the tools and methods developed for national (Périclès43, 

Coctell44, etc.) and European (Euromix45, PARC, etc.) research projects; 
 Prioritise mixtures according to their frequency and exposure levels.  

Concerning the effects of mixtures of micro-organisms, given the difficulty of elucidating the 
micro-organism responsible for certain foodborne illnesses (Glasset et al. 2016; Hennechart-
Collette et al. 2020), it would be worthwhile to conduct metagenomic studies in 
microbiological investigations of foods (EFSA Panel on Biological Hazards et al. 2019). They 
may reveal possible synergies. 

4.3.5 Long-term recommendations (2030 and beyond)   

The long-term objective is for ANSES to be able to systematically take mixtures into 
account in its risk assessments. To do this, in addition to strengthening the work undertaken 
on the basis of the recommendations issued in the short and medium term, ANSES should be 
capable of integrating effects other than additive ones (synergistic, antagonistic, 
potentiating).  

                                                
43 Assessment of exposure to pesticide mixtures and mechanisms of toxicity of these mixtures 
44 Pre- and postnatal exposure to a wide range of substances and effects on child growth and 
development 
45 Assessing the health risks of combined human exposure to multiple food-related toxic substances 
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4.4 Multi-source and multi-route exposure assessment  

4.4.1 Background and identification of issues  

An individual can be exposed to a substance that may come from several sources (food, water, 
indoor/outdoor air, objects, consumer products, etc.) and enter the body via several routes 
(ingestion, inhalation, dermal contact). Overall exposure from multiple sources and routes can 
be estimated by measuring internal exposure using biomarkers of exposure in biological media 
(blood, urine, hair, etc.). Measurement of exposure through the use of biomarkers has the 
advantage of directly integrating the different routes of exposure and the toxicokinetics of the 
substance(s), and thus being able to determine the concentrations in the body. However, due 
to the cost and complexity of implementation, biomarker data are still limited in terms of the 
number of substances studied, the number of samples, etc. In addition, these data alone 
cannot be used to assess the contribution of different sources of exposure. Despite this, in 
order to define management options to mitigate exposure and the associated risk, it is essential 
to identify the exposure factors that contribute most to overall exposure. Another way of 
estimating overall exposure is to aggregate the calculated exposures by combining 
measurements of concentrations in the different sources with those related to the behaviour of 
individuals (spatio-temporal budget, food consumption, anthropomorphic data, etc.). This 
approach makes it possible to identify the main exposure sources and routes. However, there 
are many complexities in modelling overall exposure. Apart from specific cases (Cao et al. 
2016), surveys rarely collect all the sources of exposure for the same individual. Therefore, 
determining overall exposure often requires the mathematical modelling of data from different 
databases, obtained on different populations and with different methodologies. The general 
principle of the mathematical models used for aggregate exposure assessment is to create a 
new population from individuals in the different surveys using Monte Carlo simulations, which 
are often used to combine data in risk assessment (Kennedy, van der Voet, et al. 2015; Safford 
et al. 2015; Paustenbach 2000; Kennedy, Butler Ellis, and Miller 2012; Kennedy, Glass, et al. 
2015; Zartarian et al. 2017; Vanacker, Quindroit, et al. 2020; Vanacker, Tressou, et al. 2020). 
A number of tools have been developed in recent years to assess exposure from different 
routes and sources. The SHEDS46 software application combines direct exposure via skin, 
inhalation and accidental ingestion with ingestion of food and drinking water (Isaacs et al. 
2014). In Europe, Kennedy, Butler Ellis and Miller developed the BREAM47 and BROWSE48 
(Kennedy, Butler Ellis, and Miller 2012) software applications to assess non-dietary exposure 
to pesticides of workers, bystanders and residents living near agricultural areas (Kennedy, van 
der Voet, et al. 2015; Kennedy, Glass, et al. 2015). In the Euromix project, they proposed 
options for aggregate exposure models combining BREAM with the MCRA49 platform (van der 
Voet et al. 2015) to assess dietary exposure. Other European models assessing exposure of 
the general population to cosmetics (Dudzina et al. 2015), or to air and dust (RSExpo software 
(Vanacker, Quindroit, et al. 2020)) have been linked to dietary exposure through the MCRA 
platform. Approaches are also proposed in the HBM4EU project and will be pursued in the 
PARC programme (HBM4EU 2018).  

                                                
46 Stochastic Human Exposure and Dose Simulation 
47 Bystander and Resident Exposure Assessment Model 
48 Bystanders, Residents, Operators and Workers Exposure 
49 Monte Carlo Risk Assessment software 
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The issues in taking exposure from multiple sources and routes into account in risk assessment 
are to:  
 Determine the major sources and routes of exposure and their contribution to 

overall exposure in order to implement effective management measures.  
 Combine exposures from everyday life with occupational exposures. 
 Increase the use of biomarkers as a proxy for overall exposure by organising better 

access to data, developing dose reconstruction methods, establishing internal TRVs, 
etc.  

 Develop mathematical methods for combining heterogeneous data that can take 
variability and uncertainty into account.   

 Conduct surveys considering several sources of exposure and/or collecting more 
specifically data on exposure sources and routes that are less well known (e.g. the 
dermal route, consumer products, physical agents such as screens, 5G or 
electromagnetic waves).  

 Develop bioavailability factors and physiological based pharmacokinetic (PBPK) 
models to help take the different exposure routes into account, in particular the dermal 
route, which is less studied in the general population.   

 Develop "source to dose" models by including transfer from soil to plants, then from 
plants to humans via animals (transfer kinetics and transformation in soil and animal 
and plant organisms), or migration from articles or indoor paints to an individual.  

 Reinforce the development of TRVs for the dermal route. 
 Figure 15 below summarises ANSES's current actions to integrate the exposome in the 
assessment of multi-source and multi-route exposures and the WG's recommendations for the 
future.  
 

 

 
Figure 15: Recommendations for multi-source and multi-route exposure assessment 
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4.4.2 What ANSES is already doing   

In terms of aggregating sources and routes of exposure, ANSES: 
 Conducts risk assessments that consider multiple sources and exposure routes 

for chemicals such as lead (ANSES 2014), bisphenol A (ANSES 2013b), cadmium with 
soil-to-plant transfer modelling (ANSES 2019b; Carne et al. 2021), to identify the major 
sources. In the context of work on the creation/amendment of occupational disease 
tables, it characterises exposure by considering several exposure routes, the 
circumstances of the exposure (direct or indirect) and the factors liable to increase it 
(working conditions and environmental parameters, multiple exposure, exposure 
protection measures, general hygiene conditions in the workplace) (ANSES 2020f). 

 Implements source attribution studies for micro-organisms. A meta-analysis was 
conducted of all the risk factors from epidemiological studies of 12 foodborne 
pathogens. Both food and non-food risk factors, such as person-to-person 
transmission, high-risk jobs, gardening, the presence of pets, etc., were considered 
(Gonzales-Barron et al. 2021; Kooh et al. 2021; Thébault et al. 2021; ANSES 2018a). 

 Develops methods to combine heterogeneous data from different studies and thus 
aggregate exposure sources while taking variability and uncertainty into account 
((Vanacker, Quindroit, et al. 2020), RSExpo software module). It also combines 
aggregated external exposure data with internal exposure data to improve the 
assessment of overall exposure to chemicals (Béchaux, Crépet, and Clémençon 2014; 
Béchaux, Bodin, et al. 2014; Béchaux, Zeilmaker, et al. 2014).  

 Collects, organises in a database and models exposure factors to be used in 
health risk assessments of the French population (including workers and sensitive 
populations). The exposure factors currently being studied are body weight, respiratory 
rate and the space-time-activity budget group (Canu et al. 2021). Exposure factors are 
also collected for its work in connection with the exposure calculation models of the 
Consexpo50 software application, mainly for toys.  

 Implements studies conducted in collaboration with Santé Publique France, such as 
PestiRiv on environmental and biosourced measurements including geospatial data, in 
order to reconstruct the exposure routes and sources of people living in winegrowing 
areas (PestiRiv51), or the forthcoming study coupling the INCA4 food consumption 
survey and the ESTEBAN52 biomonitoring study. ANSES also studies specific 
behaviours (for example the formal request on consumption of home-grown produce) 
or local contamination with the ChlorExpo study on chlordecone contamination of 
food in the French Caribbean.  

In addition, prior to implementing future participatory research projects on environmental 
multiple exposures, the LILAS project ((Olivier Laurent et al. 2022)), which brought together 
staff from ANSES, IRSN and INRAe and was organised in the form of a living lab, aimed to: 
1) foster a common understanding of environmental health research methods and issues, as 
well as their strengths and limitations, and 2) identify the benefits and points requiring vigilance 
relating to the introduction of participatory dimensions into this research. This approach 

                                                
50 https://www.rivm.nl/en/consexpo  
51 https://www.anses.fr/en/content/pestiriv-study-exposure-pesticides-people-living-near-vineyards  
52 Health Study on the Environment, Biomonitoring, Physical Activity and Nutrition 

https://www.rivm.nl/en/consexpo
https://www.anses.fr/en/content/pestiriv-study-exposure-pesticides-people-living-near-vineyards
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can be applied to studies on exposure assessment, health risk assessment and ecosystem 
health, as well as to epidemiological and experimental studies, etc. 

4.4.3 Short-term recommendations (2023-2025) 

In the short term, when preparing formal requests, ANSES should examine all the different 
possible sources and routes of exposure. For each substance subject to a risk assessment, 
it will then be necessary to:  
 Identify its main exposure sources and routes when formulating the problem, then 

assess the need to aggregate the different sources and routes by proposing decision 
criteria, and if necessary, organise a cross-functional response to the formal request 
by dividing the work between the different units involved and appointing a lead unit.  

 Issue warnings in ANSES opinions to draw attention to other sources and routes that 
may contribute to exposure. When analysing the results of total diet studies (TDSs), 
"substances not of concern" should be checked to ensure they are not associated with 
other major sources of exposure.  

 Integrate the different sources of exposure, particularly in the PARC programme, 
where occupational exposure will be combined with exposure from everyday life. 

All this information will therefore enable ANSES to begin identifying the chemicals for which 
multi-source and multi-route assessments need to be proposed, along with the associated 
data. This identification process, which could be formalised in a specific database, will save 
time during the problem formulation phase for future assessments.  

4.4.4 Medium-term recommendations (2026-2029) 

In the medium term, it is recommended that ANSES organise the data, methods and tools 
needed for conducting multi-source and multi-route risk assessments.  
It would also be advisable to improve data collection, organisation and accessibility in 
order to facilitate how the different exposure sources and routes are taken into account. In 
particular, it is important to: 
 Consolidate the organisation according to FAIR principles of databases identifying 

the different sources and routes of exposure based on European ontologies describing 
the media and transfer methods (e.g. from plants to animal feed; from animals and 
plants to human food; from consumer articles to consumers). 

 Generate and/or collect data on exposure factors, concentrations in different media, 
bioaccumulation parameters and transfer rates from soil to plant or drinking water, or 
transfer from articles (games, clothing, sofas) by dermal contact, suction or inhalation, 
and transfer from feed to human food, etc. 

 Continue to investigate behaviours (vegetarianism, heavy consumption, addictions, 
etc.), sensitive populations (pregnant women, children, etc.) and local contamination, 
and integrate social and cultural aspects in the studies. 

 Study the feasibility of developing large-scale surveys combining several sources 
of exposure in association with biomonitoring studies to create an observatory of 
consumption and behaviour.   
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Methods and tools should be further developed and made operational by providing user-
friendly tools. For example, it will be necessary to: 
 Continue working on data combination algorithms, calculations of exposure from 

different sources and routes, and different routes of PBPK models, and integrate them 
in the RSExpo software.  

 Improve interoperability between European software on different sources and 
populations, mainly in the framework of the PARC partnership.  

 Investigate efforts to combine the aggregate exposure pathway (AEP), absorption, 
distribution, metabolism and excretion (ADME) and AOP approaches in order to 
offer a comprehensive picture of exposures and effects, and thus assist in managing 
the associated risks (Clewell et al. 2020).  

 
In order to integrate these issues in a systemic way, it would be advisable to propose multi-
source and multi-route risk assessments where necessary and feasible. In these 
assessments, it will be necessary to: 
 Identify the major sources and routes contributing to total exposure for different 

percentiles (median, 95th and 97.5th) of the population.   
 Include occupational exposure for the general population, or at least draw 

attention to these additional sources of exposure. 
 Additionally include sources and routes of exposure in daily life, for 

occupational exposure, when the associated exposures are liable to contribute 
significantly to the risk. The PARC programme will work on this topic by proposing 
specific examples for certain substances.  

4.4.5 Long-term recommendations (2030 and beyond) 

In the long term, in order to address the issues mentioned in Chapter 4.4.1, it is recommended 
that ANSES become able to: 
 Produce multi-source and multi-route risk assessments systematically.   
 Depending on feasibility (see Chapter 4.4.3) and associated costs, develop large-

scale surveys taking several sources of exposure into account, created in keeping 
with biomonitoring studies. For example, the future INCA4 – ESTEBAN study could be 
extended to include additional sources of exposure other than food. 

4.5 Dynamic exposure assessment  

4.5.1 Background and identification of issues  

The exposome concept incorporates changes in exposure over time and inequalities in 
environmental exposure. These may be inequalities over the course of a lifetime, with windows 
of increased sensitivity such as during the foetal period or the first few years of life. They can 
also concern spatial inequalities for populations living in sites that are highly contaminated, 
whether naturally (high geochemical background in arsenic, uranium, cadmium, asbestos, 
radon), or following natural disasters, or in connection with anthropic activities (mercury in the 
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Faroe Islands or along the rivers of French Guiana, contaminated sites and soil, Chernobyl, 
etc.). They may also relate to social inequalities, leading to higher levels of exposure to certain 
substances or equivalent levels of exposure but with a greater impact on health.  

4.5.1.1 Assessing exposure over time  

Over the course of a lifetime, a human being is exposed to various chemical and biological 
substances at levels that fluctuate according to their activities (physical/leisure/work/home life), 
living environment (rural/urban) and social context, as well as their consumption habits (food, 
objects, toys, clothing, furniture, cleaning products), hygiene, etc. An individual's activities, 
environment and consumption habits also change over time. Physical, physiological and 
endogenous parameters (metabolism, microbiota, etc.) also change with the age of the 
individual, associated with windows of increased sensitivity such as during the foetal period, 
the first few years of life, or puberty. The various agents encountered will either be eliminated 
quickly if they have a short half-life, or accumulate over time if they have a long half-life. Internal 
doses therefore vary from one individual to another and from one agent to another, and can 
lead to health effects in the longer or shorter term.  
Risk assessment and management must therefore consider all these fluctuations over time 
and adapt to the diversity of individuals, taking the socio-demographic determinants of 
exposure into account. To do this, temporal modelling of exposure and new risk indices should 
be proposed to reflect the variety of exposures occurring over the course of a lifetime, their 
occurrence and duration, the sensitivity of the life period, etc. (Verger, Tressou, and 
Clémençon 2007; Béchaux, Zeilmaker, et al. 2014). However, today, although time is taken 
into account by proposing TRVs based on chronic lifelong exposure, for example, the exposure 
dose is still mainly considered to be constant over time.    
To estimate lifelong exposure, it is possible to use internal exposure data, reflecting the 
accumulation over time of all sources of exposure, or to use a toxicokinetic (TK) model and 
external exposure data. TK models can be defined as "mathematical descriptions simulating 
the relationship between external exposure level and chemical concentration in biological 
matrices over time" (International Programme on Chemical Safety and Inter-Organization 
Programme for the Sound Management of Chemicals 2010). TK models describe the ADME 
process, corresponding to the absorption, distribution in the body, metabolism and excretion 
of chemicals and their metabolites. They thus allow exposure to be simulated over time, either 
by starting from external exposure events occurring over the course of a lifetime and simulating 
internal doses, or by reconstructing exposure from measurement data obtained in biological 
matrices.  
The advantage of these models is that they also enable the two types of data – on external 
and internal exposure – to be combined to produce a refined exposure estimate. Indeed, 
internal and external exposure data are proxy variables providing useful but different 
information for estimating the real exposure, which is unknown. For substances with long half-
lives, therefore, measurement data obtained in biological matrices provide information on past 
exposure, while external exposure data are estimates of exposure at a given time. For 
example, in (Béchaux, Crépet, and Clémençon 2014) and (Béchaux, Bodin, et al. 2014), 
biomonitoring data were used to correct the cadmium exposure estimated from external 
exposure data, thus allowing exposure to be modelled over time. 
In addition to characterising specific exposure windows, dynamic exposure modelling is a 
valuable tool for risk management. It enables the impact of management measures to be 
assessed in the long term by predicting changes in internal exposure dose after, for example, 
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a decrease in contamination levels in the various sources or a ban on the substance in 
question. It can also be used, for example, to estimate the time needed for the risk of exposure 
exceeding a toxicity reference value to be reduced to zero, following a new management 
measure.   
With microbial pathogens, there is a high degree of intraspecific variability in virulence or 
persistence in reservoirs. Knowledge of this diversity is important for source attribution and risk 
assessment (ANSES 2017a; EFSA Panel on Biological Hazards et al. 2019). The dynamic 
nature of this diversity can be seen in numerous examples showing major changes over time 
in strains with a particular virulence or antimicrobial resistance profile (Ingle et al. 2021; Moura 
et al. 2021), as well as the emergence of new pathogens (Becker et al. 2019; Brooks et al. 
2021). The monitoring of intraspecific diversity and new agents is also a central concern for 
One Health stakeholders (Bordier et al. 2020). The detailed characterisation of diversity is now 
facilitated by strain sequencing methods (EFSA Panel on Biological Hazards et al. 2019). 
However, linking different monitoring systems remains difficult, which limits the sensitivity and 
rapidity of detecting changes over time (Koch et al. 2020). 
Consumer practices play a key role in the control of foodborne microbiological agents. Over 
70% of the burden of foodborne illness is due to a failure to observe expiry dates, inadequate 
cooking of food or poor hygiene practices in the consumer's kitchen (Augustin et al. 2020). 
Consumer practices are recorded by ANSES in its INCA studies (Dubuisson et al. 2019). 
Consumer behaviour can change significantly over time due to external factors (the COVID-
19 crisis (Janssen et al. 2021), the appearance of new foods, new consumption practices). It 
may also depend on more personal factors such as socio-professional category or a desire to 
reduce food waste (Guillier, Duret, et al. 2016). Analysing these factors enables different 
communication strategies to be defined with regard to prevention of foodborne microbiological 
risks (ANSES 2015b).  
 
The issues in terms of dynamic exposure modelling are therefore to:  
 Model changes in external and internal exposures over time, considering 

physiological changes, the lifestyle of individuals and the kinetics of substances.  
 Develop risk indices and reference values that take the dynamic evolution of 

exposure into account.  
 Identify time windows of exposure that may lead to a higher risk. 
 Improve the sensitivity of detecting changes in the genetic diversity of 

microbiological agents by facilitating the linking of data sources. 
 Monitor changes in consumer lifestyles, consumption and hygiene practices. 

4.5.1.2 Spatialisation of exposure  

Considering exposure to chemical, biological and physical agents originating from multiple 
processes and exposure routes in order to report on the immediate or delayed consequences 
of this contamination on an individual – and even sometimes their descendants – requires 
reliable descriptive data on the quality of the environment (air, water, soil, food, etc.) at relevant 
spatial and temporal scales. These data also need to be linked with information on the health 
of the individual (or population) studied. The social aspects related to the spatialisation of 
exposure are addressed in Chapter 4.5.1.3. 
Furthermore, the processes of contamination are complex, with multiple sources over large 
geographical scales. To assess exposure at smaller spatial scales that are relevant to target 
populations, it is often necessary to rely on fate and transfer models to account for the spatial 
and temporal variability of contamination (Caudeville et al. 2021). 
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In practical terms, data availability and the integration of various types of information – in terms 
of spatial scales (from the measurement station to the geographical area) and spatial 
resolution, and with very different temporal frequencies of acquisition (from a single data item 
to several per second) – are major limitations, and potentially a source of great uncertainty 
when mapping exposure in time and space, compounded by the need to combine the data 
with information on the mobility of individuals.  
French and European infrastructures and databases resulting from programmes to measure 
air, soil and water quality (European Norman network53), exposure (EIRENE54, France 
Exposome55) and health (Health Data Hub56) are being developed, and will provide data and 
tools for research and assessment of population exposure. 
Digitising georeferenced data on quality monitoring of environmental media (water, air, soil) 
and integrating them in geographic information systems (GISs) enables the exposure levels of 
a population to be represented on the scale of a study area, even if this representation is 
usually static. To this end, various mathematical methods and tools for improving the 
representativeness of the databases (in particular spatial interpolation and geostatistics) are 
used to include new data, increase their robustness and characterise the associated 
uncertainties (Caudeville et al. 2021). 
In order to assess the fraction of chemicals liable to be internalised by populations, multimedia 
spatial exposure models (Caudeville et al. 2012) are also available for predicting the 
distribution of substances in different media all the way up to humans, with spatial resolutions 
from around ten kilometres to one kilometre.  
However, the location of individuals and contamination, as well as the intensity of this 
contamination, varies over time. Moreover, the period of life at which exposure occurs, the 
onset time of a disease and individual mobility make the assessment of exposures and their 
consequences highly complex. Mathematical and statistical tools that can integrate such 
information, in space and time, are needed to calculate individual exposures more robustly. 
Today in particular, the application of exposure reconstruction techniques (Space-Time 
Information System Technologies (STIS)) and the use of new technologies such as sensor 
systems to monitor individual exposure in real time opens up the possibility of estimating the 
exposure of samples of the population in space and time with greater accuracy (Jacquez et al. 
2019). 
 
The issues in terms of spatialisation of exposure are therefore to: 
 Develop and make available multimedia models of contamination transfer and fate 

at spatial scales tailored to the populations studied. 
 Analyse large spatial and temporal exposure datasets in a combined manner 

using suitable mathematical, statistical and IT tools. 
 Adapt geovisualisation tools (GISs) to the temporal exposure data in order to 

reconstruct spatial exposure over time. 
 Integrate individual exposure data, for example via sensor systems (see Chapter 

6.3), to take better account of the spatial and temporal variability of exposures. 

                                                
53 https://www.norman-network.net/  
54 https://www.eirene-ri.eu/  
55 https://www.france-exposome.org/  
56 https://www.health-data-hub.fr/  

https://www.norman-network.net/
https://www.eirene-ri.eu/
https://www.france-exposome.org/
https://www.health-data-hub.fr/
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4.5.1.3 The social exposome 

The distribution of individual exposomes is closely linked to social and environmental 
inequalities, in terms of both exposure and the availability of resources that promote physical 
and mental health, often referred to as "environmental amenities" (green spaces, quiet areas, 
high-quality built environment, social fabric, communities, etc.). 
The different risk factors have particularly been documented in the urban context (urban 
exposome), which includes all the factors of the urban environment that are favourable and 
unfavourable to health, beginning with life in utero (Robinson et al. 2018).  
The influence of socio-economic status on the exposome is manifested here in relation to a 
multitude of exposures such as outdoor and indoor air pollution, noise, heat, environmental 
resources or amenities. In addition, many studies emphasise the exposures occurring during 
the critical periods of the first 1000 days of life and the period of conception (Deguen, Vasseur, 
and Kihal-Talantikite 2022). Factors as diverse as exposure to fine particles (PM10 and PM2.5), 
NO2, SO2, noise levels, tobacco smoke and the accumulation of different diseases have been 
found in many studies to be correlated with income, education level, being unemployed or a 
single woman, or belonging to certain minority groups.  
Taking the social characteristics of populations into account in risk assessments would 
increase the relevance of the resulting management options. It has been observed that socially 
advantaged populations may suffer less harm at equal levels of exposure, for example 
because of better access to healthcare or prevention systems (UNICEF France 2021). 
Furthermore, although there are still few data available, besides the health impact, it seems 
possible to use the social exposome to assess the consequences of a poorer state of health 
on individual quality of life (Deguen, Vasseur, and Kihal-Talantikite 2022).  
 
The issues in terms of taking the social exposome into account are therefore to: 
 Propose an approach closely related to the issue of prevention in health. Indeed, 

prevention policies are often characterised by a "one size fits all" approach that does 
not take account of the needs and specificities of different social groups. An analogy 
with "personalised" or "precision" medicine could be suggested. This new approach 
seems to correspond to "precision public health" including "geomedicine" and 
should therefore be able to identify territorial risk factors and target particular social 
groups according to their vulnerabilities (Sandoval et al. 2018; Perroud 2018). 

 Use recent technological developments combining measurement and 
geolocation, coupled with research and citizen science approaches. These 
developments could boost the proposed approach by vastly improving the degree of 
territorial coverage, data collection and the sense of "empowerment" of the populations 
concerned. Such an effort requires significant methodological work to ensure that the 
levels of precision of the measurements taken are compatible or complementary; a 
lower level of precision can be partially offset by a greater degree of spatio-temporal 
coverage, and the possibility of detecting warning signals (abrupt changes in exposure 
levels, spatio-temporal variations, etc.).  

Figure 16 below summarises ANSES's current actions concerning dynamic exposure 
assessment and the WG's recommendations for the future. 
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Figure 16: Recommendations for dynamic exposure assessment. 

 

4.5.2 What ANSES is already doing 

With regard to the temporal dimension, ANSES studies trends in food consumption (INCA 
1, 2, 3) and the associated exposures (iTDS, TDS 1, 2) using cross-sectional surveys 
repeated over time. It also seeks to characterise the health impact of long-term management 
measures, such as recommended changes in dietary behaviour or food preparation methods, 
for example in the context of food contamination by chlordecone in the French Caribbean 
(ChlorExpo). The forthcoming study combining the INCA4 food consumption survey and the 
ESTEBAN biomonitoring study will be conducted on an ongoing basis, which will facilitate the 
study of internal exposures and food consumption over time. Research is also being carried 
out to simulate changes in exposure over time by integrating the kinetics of substances, 
physiological and biochemical changes, and consumption habits over the course of a lifetime 
(Béchaux, Zeilmaker, et al. 2014; Pruvost-Couvreur 2020). ANSES is contributing to EFSA 
projects on the development of a platform for TK models of different species (laboratory and 
livestock animals) including humans. ANSES also takes part in monitoring changes over time 
in the genetic diversity of microbiological agents as part of its reference activities (e.g. the 
Salmonella Network, or the Fastypers joint technological unit), or research projects such as 
the ANR's ClostAbat (Clostridium) or the One Health European Joint Programmes (OH EJP) 
ListAdapt (L. monocytogenes) and ADONIS57 (Salmonella). 
With regard to the spatial assessment of exposure, ANSES takes account of regional and 
socio-economic differences in food consumption and contamination in its INCA and TDS 
studies. It also studies geographical specificities by carrying out targeted studies, such 
as on the exposure of heavy fish consumers living mainly near the coast (CALIPSO58, 

                                                
57 Assessing determinants of the non-decreasing incidence of Salmonella 
58 Dietary consumption of fish and seafood, contamination by trace elements and pollutants, and 
omega 3 
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CONSOMER59) (Leblanc et al. 2006; Arnich et al. 2020, 202; Lunghi et al. 2022; ANSES 
2019f), on the exposure of French Caribbean populations (Kannari (ANSES 2017f) and 
Chlorexpo (ANSES 2021m)).  
In addition, ANSES coordinates specific studies for populations living on contaminated 
sites and soil as a result of: i) agricultural activities (ANSES 2019b; 2021i), ii) industrial 
activities (ANSES 2021a) and iii) accidents (ANSES 2019c).  
As part of the European HBM4EU programme, ANSES took part in a study of geographical 
and temporal differences in exposure of the European population to different chemical 
classes (PFAS, flame retardants, metals, bisphenols, etc.). With regard to noise and its effects 
on health, in 2013 ANSES proposed an approach for assessing the extra-auditory risks 
associated with exposure to environmental noise. This approach was based on the 
spatialisation of noise exposure established from the analysis of strategic noise maps resulting 
from European Directive 2002/CE/49 and the identified risk factors. It is also considering the 
use of data from sensor systems to characterise individual exposure to air pollutants and 
assess the resulting risks. 
In recent years, several of ANSES's expert appraisals in risk assessment have included the 
analysis of data from studies in the human and social sciences (sociology, psychology, 
geography, etc.). For example, the studies carried out on sewer workers (ANSES 2016b) and 
waste management workers (ANSES 2019g) examined factors of increased suffering at work, 
in particular the exercise of an occupation with low social status, which is common to these 
two activities. The expert appraisal on exposure of the general population to mould in housing 
(ANSES, 2016c) addressed the risk of overexposure related to the socio-economic 
characteristics of individuals. Other expert appraisals have addressed population exposure 
through an analysis of the production processes that lead to substances such as nanomaterials 
being placed on the market. Both the increasing demands made on ANSES in the field of 
economics over the last few years and the need to acquire robust expertise in this field led the 
Agency to set up an Expert Committee on Socio-economic analysis (the CES ASE) in 
January 2022. As well as monitoring expert appraisals in its sphere of competence, this group 
will aim to capitalise on and structure the methodologies associated with analysing the socio-
economic determinants of risk situations (which can vary exposure or effects), the economic 
value of a burden (health, environmental or organisational), or the assessment of management 
options (ANSES, Socio-economic analysis in expert appraisals). These dimensions (mainly 
the analysis of socio-economic determinants of exposure or effect) can be reflected in the 
structuring of the social exposome.  

4.5.3 Short-term recommendations (2023-2025) 

In order to be able to offer dynamic exposure assessments, in the short term, the 
development and use of spatial and temporal measurements should be promoted, in 
order to better characterise social inequalities in exposure. To this end, it will be necessary to 
train staff in the use of spatialisation and temporal analysis tools for exposure and 
develop collaborations with research institutes or teams that develop and offer these tools. 
Involving experts in the field, to reinforce skills in sociology, social epidemiology, 
geography, demography and anthropology in the WGs/CESs, would ensure better 
consideration of exposure dynamics. Concerning more specifically the study of the genetic 
                                                
59 Consumption study on seafood products: internet survey of 2500 consumers in coastal areas (2016-
2017)  
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diversity over time of microbiological agents in the environment and in food production sectors, 
or strains isolated from affected patients, the lessons learned from the OH EJP projects will 
help identify points requiring monitoring. 

4.5.4 Medium-term recommendations (2026-2029) 

In the medium term, the Exposome WG recommends strengthening methodological 
development work that takes account of changes in exposure over time. In particular, it will 
be necessary to: 
 Refine how inter-individual and intra-individual variability over time are taken into 

account by including physiological and biochemical changes and consumption habits.   
 Study changes in the composition of mixtures over time.   
 Develop new exposure indices that reflect the variety of exposures occurring over the 

course of a lifetime, their occurrence and duration, and the sensitivity of the life period.  
 Strengthen the development of kinetic models of chemical and biological agents in 

living organisms and in the environment. 
 Conduct cohort studies on consumption and lifestyle habits, exposure monitoring and 

health effects taking socio-cultural determinants into account in order to analyse 
changes and effects throughout life.  

 Deploy integrated monitoring of the genetic diversity of microbiological agents in 
the environment, food production sectors and cases of human infection. 

The WG also considers it would be pertinent to propose geospatial representations of 
chemical, physical and biological exposures according to the geochemical characteristics 
of soil, cropping practices, contaminated sites and geographical areas (coasts, islands, 
urban/rural) in order to identify potentially overexposed populations, and to propose suitable 
management measures, by associating geospatial representations with social inequalities.  
With regard to the social exposome, the aim will be to strengthen integration of the idea of 
social inequalities in expert appraisals and study its link with health. The WG also proposes 
continuing the debates initiated by the Agency, and the experimental implementation of citizen 
science and research in certain regions under collaborative work undertaken (INRAe, French 
Natural History Museum, Inserm, IRSN, etc.). 
All of these proposals could be applied to substances of concern in order to test the added 
value of considering the temporal, spatial and social dimensions in risk management.  

4.5.5 Long-term recommendations (2030 and beyond) 

Exposure assessments and management measures could be reviewed to take greater 
account of the geographical, cultural and social specificities of populations by involving 
them more closely. This greater participation could be facilitated by synergies between the 
actions carried out by the Agency and other operators such as the Regional Health 
Agencies (ARSs) in conjunction with local authorities, as well as certain stakeholders (NGOs, 
associations) based in the regions concerned. For example, in the area of air pollution, 
deploying sensor system networks far more widely on the ground, in a process of citizen 
science and research, should strengthen the population's feeling of empowerment and trust, 
as well as the social robustness of policy decisions on risk management.  
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4.6 Establishment of reference values  

4.6.1 Background and identification of issues  

Several types of reference values (RVs) are used to characterise the link between exposure 
to a chemical and occurrence of an adverse effect. Various national, European or international 
bodies have developed RVs. Even if the terminology may differ, the different organisations 
broadly follow the same methodology to establish these RVs. In France, ANSES is the 
reference body establishing RVs based exclusively on health criteria (ANSES 2022j). Some of 
the RVs developed by ANSES (TRVs, IAQGs, OELs, etc.) are used to propose management 
values that take socio-economic considerations into account, which are then included in 
French regulations. 
In the general population, toxicity reference values (TRVs) are toxicological indicators used to 
establish a relationship between a dose and an effect (toxic with a threshold effect) or between 
a dose and a likelihood of effect (toxic without a threshold effect) (ANSES 2017g). They are 
used to assess potential risks by comparing them with exposure levels, and to help choose 
management measures to protect population health. They can also be used for developing 
health guidance values (HGVs) for drinking water, or indoor air quality guidelines (IAQGs). The 
HGVs for drinking water (DW) determined by ANSES correspond to the maximum 
concentration of a substance in DW associated with a health risk considered acceptable for 
the population as a whole, assuming lifelong consumption of this water by the population and 
taking account of possible variations in sensitivity at the different stages of life. IAQGs are 
numerical values, associated with an exposure time, that correspond to a concentration in air 
of a chemical below which no health effect or hazard with health consequences (in the case of 
odorous compounds) is normally expected for the general population (ANSES 2016d).  
In the workplace, OELs and biological limit values (BLVs) are used to protect the health of 
workers (ANSES 2017c). The OELs recommended by ANSES are concentration levels of 
pollutants in workplace atmospheres that should not be exceeded over a determined reference 
period and below which the risk of impaired health is negligible. They are determined on the 
basis of the most recent scientific knowledge. Although reversible physiological changes are 
sometimes tolerated, no organic or functional damage of an irreversible or prolonged nature is 
accepted at this level of exposure for the large majority of workers. These concentration levels 
are determined while considering that the exposed population (workers, including pregnant 
women) is one that excludes both children and the elderly. Biological values such as BLVs and 
biological reference values (BRVs) are used for the biological monitoring of occupational 
exposure. A BLV is the limit value for the biomarkers60 considered relevant. Just like the 8h-
OEL61, it aims to protect workers exposed to the chemical agent in question regularly and over 
the course of a working life from the adverse effects associated with medium- and long-term 
exposure. BRVs correspond to concentrations found in a general population with similar 
characteristics to those of the French population, or a control population not occupationally 
exposed to the substance in question. These values cannot be considered as providing 
protection from the onset of health effects, but do allow a comparison with concentrations of 
biomarkers of exposure and/or effects measured in exposed workers. 

                                                
60 BME: parent substance or one of its metabolites determined in a biological matrix, and whose variation 
is associated with exposure to the agent 
61 Level of concentration of pollutants in a workplace atmosphere not to be exceeded over an eight-hour 
period  
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In general, RVs are specific to a substance, duration and route, and apply to the entire study 
population (general population or workers). They are based on a critical effect (selected from 
the relevant adverse effects), which is the adverse effect occurring at the lowest dose in the 
most sensitive population (ANSES 2017g). When justified, it may be necessary to identify, from 
within the study population, sub-populations with greater sensitivities to certain substances, 
such as children or pregnant women, and take them into account when establishing the RV.  
 
The issues identified in terms of establishment of reference values are to: 
 Develop RVs, and their establishment methods, that take account of exposome 

components such as mixtures and the variety of exposure routes, and base RVs more 
on internal doses determined from measurement data obtained in biological matrices. 

 Systematically take sensitive populations into account (foetuses, children, 
pregnant women), by including populations that have been less considered until now, 
such as the elderly, sufferers of chronic diseases (diabetes, immunodeficiency, hypo- 
or hyperthyroidism, respiratory and cardiovascular diseases, etc.), overweight or obese 
individuals, people using contraceptives, or suffering from infections, etc. 

 Strengthen the combination of different types of data: in silico, in vitro, in vivo and 
epidemiological data to determine the link between exposure and effect and to 
establish RVs.  

 Strengthen the consideration of specific effects in the development of RVs, such as: 
o endocrine disruption during sensitive exposure windows;  
o early effects, as recently proposed by EFSA for bisphenol A (EFSA 2022) and 

by ANSES for perchlorates (ANSES 2021b; 2022a);  
o respiratory and skin sensitisation. 

 Use the probabilistic approach to incorporate inter- and intra-individual variability and 
uncertainty. 

 Use meta-analyses to include multiple studies.    

 
Figure 17: Recommendations for the establishment of reference values. 
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4.6.2 What ANSES is already doing 

ANSES already integrates some components of the exposome to establish RVs: 
By proposing approaches in its RV guides that: 
 Use cumulative risk methods based on the use of survival tables, which consists in 

subtracting the cumulative lifetime risk of the exposed population from that of the 
unexposed population (e.g. PM2.5

62 (ANSES 2022i)); 
 Take sensitive populations into account. This question is developed in Chapter 6.2; 
 Assess the available measurement methods in order to recommend the most 

appropriate one(s) for measuring exposure levels in the workplace or in indoor air for 
comparison with an OEL or IAQG (ANSES 2020i). 

By working directly on specific cases such as: 
 The development of an approach to establish RVs for mixtures with application to 

a mixture of irritants in the air (IAQG) and to a mixture of benzene, toluene, 
ethylbenzene and xylenes (BTEX) (TRV) (ANSES 2022d);  

 The use of epidemiological data to establish RVs for different substances such as 
cadmium (ANSES 2017e), toluene diisocyanate (ANSES 2020e) or particulate matter 
in ambient air (PM2.5 (ANSES 2022i)); 

 The use of meta-analyses on epidemiological data in the case of particulate matter in 
ambient air (PM2.5) for example (ANSES 2022i);  

 The use of measurement data obtained in biological matrices to propose internal 
RVs such as the internal TRV for cadmium (ANSES 2017e) or chlordecone (ANSES 
2021l), assessment of biomarkers of exposure with a view to recommending biological 
values in the workplace for trichloroethylene (ANSES 2021g) or 2-methoxy-1-propanol 
(ANSES 2021f). 

4.6.3 Short-term recommendations (2023-2025) 

In the short term, the debates held within the WGs and CESs should be pursued and new ones 
initiated through examples for: 
 Taking better account of: 

o Sensitive populations by including populations that have been less 
considered until now (see Chapter 6.2); 

o Measurement data obtained in biological matrices to define internal TRVs; 
o Certain exposure routes for the general population by proposing, for example, 

TRVs for the dermal route and indoor dust guideline values (IDGVs). 
 

 Reinforcing the requirement regarding the quality of data and methods used for 
establishing RVs, in order to limit the accumulation of uncertainties by: 

o Assessing available measurement methods in order to recommend the most 
appropriate one(s) for measuring concentrations of biomarkers of exposure to 
chemicals for comparison with biological values (BLVs or BRVs or internal 
TRVs); 

                                                
62 Ambient air particulate matter with an aerodynamic diameter <2.5 µm. 
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o Combining in silico, in vitro, in vivo and epidemiological data; 
o Using the probabilistic approach to model uncertainty factors; 
o Using toxicokinetic/toxicodynamic (TK/TD) data to model the inter-

individual uncertainty factor.  

4.6.4 Medium-term recommendations (2026-2029) 

In general, in the medium term, methods should be developed for proposing new RVs 
incorporating the components of the exposome, based on the examples addressed in the 
short term and on the scientific literature. These new values should be accompanied by work 
on their use and interpretation by expert groups and managers. These methods will 
therefore help improve how co-exposures are taken into account via different routes and 
specific effects by: 
 Developing RVs for mixtures entering the body via the same exposure route;  
 Developing TRVs for the dermal route;  
 Proposing internal RVs, especially for the general population; 
 Taking endocrine-disrupting effects into account, especially during sensitive exposure 

windows; 
 Taking respiratory and skin sensitising effects into account; 
 Considering the impact of taking early effects into account when establishing and using 

RVs.  
These methods could be based on the probabilistic approach and the use of meta-
analyses to integrate variability and uncertainty, especially when modelling dose-response 
curves, and the use of uncertainty factors. 

4.6.5 Long-term recommendations (2030 and beyond) 

In the long term, efforts should be applied to the international dissemination and 
harmonisation of methods for establishing new RVs.   

4.7 Assessment of risks and public health impact  

4.7.1 Background and identification of issues 

As detailed in the previous chapters, the exposome implies that multiple sources are identified 
and taken into account, and integrated in risk assessments (see Chapter 4.4). It also requires 
the effects of chemical and microbiological agents in mixtures to be considered (see Chapter 
4.3), as recommended by the European Union's "zero pollution" ambition and Chemicals 
Strategy for Sustainability. These concepts of multiple exposure are currently being studied at 
EU level (Bopp et al. 2018; EFSA Scientific Committee et al. 2019; Drakvik et al. 2020). 
Another issue is the consideration of vulnerable populations, which is reflected in certain 
decisions regarding, for example, the presence of bisphenol A in infant feeding bottles, but 
which remains a major challenge.  
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Other implications of taking the exposome into account are more complex to implement, but 
are nevertheless important for risk assessment. They include the interaction between health 
determinants of different types (chemical, biological, physical agents, psychosocial or socio-
economic context, and organisational constraints, etc.). For example, chemicals can interfere 
with the immune system. This interference can affect the response to an infection through 
several mechanisms: disruption of inflammatory mechanisms, suppression of the immune 
response to an infection, or even multiple and complex effects at different levels (Estaquier, 
Blanc, and Coumoul 2021). Many substances (PCBs and dioxins, metals, PFOA/PFOS, 
pesticides) have been associated with these immunosuppressive mechanisms (Dietert 2014; 
Ewers, Stiller-Winkler, and Idel 1982; Moore et al. 2009; Grandjean, Heilmann, Weihe, Nielsen, 
Mogensen, and Budtz-Jørgensen 2017; Grandjean, Heilmann, Weihe, Nielsen, Mogensen, 
Timmermann, et al. 2017; Di Prisco et al. 2017) while others (organochlorines, PAHs, fine 
particulate matter, NO2, ozone, metals, certain plasticisers or plastics, etc.) are known to 
induce immunostimulation mechanisms in humans (Kim et al. 2012; Suzuki et al. 2020; Prata 
et al. 2020; Sharifinia et al. 2020). It has also been suggested that by promoting chronic 
metabolic or vascular diseases, endocrine disruptors may increase the risk of severe COVID-
19, for example (Wu et al. 2021; Grandjean et al. 2020). More generally, the COVID-19 health 
crisis has led to the study of the link between the chemical and social exposome and severe 
forms of COVID-19 (Hu et al. 2021; Coker et al. 2020; Konstantinoudis et al. 2021). Another 
example is the emerging role of the microbiome, in particular commensal bacteria and 
parasites, in the occurrence of gastrointestinal cancer. It has now been added to the main risk 
factors for this type of cancer, which are genetics, age, smoking, alcohol consumption, obesity, 
and exposure to radiation and chemicals (Duijster et al. 2021).  
When examining the interactions between psychosocial and chemical factors, two levels of 
interaction can be distinguished. On the one hand, the socio-economic situation (substandard 
housing, homes in polluted areas with few green spaces, etc.) can have an impact on the level 
of exposure to chemicals and lead to greater risks (see Chapter 4.5). On the other hand, there 
may be interactions between psychosocial stress and chemical stress in terms of health 
effects. Several epidemiological studies (Schreier et al. 2015; Tamayo y Ortiz et al. 2017) and 
a few experimental studies (Bouvier et al. 2017; Wright et al. 2017) have reported results on 
the impacts of psychosocial factors combined with exposures to chemicals such as lead, 
mercury, bisphenol A, etc. In this context, it should be noted that psychosocial stresses seem 
to have impacts on epigenetic markers, just like chemical stresses (Cao-Lei et al. 2020). Thus, 
the temporal dimension inherent in the exposome, which can be included by modelling 
exposure dynamically in risk assessment (see Chapter 4.5), can also be extended to 
intergenerational impacts, which are more complex to take into account but are essential for a 
better understanding of the risks (Nilsson, Sadler-Riggleman, and Skinner 2018). 
The interactions between chemical factors and physical factors such as sunlight, heat, 
radiation and noise, and their impact on human health and eco-systems have also been 
studied, showing for example an increase in the effects of chemicals through exposure to 
artificial sunlight, the latter being strongly modified by recent technological developments 
(Mokrzyński et al. 2021; Roberts, Alloy, and Oris 2017; Rider et al. 2014; Zhao, Liu, and Lin 
2013).     
Another component of the exposome is the benefit (identified by a risk/benefit analysis), which 
may outweigh the risk. These analyses are of interest in the case of dietary exposure, for 
example, where a food may contain one or more substances that are harmful to the body as 
well as nutrients that are beneficial. A well-known example is the exposure to methylmercury 
via consumption of fish rich in omega-3 fatty acids (Guevel et al. 2008; V. Sirot et al. 2011). 
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Beyond the study of food, benefits could be taken into account more comprehensively by 
integrating lifestyle habits and the surrounding environment, such as whether a sport is 
practised, or the presence of green spaces.   
Another widely developed concept related to the exposome is the Global Burden of Disease 
proposed by the WHO in the 1990s (Murray 1994). A population's burden of disease can be 
estimated using various indicators such as life expectancy, cause-specific mortality rates, the 
number of incident and prevalent cases of specific diseases, disability-adjusted life years 
(DALYs) and self-assessed health. The burden of disease thus encompasses the 
measurement of the impact of diseases and risk factors on physical and psychosocial health 
in a comprehensive and comparable manner. Extending risk assessments to include burden 
of disease indicators would make it possible to compare health-related harm from different 
types of exposure and set priorities for public health actions. The consideration of health 
impacts can be coupled with an economic analysis of the associated costs, in order to measure 
the health costs and benefits of implementing or not implementing management options, and 
to assist decision-makers in their choices (Ougier et al. 2021; Nedellec, Rabl, and Dab 2016). 
 
To summarise, in addition to those presented in the previous chapters, the following issues 
need to be considered in order to integrate the exposome components in risk assessments:   
 Integrate multiple exposures to estimate an overall risk: multi-substance, multi-

source and exposure routes, including occupational exposure.  
 Take multiple factors into account (chemical, biological, physical, psychosocial and 

organisational, etc.) as well as their interactions.  
 Consider vulnerable populations in risk assessment and management by including 

a study of the social exposome.  
 Integrate the changes in exposure throughout life and their potential impact on 

offspring by studying transgenerational effects using epigenetic markers.  
 Take account of both the risks and the benefits for specific products or media (food, 

breast milk, water, etc.) and in a more comprehensive way by including lifestyle habits 
and the living environment.   

 Extend risk assessments with burden of disease indicators to set priorities for 
public health action.  

 Assess the socio-economic impacts of management options to reduce or eliminate 
health risks.  
 

With regard to issues related to multiple exposures of the same type, dynamic exposure and 
consideration of vulnerable populations, the recommendations are detailed in Chapters 4.3, 
4.4, 4.5 and 4.6. Only recommendations on multiple exposures of different types (multi-
factors), transgenerational effects, risk/benefit analysis, health impacts and the associated 
socio-economic costs will be detailed here. 

Figure 18 below summarises ANSES's current actions to integrate the exposome in risk 
assessment and the WG's recommendations for the future.  
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Figure 18: Recommendations for assessing risks and the health impact 

4.7.2 What ANSES is already doing 

In occupational health, ANSES takes account of multiple exposures to factors of various 
kinds and the associated risks. For example, when establishing occupational exposure limits 
(OELs), the experts discuss whether to assign an "ototoxic" (or "noise") notation in order to 
take account of co-exposures to chemicals and noise in the workplace (ANSES 2013a). 
ANSES collaborated with Santé Publique France and DARES on a study of occupational 
multiple exposures that provided an overview of the most common situations of cumulative 
exposure to factors of different types (chemical, biological, physical, organisational and 
psychosocial), depending on the area of activity or occupational category of an employee 
(Fourneau et al. 2021). In addition, the Agency participates in or finances research projects on 
the interactions between work organisation conditions and exposure to bacteria, viruses and 
fungi (ANR, FP7, H2020 projects on the respiratory health of poultry farmers in France), on the 
interactions between biological agents and chemicals (QAIHOSP63) and on the interactions 
between physical constraints and chemicals (NeuroBiomecaTMS64).  
ANSES has long been taking risks and benefits into account in its work. This mainly 
involves balancing nutritional needs against the associated risks in order to optimise the 
recommendations issued under the National Health and Nutrition Programme (PNNS) (ANSES 
2016a). The benefits of consuming fish containing both metals and nutrients have also been 
analysed, enabling optimal consumption to be determined, among other things (Guevel et al. 
2008; Sirot et al. 2011; ANSES 2019d).  
ANSES recently assessed the health impact of ragweed pollen in France, by estimating the 
prevalence of ragweed allergy throughout the country (ANSES 2020g). This impact was then 
monetised by taking account of different indicators for the costs of medical care, lost production 
and lost quality of life, thus combining financial and economic approaches. ANSES has also 
assessed the effectiveness of the beetle Ophraella communa as a biological control agent 
                                                
63 Indoor air quality in hospitals 
64 Study of the impact of co-exposure to neurotoxic chemicals and physical risk factors for 
musculoskeletal disorders on the occurrence of carpal tunnel syndrome in workers  
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against ragweed (ANSES 2015a). The benefits to human health and control of invasive 
species were taken into account and weighed against the potential risks to plant health and 
the environment. As part of the HBM4EU research programme, ANSES has assessed the 
health impact and associated economic cost of cadmium exposure and the risk of 
osteoporosis (Ougier et al. 2021).  
Lastly, ANSES recently proposed a methodology for multi-criteria ranking of food/chemical 
and biological agent pairs according to the associated risk (ANSES 2020h) in order to help 
managers prioritise risk reduction efforts. 

4.7.3 Short-term recommendations (2023-2025) 

In the short term, it is recommended that ANSES:  
 Develop integrated approaches to risk assessment in order to consider all multiple 

exposures (mixtures, sources and routes). The PARC programme will help provide 
methods and tools that will be applied to case studies on substances of interest to the 
Agency (metals, pesticides, perfluorinated substances, etc.).  

 Take account of interactions between factors (chemical, biological and physical 
agents, socio-economic environment, organisational constraints, etc.), starting with 
well-identified situations such as those encountered in the workplace (see Chapter 6.1 
on waste workers).  

 Continue work on ranking biological and chemical agents in food in order to develop 
common burden of disease indicators associated with these agents. 

 Investigate the available methods for risk/benefit analysis in the context of dietary 
and environmental exposures. 

 Become more familiar with health impact assessment approaches by strengthening 
collaboration with specialised teams (e.g. with Inserm and Santé Publique France).  

 Propose economic assessments of health, environmental or organisational impacts via 
the new Expert Committee on Socio-economic analysis (CES ASE).  

4.7.4 Medium-term recommendations (2026-2029) 

In the medium term, in order to develop risk assessment, it will be necessary to extend the 
study of interactions between factors – which at present are mainly only taken into account 
in occupational exposure – to everyday life. Multi-determinant approaches could be proposed 
that enable health effects to be cross-referenced according to interactions between the factors 
(e.g. digital technology, nutrition, chemicals, physical activity, etc.) and the social context. 
Furthermore, encouraging the analysis of the relationship between exposures and the 
health and social situation of populations would enable a better analysis of the causes of 
diseases. Integrating the notion of health-promoting factors such as nutritional factors, 
physical activity or green spaces could complement risk assessments with aspects relating 
to benefits.  
As the gut microbiota is both a target of and an essential bulwark against chemical and 
biological stressors entering the body via the oral route, it would be wise to explore the impact 
of these agents on the nature and functioning of this microbiota, as well as the 
consequences of a possible imbalance on health (Elmassry, Zayed, and Farag 2022).  
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Risk assessment approaches should also be combined with those used in studying the 
exposome by extending risk assessments to include health impact analyses, and the 
study of the associated costs, for high-risk substances such as metals. The methods and 
indicators used to estimate the global burden of disease (morbidity, mortality, premature 
mortality, DALYs, QALYs) could be used, while including a debate on multiple exposures 
(Benichou 2007). The feasibility of comparing the results of risk assessments, often based 
on toxicological data, with the incidence of the diseases in question when the time span 
between exposure and the onset of effects allows it (foetal exposure and IQ) could be studied.  
This work is being considered within the framework of PARC. Dose-response curves could 
also be used to explain the risk beyond the TRV.   

4.7.5 Long-term recommendations (2030 and beyond)  

In the longer term, it will be necessary to propose comprehensive risk assessments 
(mixtures, multi-factors, multi-sources and routes) integrating analyses of health impacts, 
health benefits and the associated economic costs.  

4.8 Eco-exposome 

4.8.1 Background and identification of issues  

Biodiversity and the functioning of ecosystems are severely threatened by anthropogenic 
environmental changes (stressors), which mainly include chemical pollution, habitat loss or 
modification, climate change and invasive species. These stressors are liable to interact with 
each other, often in unpredictable ways, with combined effects that may be greater (synergy) 
or smaller (antagonism) than those expected from their individual impact alone. The impacts 
of multiple stressors in ecology and ecotoxicology have long been studied, with a view to 
considering the reality of exposures and increasing the predictive power of assessments. 
However, the methodologies and terminologies used and the major stressors studied 
(chemicals, nutrients, temperature, physical habitat, food, etc.) vary according to the 
disciplines (aquatic or terrestrial ecotoxicology or ecology) and the ecosystems considered 
(aquatic, marine, terrestrial, etc.). Based on a bibliometric analysis and literature review, Orr 
et al. (2020), noted that this division between disciplines, as well as between the studied media, 
is not yet conducive to the emergence of approaches and results that can be generalised on 
the nature and intensity of interactions between stressors that can be expected at the different 
scales of biological organisation, including the temporal dynamics of exposure (Orr et al. 2020). 
They also emphasised the need to deepen our understanding of the mechanisms of action of 
stressors, and also of the mechanisms of interactions between stressors and at different levels 
(physico-chemical, organisms, ecosystems).  
The concept of the eco-exposome was introduced in the report entitled "Exposure Science in 
the 21st Century: A Vision and a Strategy" (National Research Council 2012), which proposed 
an extended notion of the exposome that broadens the concept of stressor-receptor contact 
not only to internal exposure but also to external exposure, including the ecosphere, with 
markers of both internal and external exposure. It extends the exposome concept, which is 
based on exposure science, by defining the eco-exposome as "the extension of exposure 
science from the point of contact between stressor and receptor inward into the organism and 
outward to the general environment, including the ecosphere", relative to all the qualitative and 
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quantitative information needed to understand the nature of the contact between receptors, 
such as individuals or ecosystems, and physical, chemical and biological stressors.   

The advantage of this eco-exposome concept is that it implies considering the external 
interactions of an organism (human or other species) with the multiple sources of pollution and 
stressors to which it is subjected, with the ensuing consequences on the control (feedback, 
management) of these "stress" sources, and on the need for research and tools to understand 
this complexity. The dynamics of exposure include spatio-temporal changes in both stressors 
and targets for the analysis of biological consequences. 

The eco-exposome complements the "One Health" initiative created in the early 2000s. This 
concept has been considerably strengthened with the COVID-19 pandemic, as it can help 
better address emerging diseases posing a pandemic risk. To this end, it proposes an 
integrated, systemic and unified approach to public, animal and environmental health at local, 
national and global levels. 

In 2017, Escher et al. extended the exposome concept to ecotoxicology and exposure to 
ecosystems (Escher et al. 2017). Similar to the "human exposome", the eco-exposome is 
characterised by internal and external measurements of exposure to which each organism in 
a species may be subjected. Assuming that some molecular targets of substances are 
conserved at the cellular level, and relying mainly on AOP-type approaches, this descriptive 
approach to chemical exposure can be a major help in establishing links between effects from 
the cell to the population, and in better understanding the links between organism health, 
ecosystem status and human health. Figure 19 shows the different types of chemical exposure 
from the environment and their link via environmental media and the food chain to human 
exposure. Despite the complexity of such an ecosystem-wide approach, the authors 
emphasise that knowledge of the mechanisms of action and adaptation to stressors, which are 
shared between species, and variations in metabolic and functional traits of organisms, can 
also help to explain the differences.  

 

 
Figure 19: Relationships between chemical exposures in the environment and living beings, including humans. 
Any type of exogenous chemical exposure can change endogenous exposure and activate cellular toxicity 
pathways. The cellular level may serve as an integrator for understanding the mechanisms of adverse human 
health outcomes and ecosystem-level effects (Escher et al. 2017). 

 
More recently, Scholz et al. (2022) proposed a definition that limits the scope of the eco-
exposome to the internal exposure of individuals within their ecosystem (internal chemical 
environment including endogenous molecules), similar to the one that predominates in human 
health (Scholz et al. 2022). Consequently, the eco-exposome becomes one of the building 

https://fr.wikipedia.org/wiki/Maladies_%C3%A9mergentes
https://fr.wikipedia.org/wiki/Maladies_%C3%A9mergentes
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blocks of risk assessment, enabling complex external exposure scenarios (Hines, Conolly, and 
Jarabek 2019) to be linked with toxicological effects via an AOP approach. 

In ecotoxicology, the term exposome is beginning to appear as a key word, particularly in 
studies on aquatic environments (freshwater or marine), to describe the exposure of 
populations (fish, invertebrates). This relates to either environmental chemistry work 
(Bessonneau et al. 2017), or broader approaches combining measurements in environmental 
media with measurements of endogenous metabolites and exogenous substances (David et 
al. 2017; T. H. Miller et al. 2019; Roszkowska et al. 2019) in order to predict the associated 
toxic risk.   

Several approaches that can be related to the exposome concept had previously been 
explored. They involved the development of biomarkers of disruption or adaptation, some of 
which are now routinely used for monitoring environmental media and identifying associated 
chemical stressors (Garric, Morin, and Vincent-Hubert 2010), or the measurement of 
contaminants and exogenous metabolites in order to characterise bioavailable contaminants 
and assess the toxic danger for the population, establish limit values for environmental quality 
(Ciliberti et al. 2017), or characterise contamination sources (Sarkis et al. 2020). The most 
recent analytical techniques in molecular biology (metabolomics, proteomics, transcriptomics, 
genomics) are now widely used in the field of ecotoxicology, as well as in health. They open 
up vast prospects for a better understanding of eco-exposome dynamics and the associated 
effects, and offer the possibility of investigating the effects of multiple stressors in a wide range 
of animal and plant species, and including interactions between species, including humans 
(Escher et al. 2017; Gao 2021).  

These effects, measured on individuals or on the scale of populations in terrestrial and aquatic 
ecosystems (biomarkers, bioindicators), are invaluable signals that could potentially provide 
information on the type and level of pressure, particularly chemical pressure in environmental 
media, thereby inferring the possible exposure of local human populations (via air, water, food) 
to chemicals. As an example, the work carried out on sentinel species in the environment, such 
as birds, molluscs, fish, amphibians and reptiles (Purdom et al. 1994; Fry 1995; Guillette et al. 
1994; Hayes et al. 2006; Trudeau et al. 2020; Caporale et al. 2022), has revealed exposure to 
endocrine-disrupting substances and given early warning of the associated effects, well before 
those now also widely demonstrated in humans (Bortone and Davis 1994).  

The development of citizen observation of the environment (identification of the 
presence/absence of species, photographs, etc.), now part of a coordinated approach and 
sometimes associated with standardised protocols produced by researchers, has led to an 
increase in the amount of information available on the state of environmental media and the 
behaviour of common or rare species (Loïs 2014). Thanks to progress in computing, masses 
of data from naturalists can be made usefully available to researchers, managers and the 
public, even if their processing and scientific interpretation may require adaptations (Arazy and 
Malkinson 2021). As in the field of human health, the vulnerability of populations and 
communities is recognised as a major variable, at least in the field of research, for defining 
ecotoxicological values that are truly relevant for reducing the impact of contamination and 
ensuring the long-term functioning of populations and ecosystems. Thus, according to De 
Lange et al. (2010), the vulnerability of a population, subjected to specific environmental 
conditions, can be described by three major components: susceptibility of the species to 
chemical and biological exposure, in relation to the traits of the individuals (biological, such as 
developmental stage, and ecological, such as nutritional or reproductive behaviour – strictly 
aquatic or hybrid, for example); the sensitivity of the population to exposure (structure, function 
and trophic relations), and lastly the ability of populations to recover (adaptation, positive 
feedback loop, etc.) (De Lange et al. 2010).  
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Co-exposures to chemical and biological stressors should also be considered in ecosystem 
risk assessment. They have been addressed in research that shows they can have definite 
consequences for the most widely studied animal populations (amphibians, pollinators, fish), 
even if the interaction mechanisms (toxicity, behavioural disruption, feeding, etc.) are not 
necessarily explained (Harwood and Dolezal 2020). Moreover, these interactions can have 
various consequences that are either positive, with for example the reduction or suppression 
of infection by the pathogen (Botías et al. 2021; Cuco et al. 2017), or negative, such as 
immunosuppressive or immunotoxic effects (Schlüter-Vorberg and Coors 2019) or an increase 
in the frequency of malformations in amphibians (Haas et al. 2018). 

Nevertheless, it should be noted that with regard to the regulatory assessment of chemical 
agents and their effects on animal and plant species and, more broadly, on aquatic and 
terrestrial ecosystems, the norm remains the standardisation of assessment conditions rather 
than an examination of the diversity of environmental media and conditions to be considered. 
An approach based on the concept of the eco-exposome, integrating all chemical, biological 
and physical pressures, is not yet in use. Only a certain degree of biological diversity is 
considered through the integration of threshold values for several animal, plant or microbial 
species. 

The issues in terms of the eco-exposome for environmental risk assessment are as follows: 

 Develop a comprehensive view of the contamination of living environments and 
populations (animal and plant), taking account of the multiple stressors, particularly 
chemical, and their interactions, as for example in the work by Atugoda et al. (2021) on 
interactions between microplastics, pharmaceuticals and personal care products 
(Atugoda et al. 2021), Gauthier et al. (2014) on the effects of a mixture of metals and 
PAHs in the aquatic environment (Gauthier et al. 2014), or Hutton et al. (2021) on the 
effects of salinity on pesticide toxicity in fish (Hutton et al. 2021), or on the interactions 
between chemical and biological agents (Haas et al. 2018; Bailey et al. 2018; Schlüter-
Vorberg and Coors 2019; Billet et al. 2021). 

 Develop analytical platforms tailored to the study of the exposome for ecosystems 
and able to combine non-targeted and targeted analyses. 

 Adopt a systemic approach to pressures and impacts on the quality and 
functioning of environmental media and on human health, based on multi- and inter-
disciplinarity. 

 Take the vulnerability of animal and plant populations, along with its indirect 
effects, into account in risk assessment processes (Fleeger 2020). This 
vulnerability may be due, for example, to the structure and contamination levels of 
habitats (Sánchez, Altizer, and Hall 2020) or food webs (Windsor et al. 2020). 

 Develop acceptable values in environmental matrices and organisms that are truly 
protective of ecosystems, based on realistic exposure scenarios (time and space).  

 Study the consequences of the adaptation of animal and plant species and 
micro-organisms to anthropogenic pressures, including climate change, on the 
interactions between these species and with human populations (e.g. COVID, larvae, 
tiger mosquitoes). 

 
Figure 20 below summarises ANSES's current actions concerning the eco-exposome and the 
WG's recommendations for the future.  
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Figure 20: Recommendations for the eco-exposome 

 

4.8.2 What ANSES is already doing   

ANSES is currently involved in improving knowledge of the environment through two missions:  
 Assessing the ecotoxicological risks of plant protection products, biocides, 

veterinary medicines and animal feed additives before they are placed on the market. 
The aim of this mission is to assess the risks to ecosystems on the basis of data 
obtained mainly from single-species tests and, more rarely, from more complex 
experimental systems such as micro- or mesocosms.  

 Monitoring different environmental compartments, mainly with a view to protecting 
human health but also that of livestock or agricultural production.  

ANSES therefore participates in various surveillance, control and risk assessment missions 
for:  
 Residues of veterinary drugs and plant protection products in aquaculture, and for 

terrestrial animals and bees (ANSES 2021j; 2019a). 

 Contaminants in fishery products (biogenic amines, plastics, pollutants, marine 
biotoxins, etc.) (Kazour et al. 2020; Guillier, Berta-Vianrullen, et al. 2016; ANSES 2019f; 
2021h; Arnich and Thébault 2018). 

 Effects on human or environmental health of plant protection product residues 
(phytopharmacovigilance) (ANSES 2020b).  

 Impact of chemicals (UV filters, pesticides, hydrocarbons, heavy metals, 
pharmaceuticals, etc.) on French tropical coral reefs (ANSES, to be published). 

 Transfer of biological agents (bacteria, viruses, parasites) from livestock and wildlife to 
humans (ANSES 2021c; 2021d; 2021n). 

 Antibiotic use in veterinary medicine and antimicrobial resistance (ANSES 2020k). 
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 Microbiological aggressors of agricultural production identified in the epidemiological 
surveillance platform for plant health (ANSES 2020j; 2020j).  

 Good ecological status of the marine environment (Marine Strategy Framework 
Directive (MSFD)) (Saïbi-Yedjer et al. 2018). 

ANSES laboratories also carry out research in collaboration with other research teams to 
study the effect of chemical exposure on fish or bee health, or to characterise the fate of 
pesticides or microplastics in ecosystems (Havard, Laurent, and Chauzat 2020; Coulon et al. 
2019; Le Du-Carrée, Boukhari, et al. 2021; Le Du-Carrée, Saliou, et al. 2021; Le Du-Carrée et 
al. 2022; Dupuy et al. 2019; Slaby et al. 2022; Hermabessiere et al. 2019).  

4.8.3 Short-term recommendations (2023-2025) 

In order to move forward on the more systematic integration of the eco-exposome concept in 
ANSES's activities, the Exposome WG recommends firstly making progress with the 
existing scheme, starting by optimising the use of available data and promoting the 
establishment of a favourable cultural environment within the Agency. This would include: 
 Drawing up a comprehensive review of ANSES's activities in relation to the eco-

exposome concept. 
 Broadening the view of biological and chemical stressors present in the studied 

environments by using tailored tools such as non-targeted analysis. 
 Questioning the relevance of the environmental organisms targeted besides 

those identified by the current OECD guidelines for ecotoxicological risk assessment. 
 Including more ecologists and ecotoxicologists in the expert committees and in 

the PNR EST call for projects and selection committee. 
 Contributing to the acquisition and structuring of eco-exposome data (water, soil, 

air, biota) in interoperable databases. 
 Beginning to develop a strategic debate on the role that ANSES could play in terms 

of ecosystem protection and restoration in initiatives like the Green Deal. 

4.8.4 Medium-term recommendations (2026-2029) 

The second step necessary for the deployment of the eco-exposome concept at ANSES will 
be the implementation of a multi-partner action plan designed to integrate the new 
approaches both in the laboratories and in the expert appraisal and regulatory activities. 
This would enable ANSES to engage more actively in a paradigm shift.  
To support this, the Exposome WG recommends: 
  Identifying and ranking the vulnerability of plant and animal communities to 

exposure to multiple factors (chemical, biological agents, etc.), taking climate change 
into account. 

 Adapting the vigilance system, in particular with new digital tools (sensors, signal 
processing, satellite surveillance, etc.), to detect signals useful for monitoring the health 
of the environment itself, as well as the health of livestock and agricultural production. 

 Integrating metadata that better describe the vulnerability of animal, plant and 
microbiological populations in the environment (e.g. degraded habitat from 
excessive temperatures) in environmental monitoring, in order to refine risk 
assessment and management measures.  
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 Prioritising the stressor interactions to be considered for populations of 
environmental species in ecosystem risk assessment. 

 Contributing to the development of AOPs for sentinel species in ecosystems. 
 Strengthening the Agency's skills in understanding the population dynamics of 

environmental species.  
 Strengthening the study of the impact of co-exposures on the offspring of various 

species by studying transgenerational effects.  
 

4.8.5 Long-term recommendations (2030 and beyond)  

In the longer term, it would be desirable for ANSES to acquire the ability to conduct systemic 
risk assessments that integrate the notion of eco-exposome. This would require:  
 Strengthening modelling abilities, to make better use of future models combining 

mechanistic approaches of the AEP/AOP type. This combination is already in place in 
some areas. There is a perceived strong need for staff training. 

 Integrating trophic and behavioural interactions between environmental species 
and humans in risk assessments. 

 Better integrating environmental signals in human exposure assessment, as has 
been done with endocrine disruptors and their observed effects on ecosystems 
(Akhbarizadeh et al. 2021; Lathers 2002). 

 Supporting research projects seeking to identify new environmental signals of 
interest to contribute to the sustainability of ecosystems according to a "One Health" 
approach.  

4.8.6 Need for a cultural and structural change at ANSES  

If ANSES wishes to integrate the eco-exposome concept in its activities, by applying more 
effort to taking environmental targets into account, the Exposome WG sees a number of major 
developments:  
A cultural change through the acquisition of a new sphere of competence related to the 
environment. This change will be achieved through the gradual deployment of this competence 
among ANSES staff and the expert committees. Including ecology experts (population and 
community dynamics) in the committees will require a support phase, similar to that 
experienced by experts in the human and social sciences. Similarly, the idea of circularity of 
consumer products (recycling) and its integration in risk assessments will require some time 
to be adopted. 
A structural change with an essential clarification of the spheres of competence between 
ANSES and its partner agencies. A partnership with the French Biodiversity Agency (OFB) is 
under discussion. 
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5. Deployment and general recommendations  

This chapter proposes a strategy for deploying the exposome at the planning phase of expert 
appraisals, in relation to the eight themes presented in Chapter 4. The general 
recommendations needed for deploying the exposome at ANSES are also detailed.  

5.1 During the planning of expert appraisals 

For a health risk assessment as conducted today, Figure 21 outlines the different components 
of the exposome that can be introduced.  
 

 
 

Figure 21: Exposome components to be progressively introduced in future risk assessments (HRAs). The choice 
of components depends on the subject and timetable of the formal request. 

 
The different exposome components should be introduced progressively during the planning 
phase of an expert appraisal. This planning phase contains three steps, which consist in 
defining: 1) the context of the formal request, 2) the question being asked and if necessary, its 
reformulation, and 3) the data, methods and tools used. The WG proposes adding during this 
planning phase a questioning step on the relevance of using an exposome approach to 
address the question being asked. This will be introduced progressively according to the 
subject of the formal request, the available data and methods, and the associated timetable. 
The decision tree in Figure 22 can be used when framing an expert appraisal, in order to review 
the different components that can be introduced. For each component, the level at which it will 
be addressed in the expert appraisal will depend on the progress made in implementing the 
recommendations in Chapter 4 for the associated theme. For example, for taking mixtures into 
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account: 1) if the expert appraisal takes place when the recommendations in Chapter 4 are at 
the "short-term" stage, it will be necessary, for example, to issue an alert in the ANSES opinion 
and suggest collecting the data needed to take this mixture into account, 2) if the expert 
appraisal takes place in the longer term, it could then be proposed that an HRA of mixtures be 
conducted on the basis of the data and methods organised following the recommendations in 
Chapter 4. If the decision tree leads to one or other or several of these components being 
taken into consideration, they should be integrated in step 2 of the reformulation of the 
question(s) asked, and also in step 3 on the choice of methods used. 
 

 
Figure 22: Decision tree to be used in the planning phase of the expert appraisal 

 
Figure 23 outlines the possible introduction of the different components in risk assessments 
and its impact on their levels of complexity and consideration of the reality of exposures. The 
modules represent those components that can be added in a number and order that is 
appropriate to the question asked and the time available. As the number of modules increases, 
so does the degree to which the exposome components are taken into account. The integration 
of exposome components is associated with a level of complexity that aims to get as close as 
possible to reality. The y-axis groups together the events that contribute to an increasing level 
of complexity. Taking exposome components into account requires greater resources in terms 
of data, time and people. Proposals are made in the next section (see Chapter 5.2) to address 
this. Taking exposome components into account is also accompanied by an increase in the 
uncertainties due to combining data and models, which must be quantified using suitable 
methods (ANSES 2016c). However, the difficulties associated with increasing complexity must 
be weighed against the benefits of integrating exposome components. The x-axis groups 
together the events that increase the level of realism. The more the exposome components 
are taken into account, the closer the resulting HRA will be to the reality of exposures and 
risks, by reducing some of the uncertainties and proposing a more integrative approach. This 
more comprehensive approach can also be used to identify priority sources, substances and 
populations, and thus to guide management measures. Since the exposome also takes 
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individual, geographical and social specificities into account, it could eventually help develop 
a public health policy that is more targeted and tailored to specific sub-groups of the population.   

 
Figure 23: Diagram of the introduction of the different components in the health risk assessments (HRAs). The 
modules represent the components and are added according to the question asked. As the number of modules 

increases, so does the degree to which the exposome components are taken into account. The level of 
consideration of exposome components is associated with a greater level of complexity and consideration of the 

reality of exposure. 

5.2 Five key recommendations 

The WG has identified five key elements to enable ANSES to successfully take the exposome 
into account in its expert appraisal work and more generally in all its activities.   
 

1. Develop a cross-functional activity tasked with implementing and following up the 
recommendations   

Risk assessment calls on a number of different skills requiring a multidisciplinary team to be 
organised for the work. The DER units cover several disciplines, including toxicology, 
chemistry, microbiology, nutrition, epidemiology, medicine, statistics and mathematical 
modelling. These disciplines are reflected in the different skills of ANSES staff and are 
deployed in the work carried out by several units. The WG proposes setting up a cross-
functional activity devoted to the exposome, spanning the DER units, in order to strengthen 
cooperation between them around this approach. These units are currently organised by 
exposure source (food, water, air) or agent type (physical, chemical, microbiological, etc.) and 
are grouped into three main areas, two of which are related to expert appraisal: "Food, animal 
and plant health", "Environmental and occupational health", and one which covers 
"Observatories, methods and data". The objectives of this cross-functional activity would be to 
strengthen collaboration between the DER units, reinforce the link between research and 
expert appraisal, and assist with implementing the WG's recommendations. It would also be 
responsible for disseminating information and providing training to ANSES staff and expert 
committees. Lastly, it would also strengthen the link between the work of the DER and the 
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laboratories, to support the coordination efforts of the scientific directors. A strong link with the 
Social Sciences, Expertise & Society Unit (MiSSES) would also be necessary to take the social 
HRA and socio-economic impacts into account.   

 
2. Acculturate ANSES staff and expert committee members 

Strengthening the way in which the exposome is taken into account in the Agency's activities 
requires a phase of acculturation of ANSES staff and experts, and of the members of its expert 
committees and working groups. Presentations, specific training and workshops could 
therefore be offered to the Agency's staff and experts.  
Dissemination of the WG's objectives and work has already started, with their presentation to 
the different CESs and DER units. The involvement of ANSES staff in research projects related 
to the exposome is also recommended, in order to contribute to staff training on this subject.  
Lastly, the integration of new skills, particularly in ecology, ecotoxicology and modelling (more 
specifically spatial modelling) in the expert committee panels would enable these components 
to be better integrated.    
 

3. Data organisation, provision and analysis 
The exposome requires the use of a large quantity of different types of data. Their accessibility, 
collection, management and interoperability therefore play a central role in taking the 
exposome into account in risk assessment. Chapter 4.2 presents the issues related to data. 
These issues are grouped around the FAIR principles. The WG considers that the actions 
currently being taken on the collection, provision, organisation and analysis of data should be 
strengthened, in particular through the introduction of human resources with expertise in IT, 
data management and data science. These new skills will complement those of the scientists 
who produce and use the data, to make their access and use more efficient.  
 

4. Development of operational methods and tools  
Taking the exposome into account generates additional costs in terms of time to respond to 
formal requests and human resources to be mobilised, which can be offset by the development 
and use of operational tools to apply the methods needed for taking the various components 
into account. For example, the RSExpo software was developed by the DER to identify priority 
mixtures based on co-exposures, calculate the cumulative risk for a given mixture, and 
aggregate different sources and exposure routes, while taking uncertainties into account. Its 
RShiny interface makes it easy for a non-statistical user to operate the associated models. At 
the European level, numerous software packages are available or under development, such 
as MCRA65 for food risk assessment, the EFSA TK/TD platform (TK plate) for toxicokinetic and 
toxicodynamic models (Testai et al. 2021), the VEGA platform66 for QSAR models, TREXMO67 
for worker exposure models, etc. The WG recommends developing expertise and use of 
existing software and strengthening the development of operational tools within the Agency.  
     

5. Consolidate collaborations and partnerships with research teams 

                                                
65 https://mcra.rivm.nl/Select 
66 https://www.vegahub.eu/portfolio-item/vega-qsar/ 
67 https://www.seco.admin.ch/seco/fr/home/Arbeit/Arbeitsbedingungen/Chemikalien-und-
Arbeit/Exposition/TREXMO.html 

https://mcra.rivm.nl/Select
https://www.vegahub.eu/portfolio-item/vega-qsar/
https://www.seco.admin.ch/seco/fr/home/Arbeit/Arbeitsbedingungen/Chemikalien-und-Arbeit/Exposition/TREXMO.html
https://www.seco.admin.ch/seco/fr/home/Arbeit/Arbeitsbedingungen/Chemikalien-und-Arbeit/Exposition/TREXMO.html
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To achieve its objective of integrating the exposome and eco-exposome in its activities, 
ANSES will need to rely on specialised research teams at national and European level. In 
addition to its funding activities, such as the PNR EST (see Chapter 3), or research and 
development contracts, the Agency should continue to strengthen its participation in national 
and European projects and platforms related to the exposome. The PARC programme, with 
more than 200 European partners working on different aspects of chemical risk assessment, 
will be an opportunity to combine the advances made in the various disciplines related to the 
exposome and apply them to future expert appraisals. Lastly, it seems important for ANSES 
to support the idea of taking the exposome into account in risk assessment (as proposed in 
this report and beyond) at European and international level.  
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6. Application to formal requests 

Five of the formal requests from ANSES's 2021 and 2022 work programmes were selected by 
the WG as examples of the application of the recommendations made in Chapter 4 (Figure 
1Figure 24). This chapter details each one's background and objectives, along with the 
recommendations made by the WG for integrating one or more components of the exposome. 
Some of these recommendations were implemented by the coordinators and the WGs/CESs 
tasked with responding to the formal requests, when the timetable allowed it, and the work 
undertaken to implement these recommendations is detailed. A final paragraph provides 
feedback on the difficulties and needs encountered during implementation.  

 
Figure 24 The five applications to formal requests detailed in this report 

6.1 Waste workers 

Selected because of this formal request's diversity in terms of factors addressed, as well as exposure to 
chemical mixtures. The psychosocial dimension linked to this type of occupation is also an interesting 
example of taking the social component of the exposome into account.   

6.1.1 Background  

The waste management and recycling sector is growing rapidly and constantly evolving. This 
sector is a driver for action in the circular economy as it ensures that waste is treated while 
producing resources such as raw materials or energy. The obligation to recycle is regulated at 
both European and French levels. There is no specific health component; or if there is one, it 
is more focused on the environmental aspects. In view of the key occupational health issues 
identified, ANSES issued an internal request in 2016 to investigate the health risks for 
professionals in the waste management and recycling sector in France.   
In an initial expert appraisal phase (ANSES 2019g), the Agency produced a general picture of 
the sector in France, describing the organisation of waste collection, sorting and treatment 
(recycling and disposal) activities, the associated regulatory framework, workers' health and 
future prospects regarding socio-economic dynamics. In order to provide an overview of the 
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sector without claiming to be exhaustive, the study examined a list of 28 "waste" management 
processes including extended producer responsibility, household and similar waste, organic 
waste and construction waste, as well as "materials" processes (glass, plastics, metals, etc.), 
and proposed that they be grouped according to the potential health risks for workers and, in 
particular, the level of knowledge of the risks. Each of these categories was associated with 
specific recommendations for prevention, assessment and/or characterisation of health risks 
for workers. Three processes – "construction waste", "wood" and "household packaging" – 
were deemed to be of particular interest for the second phase of this expert appraisal, aimed 
at conducting an occupational health risk assessment (HRA).  
In addition to the finding that data on health risks are lacking, this initial expert appraisal 
highlighted numerous occupational exposures to a wide variety of factors (toxic chemicals, 
mould, bacteria, high temperatures, intense noise, mechanical vibrations, sources of fire or 
explosions, work near mechanical or electrical equipment, presence of sharp objects, vehicle 
traffic/driving, etc.), in addition to arduous working conditions (heavy lifting, repetitive 
movements, night or shift work, etc.) and risks to mental health (working alone, violence or 
incivility, and a lack of recognition).  
Following on from this initial work, the Agency proposed conducting a health risk assessment 
targeting workers involved in the collection, sorting and treatment of household waste. The 
scope of the expert appraisal would include a study of the "household packaging" process 
(paper, cardboard, plastics and glass), which was identified as a potentially high-risk process 
in phase 1.  
When searching for case studies designed to test the specific conditions for integrating the 
exposome concept in the Agency's expert appraisals, this topic attracted the attention of the 
WG for its diversity in terms of the factors addressed and the workers' exposure to mixtures. 
Considering also the benefits of initiating its debates as early as the framing phase of the 
expert appraisal, the WG decided to examine this second phase of the expert appraisal as a 
case study.      

6.1.2 Purpose of the formal request  

The purpose of this second phase of the expert appraisal was to conduct a health risk 
assessment for workers involved in the collection, sorting and treatment of household waste. 
The work was to be carried out in two stages.  
Household waste (HW) results from the daily domestic activity of households and is collected 
through normal (residual household waste) or separate (glass, household packaging and 
biowaste) collections. Residual household waste refers to the part of the waste that remains 
after the separate collections, and is also called "non-recyclable waste". HW also includes non-
household waste collected under the same conditions as HW.  
To begin with, the factors to which workers involved in the collection, sorting and processing 
of household waste are exposed will be documented and analysed. This question will 
incorporate a study of the process aimed at characterising the target occupational population 
and defining the exposure (type of substances, materials or products, concentrations, duration, 
etc.) according to the occupational activities and tasks concerned and, more broadly, the 
organisation of the process and work. This study will include a definition of the legal framework 
in which these activities take place, as well as an analysis of the structure of the HW market, 
its dynamics and the players involved. As an initial approach, all types of health constraints for 
workers (chemical, biological, physical, organisational and relational) will be considered. In 
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addition, this overall characterisation of health risks will take the effects on psychological health 
into account.   
The knowledge available on the factors thus identified will be used to assess the feasibility of 
conducting a qualitative and/or quantitative health risk assessment, which will be carried out 
subsequently.  

6.1.3 Recommendations of the Exposome WG  

The management of waste raises a series of questions:   
 Waste contains a multitude of different chemicals exposing the people handling it to a 

mixture of substances and raising the question of the associated health risks.  
 Waste contains chemicals and biological organisms, also raising the question of 

interactions between chemical and biological agents.  
 Waste handlers are often in difficult personal and professional socio-economic 

situations, to which can be added the significant organisational constraints of this type 
of work. All this can therefore affect their mental health. The links between chemical, 
biological and psychological factors also raise concerns. 

When framing the second phase of this work, two main lines of investigation were proposed 
by the WG experts:   

1. The study of the interactions between chemicals and biological agents, and in particular 
their impact on the modulation of immune responses.  

2. The study of the interactions between the different determinants (organisational, 
relational, chemical and physical constraints) responsible for occupational stress.   

The question of the combined effects of chemical mixtures is one of the issues of the 
exposome. As it is on the work programme of the WG on Household Waste Workers, it will not 
be developed here, in order to focus on the two lines of investigation mentioned above. For an 
example of co-exposure to a mixture of chemicals and their effects, see the formal request on 
chlordecone presented in Chapter 6.4.   

6.1.4 Actions and resources implemented  

The WG on Household Waste Workers tasked with conducting this work was only set up in 
March 2022. Certain information and aids to reflection were therefore collected prior to its 
establishment and are set out below.  
  

6.1.4.1 Interactions between chemical and biological substances 

Working assumptions 
Some environmental chemicals can interfere with immune response mechanisms and may 
make the body more vulnerable to infectious biological agents. Exposure of humans to 
organochlorines, dioxins and PCBs (Dietert 2014), certain metals (Ewers, Stiller-Winkler, and 
Idel 1982; Moore et al. 2009) or organofluorines (perfluorooctanesulfonic acid (PFOS) and 
perfluorooctanoic acid (PFOA)) has been associated with immunosuppressive mechanisms 
(reduced concentration of immune cells), thought to favour infectious episodes (otitis, 
bronchitis, pneumonia), particularly in children (Grandjean, Heilmann, Weihe, Nielsen, 
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Mogensen, and Budtz-Jørgensen 2017; Grandjean, Heilmann, Weihe, Nielsen, Mogensen, 
Timmermann, et al. 2017). Many chemicals (organochlorines, PAHs, fine particulate matter, 
NO2, ozone, metals, certain plasticisers or plastics, etc.) are also known to induce 
immunostimulation mechanisms in humans (induction of inflammatory phenomena) involving 
different activation pathways (Kim et al. 2012; Suzuki et al. 2020; Prata et al. 2020; Sharifinia 
et al. 2020). These chemicals could potentially increase the risk of disrupting the immune 
response to exposure to a biological infectious agent and promote certain infections, 
particularly respiratory infections (influenza, measles, SARS-CoV-2).  
Workers involved in household waste management activities are potentially exposed to 
chemicals and biological agents. It therefore seems relevant to investigate whether the 
chemicals to which these workers are exposed could interact with the immune system and 
potentiate their risk of developing infections when exposed to biological agents. 
  
Identification of chemicals of interest 
In a first "macroscopic" approach, several summary reports describing different stages of 
household waste management were consulted in order to identify the chemicals to which the 
workers targeted by the expert appraisal were liable to be exposed. The first reports identified 
concerned incineration of household waste and composting (INRS 2010; 2015; 2019). With 
regard to composting activities, the compounds that seem to be of interest from a health point 
of view – because they exceed the reference values or are frequently encountered in the 
working environment – were ammonia and inhalable dust. For incineration activities, exposure 
to several metals (lead, chromium, cadmium, copper, iron, vanadium, arsenic), dust (inhalable 
and respirable), B[a]P and dioxins was estimated to be very likely (Table 1).   
 
 

Table 1: Chemical emissions from non-hazardous composting or waste incineration activities where worker 
exposure is very likely or is above the occupational exposure limits 

Substances found in workplace atmospheres Treatment steps involved References 

Respirable dust Composting, Incineration INRS (2010; 2015) 

Alveolar dust Incineration INRS (2015) 

Ammonia (NH3) Composting INRS (2010) 

Lead compounds Incineration INRS (2015; 2019) 

Hexavalent chromium (chromium VI) and 
compounds 

Incineration INRS (2015; 2019) 

Cadmium and compounds Incineration INRS (2015; 2019) 

Aluminium Incineration INRS (2015) 

Calcium Incineration INRS (2015) 

Copper Incineration INRS (2015) 

Iron Incineration INRS (2015) 

Vanadium (V2O5) Incineration INRS (2015) 

Nickel compounds Incineration INRS (2019) 
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Beryllium compounds Incineration INRS (2019) 

Cobalt compounds Incineration INRS (2019) 

Inorganic arsenic compounds Incineration INRS (2019) 

B[a]P Incineration INRS (2015) 

Refractory ceramic fibres (RCFs) Incineration INRS (2019) 

Dioxin-like polychlorinated biphenyls Incineration INRS (2019) 

Source: INRS (2010) Approaching chemical and microbiological risks in the composting sector; INRS (2015) 
Installations de traitements thermique des déchets non dangereux et DASRI [Thermal treatment facilities for non-
hazardous waste and infectious clinical waste]; INRS (2019) – Fiche aide au repérage de produits cancérogènes 
– Incinération d'ordures ménagères [Fact sheet for identifying carcinogenic products – Incineration of household 

waste] 
  
In addition, exploration of the Sumex2 job-exposure matrices identified other agents or classes 
of chemical hazards to which drivers are exposed more widely during household waste 
collection and treatment activities, without specifying the management step concerned 
(Annexe 2 , Table 7 and Table 8). As ammonia and dust have already been identified in the 
previous list, and as the other substances belong to rather broad families (surfactants and 
ketones, etc.), these results were not considered in the remainder of the work.  
  
A literature search was also carried out to gather some information on biomonitoring in the 
field of waste management. A simple query was run on the Scopus database using the 
following equation (TITLE-ABS-KEY (waste) AND TITLE-ABS-KEY ("occupational health" OR 
workers) AND TITLE-ABS-KEY (biomonitoring)). It found 66 results, which were subjected to 
a qualitative content analysis based on the reading of the title. This analysis shows that three 
main themes of interest for our work are addressed in the publications: 
 Exposure to metals, phthalates, BPA and analogues, dioxins, PAHs and pesticides 

during the incineration of household waste and the recycling of waste electrical and 
electronic equipment (WEEE). 

 Use of cytotoxicity/genotoxicity tests for biomonitoring of waste management workers. 
 Exposure to metals and metal dust during informal WEEE recycling in China, Ghana 

or Brazil. 
  
Immunological effects of the identified chemicals 
On the basis of these observations, bibliometric analyses were conducted in order to determine 
the immunological effects of the frequently identified substances or chemical classes. Test 
queries were conducted in Scopus by cross-referencing several groups of key words relating 
to immunological effects – including the development of respiratory infections – and to 
chemical exposure. The queries selected for the bibliometric analysis are shown in Figure 25. 
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Figure 25: Literature queries conducted on the immunological effects of chemical substances or classes 

frequently identified in connection with household waste management activities 

Consistent with the preliminary findings, scientific articles reported immunological effects of 
metals, particles/dust, PAHs or dioxins. Publications relating to ammonia gas exposure also 
seem to be available. However, there does not seem to be any literature on this type of effect 
for refractory fibres. 
As regards metallic elements, additional analyses by type of metal show varying results. 
Substances such as chromium VI, lead, beryllium, vanadium, cobalt or nickel were all 
associated with fewer than 50 publications. For aluminium, arsenic, iron, cadmium, copper or 
calcium, the results exceeded a hundred publications, and even a thousand in the case of iron. 
In addition, a bibliometric analysis cross-referencing key words related to respiratory infections 
with key words related to waste management occupations suggested that this topic is covered 
in the literature (Figure 26).  
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Figure 26: Literature query on respiratory infections and waste workers 

 
Outlook 
These initial investigations suggest that some of the chemicals to which waste workers are 
exposed may interact with the immune system and potentially play a role in promoting infection. 
If co-exposures to chemicals and biological agents at certain workstations were demonstrated 
during the expert appraisal process, this could justify an in-depth study of this type of 
interaction. Observation of the development of infections in workers, particularly respiratory 
infections, in connection with certain activities could also be grounds for a debate on these 
possible interactions. 
  

6.1.4.2 Interactions between determinants of mental health  

Why focus on addressing the issue of mental health rather than stress?  
The notion of "stress" can be scientifically mobilised to describe psychological stimuli or 
problems, particularly in the workplace (Loriol 2014; Lhuilier 2010). Nevertheless, this notion 
remains limited in its ability to grasp all the social and subjective dynamics that drive individuals 
in work situations. Notions of mental health or psychological health seem better placed to 
reflect this. 
  
 
Mental health  
Depending on the discipline or institution, there are many definitions, approaches or "entry 
points" into mental health and illness. Without accounting for this diversity here, it is worth 
reiterating the intellectual and social importance of an approach to mental health that is as 
integrated as possible. This all-encompassing understanding is regularly found in the WHO's 
expert appraisals (World Health Organization 1985; 2014; World Health Organization Europe 
2009).   
According to the WHO, mental health is "a state of well-being whereby individuals recognize 
their abilities, are able to cope with the normal stresses of life, work productively and fruitfully, 
and make a contribution to their communities". It should not be seen only as the absence of 
mental disorders but as an integral part of health in the broadest sense. This approach echoes 
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the definition of health generally given by the WHO in its Constitution, namely a state of 
complete physical, mental and social well-being and not merely the absence of disease or 
infirmity.  
It is thus possible to distinguish three dimensions of mental health, namely positive mental 
health, reactive psychological distress (or suffering), and psychiatric (or mental) disorders. This 
distinction was proposed at the first WHO European Ministerial Conference on Mental Health 
in Helsinki in January 2005. Taking these dimensions into account, the field of mental health 
can be modelled at the intersection of two continuums: a "mental health continuum", which 
extends from psychological distress to optimal mental health, and a "mental illness continuum", 
which extends from the absence of symptoms of mental illness to severe mental illness. 
Many factors play a role in determining the degree of mental health of an individual at a given 
time. These determinants can be socio-economic, biological and environmental, including the 
work environment. Working conditions are an important determinant of mental health. Again 
according to the WHO, "Mental health and well-being is influenced not only by individual 
attributes, but also by the social circumstances in which persons find themselves and the 
environment in which they live; these determinants interact with each other dynamically, and 
may threaten or protect an individual’s mental health state (World Health Organization 2012). 
There are many classifications of the determinants of mental health, including social, socio-
economic, biological, psychosocial, personal, (extra)occupational, demographic and socio-
emotional. When the interrelationships are complex between the social and the economic, or 
between the individual and the social, as illustrated by the question of gender (Allen et al. 2014) 
or of addictions, they remain schematic and their boundaries porous. From the perspective of 
typologisation, and therefore simplification, these categorisations can nevertheless be used as 
a first step.  
  
Mental health determinants 
The determinants can be categorised through the "biopsychosocial" model, according to which 
mental health is a dynamic process resulting from biological, psychological and social factors 
that are constantly interacting and may change throughout life. On the basis of this approach, 
we propose making a distinction between two main groups of determinants: "personal" and 
"social" (Table 2). 
 

Table 2: Mental health determinants 

"Personal" 
determinants 

"Social" determinants 

 Age 
 Sex 
 Genetics 
 Pre-

existing 
state of 
health 

 Individual 
behaviours 

 Childhood events 
 Socio-demographic characteristics: gender, ethnicity 
 Education 
 Living environment*: housing, transport, food, hygiene, medical care   
 Family and social fabric 
 Social norms 
 Socio-professional factors: occupational trajectories and situations*, 

income, employment (existence, type), exposure, working conditions 
and organisation, professional fabric 

*These aspects must be considered both in terms of their access and "quality" 
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Some documented interactions 
A brief literature search identified publications on the interactions between some of the above-
mentioned determinants and their links to physical and/or mental health effects. The table 
below describes the interactions that have been addressed by studies (Table 3). 
  

Table 3: Interactions between determinants covered by studies 

Organisational and psychosocial factors  

DARES: Analysis of the "Sumer" and "Working Conditions" surveys. 
The accumulation of organisational constraints (lack of autonomy, time 
pressure) combined with socio-economic insecurity leads to a lower 
level of psychological well-being and more frequent functional 
limitations. 

(Coutrot and Sandret 2015; 
Beque and Mauroux 2018; 
Waltisperger 2007; Beque 
2014; Holman 2013; Parent-
Thirion et al. 2016; Coutrot 
2018; DREES and Santé 
publique France 2017)  

NRCWE: Study of potential interactions between ergonomic factors 
(heavy lifting) and psychosocial factors (stress) at work and their 
effects on pregnancy and foetal development 

(Sejbaek et al. 2018) 

Organisational, psychosocial and physical factors (postural constraints) 

Environmental and Occupational Health Research Institute 
(IRSET Angers) Ester Team (epidemiology in occupational health and 
ergonomics): In the French wage-earning population, industrial 
constraints and production standards, as well as lack of flexibility, 
hierarchical supervision and versatility of workstations are positively 
associated with exposure to postural constraints, regardless of gender. 
A harmful psychosocial environment (low social support, low skill use 
and development, and high psychological demand) is associated with 
an increased risk of exposure to postural constraints. Postural 
constraints are themselves associated with musculoskeletal disorders 
(MSDs). 

(Bertin et al. 2018) 

BAuA: Study of the role of interactions between specific risk factors 
related to the nature of the work (e.g. large forces applied to the body, 
repetitive manual activities, unfavourable postures or forced physical 
inactivity), work-related psychosocial factors and work organisation 
issues in the genesis of MSDs. 

(BAuA 2014)  

NRCWE: Study of potential interactions between ergonomic/physical 
and occupational psychosocial factors and their role in the 
development of MSDs 

(Karstad, Rugulies, et al. 
2018; Karstad, 
Jørgensen, et al. 2018) 

ETUI: Musculoskeletal disorders and psychosocial factors at work (Roquelaure 2018) 

Personal and socio-professional factors 

BAuA: Study of potential occupational risk factors for cardiovascular 
disease (CVD) encompassing psychosocial factors (including stress), 
physical workload and physical/chemical factors  

(BAuA 2014)  
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FIOH: Assessment of psychosocial factors at work and associations 
with depression and low back pain. Proposed job-exposure matrix. 

(Solovieva et al. 2014)  

NRCWE: Study of the effects on offspring of concomitant exposure to 
work-related stress and stress in private life during pregnancy 

(Liu et al. 2019; Pape et 
al. 2021) 

ANACT: Study of the cumulative effects of exposure to risks in the 
reality of work for populations in fragile (or insecure) employment 
situations. Proposed explanatory model of risk exposure and its 
accumulation, integrating the characteristics of exposed persons: age, 
gender, experience, status, etc. 

(Burens et al. 2011) 

  
 Bibliometric analysis of interactions between determinants 
In addition, literature queries were tested in Scopus. 
  
 "Simple" queries, by groups of key words 

  
This firstly involved listing different groups of English key words related to mental health and 
the "personal" and social determinants. The key words chosen refer to general categories, 
without any breakdown according to specific diseases, problems or risk factors.  
 In terms of the key words selected and the associated data volumes, the following results can 
be observed (Table 4):  

Table 4: Results of the simple queries "mental health" and "mental health determinants" 

Group Key words Field Number of 
publications 

Mental health 

(( mental  W/0  health  OR  mental  W/0  condition )  OR  ( mental  
W/0  disorder  OR  mental  W/0  disease  OR  mental  W/0  distress  
OR  psychological  W/0  hardship  OR  psychological  W/0  distress  
AND psychological  W/0  strain  OR  psychological  W/0  disorder  
OR  psychic  W/0  distress  OR  psychic  W/0  disorder  OR  psychic  
W/0  disease  OR  psychic  W/0  hardship  OR  psychic  W/0  strain  
OR  brain  W/0  disorder )  OR  ( psychiatric  OR  neuropsychiatric 
)) 

TITLE 

ABSTRACT 

KEYWORDS 

414,409 

Occupational 
status 

(( work*  W/0  situation )  OR  ( professional  W/0  situation )  OR  ( 
professional  W/0  status )  OR  ( employment  W/0  status )  OR  ( 
employment  W/0  situation )  OR  ( occupation* )  OR  ( job )  OR  ( 
work* )) 

TITLE 

ABSTRACT 

KEYWORDS 

7,995,192 

"Personal" 
determinants 
  

(( personal  W/0  risk  W/0  factor )  OR  ( genetics  OR  age  OR  
sex  OR  ethnic* )  OR  ( health  W/0  status  OR  existing  W/0  
condition  OR  health  W/0  condition  OR  state  AND  of  AND  
health )  OR  ( behaviour  OR  behavior )) 

TITLE 

ABSTRACT 

KEYWORDS 

12,702,814 

Social 
determinants  

(( socioeconomic  W/0  status )  OR  ( social  W/0  status )  OR  ( 
social  W/0  determinant )  OR  ( community  W/0  factor )  OR  ( 
social  W/0  factor )  OR  ( economic  W/0  status )  OR  ( economic  
W/0  determinant )  OR  ( economic  W/0  factor ))  

TITLE 

ABSTRACT 

KEYWORDS 

265,127 
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 Queries by cross-referencing groups of key words 
 Multiple cross-referencing of queries was then carried out. The most relevant are shown in 
Figure 27:  

  
 

Figure 27: Cross-referencing of the queries "mental health" and "mental health determinants" 

 Test queries incorporating "waste workers" key words 

In addition, the key word group "mental health" was cross-referenced with key words related 
to waste management occupations (Figure 28). The small number of publications obtained 
suggests that this subject is relatively rarely addressed in the literature through the specific 
prism of the workers in our study. 
  

 
Figure 28: Literature query on mental health and waste workers 
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Outlook  
These results are at first sight complicated to understand. With regard to the volume, however, 
cross-referencing queries with various fields significantly reduces the number of certain articles 
(to fewer than 500 publications). 
In any case, it is necessary to read at least the titles and abstracts to determine the level of 
relevance of the publications, and establish a possible link between the volume of publications 
and the level of actual documentation of the subject. 
Moreover, the body of articles constituted is of considerable interest. Even if they do not 
address a specific sector such as the waste industry, and thus question the degree to which 
the results can be transposed, they could provide useful information for understanding the 
interactions between mental health and biological factors, for example. 

6.1.5 Conclusion  

This formal request analysing the factors to which workers involved in collecting, sorting and 
treating household waste are exposed raised several questions related to the exposome. In 
particular, it considered the impacts on physical and/or mental health of exposure to chemical 
mixtures; of an interaction between chemical and biological agents; of an interaction between 
chemical agents, biological agents and psychological factors. This last type of interaction 
reveals the interweaving of personal, social and professional rationales. On this last point, 
waste management professions are characterised by major organisational and relational 
constraints. An initial study of the literature has shown that an exposome approach could be 
useful for better understanding the health status of these workers, who are exposed to various 
hazards. For example, it has been observed that some of the chemicals to which waste 
workers are exposed may interact with the immune system and potentially play a role in 
promoting infection. An in-depth study of this type of interaction could be carried out during the 
expert appraisal on the basis of these initial data. With regard to interactions involving 
organisational and relational constraints in addition to chemical and physical exposures, the 
body of data, although disparate, encourages the study of their link with the mental health and, 
more broadly, the overall health status of these workers.     

6.2 Reference values 

Selected for the possibility of integrating the exposome concept when creating a single methodological 
guide for selecting and developing reference values in the general and occupational populations. 

6.2.1 Background 

As mentioned in Chapter 4.6, ANSES is responsible for establishing reference values (RVs). 
To this end, it has produced several methodological guides for selecting (ANSES 2012) and 
establishing RVs:  
 The TRV development guide (ANSES 2017g). 
 The method for developing IAQGs (ANSES 2016d). 
 The reference document for establishing occupational exposure limits (OELs and 

BLVs/BRVs) for chemical agents (ANSES 2017c).  
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 The guide for assessing health risks associated with situations where the quality limits 
and references for DW have been exceeded (ANSES 2007b), and the method for 
assessing health risks associated with the presence of drug residues in DW (ANSES 
2013c). 

 Work on proposing TRVs and IAQGs for mixtures of substances is currently under way. 
When developing RVs, sensitive populations are considered through selection of the critical 
effect and the key study (data showing effects for sensitive populations when available), and 
by adding an inter-individual uncertainty factor. This takes into account the potential variability 
in response in the human population, which may be due to genetic make-up, age, sex, lifestyle, 
health status, differences in toxicokinetic responses (e.g. genetic polymorphisms in metabolic 
enzymes) or in toxicodynamic responses (different target sensitivities, hereditary disease 
resulting in deficient DNA repair). This factor therefore takes account of the differences in 
response between an average person and a sensitive person in the population of interest. 
Specific recommendations on choosing this factor when children are regarded as a sensitive 
population are given in the "TRV" guide (ANSES 2017g). For example, several RVs have been 
developed based on critical effects observed in sensitive populations, when the data were 
available:  
 For NO2 (ANSES 2013d): 

o Short-term IAQG: ANSES adopted the IAQG developed by the WHO (World 
Health Organization Europe 2010) based on changes in respiratory function 
and an increase in airway responsiveness in asthmatics.  

o Long-term IAQG based on the occurrence of respiratory symptoms in children. 
 For cadmium (ANSES 2017e), the chronic TRV was based on the risk of osteoporosis 

or bone fractures observed in postmenopausal women. 
 For sodium valproate (ANSES 2021k): reprotoxic TRVs for the oral and respiratory 

routes and an 8hr-OEL were developed for major birth defects in newborns of epileptic 
mothers exposed during pregnancy. 

It should be noted that although these guides share common guidelines, there are differences 
in terms of methodologies and terminologies, etc., which are partly related to the application 
of these RVs to different areas (general population/workers, water/air guideline values, etc.).  

6.2.2 Purpose of the formal request 

In 2020, ANSES therefore issued an internal request to propose a single methodological guide 
for selecting and developing reference values for the general population (TRVs, IAQGs, GVs 
in drinking water) and in the workplace (OELs, BLVs/BRVs). This guide will be compiled by 
merging the existing guides (ANSES 2007b; 2012; 2013d; 2016d; 2017c; 2017g) and 
harmonising the development methods as much as possible, and will be updated as new 
methodological work is developed. For example, ANSES recently carried out expert appraisals 
in relation to reference values for substance mixtures, and will integrate this methodology in 
the new guide. 
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6.2.3 Recommendations of the Exposome WG 

When this new guide is produced, the Exposome WG believes it important to systematically 
identify sensitive populations and take them into account in the establishment of RVs, thus 
including populations that have been less considered until now. It also recommends taking a 
broader look at how sensitive populations are taken into account in risk assessments and when 
making the associated recommendations. The literature presented below highlights the fact 
that, although sensitive populations are now considered in the selection and establishment of 
RVs, changes are needed to take them more fully into account in practice.  
For many chemical agents, children and pregnant women are identified as sensitive 
populations and are therefore subject to specific hazard and/or exposure analyses. However, 
other populations – such as the elderly, or those suffering from chronic diseases, nutritional 
disorders, or kidney, respiratory or heart failure – who may have even greater sensitivities to 
certain substances, are rarely considered for the determination of RVs because of the lack of 
data to identify them or to establish the RVs. Several examples illustrate this deficiency. 
Fluoride, whose ability to bond to bone tissue and teeth has long been known, also has 
neurotoxic, nephrotoxic and hepatotoxic properties (Grandjean 2019; Dharmaratne 2019; 
Malin et al. 2019; Perera et al. 2018). Several studies in animals and humans have shown that 
in adults and children with renal disease, circulating fluoride levels can increase fivefold and 
the toxic effects are much greater (Ibarra-Santana et al. 2007; Lucas and Roberts 2005). Some 
of these studies also show potentiating effects of heavy metals and aluminium on fluoride 
toxicity. It should be noted that in its opinion of 4 January 2005 on fluorides in water, AFSSA 
mentioned that "as fluoride is mainly eliminated via the urinary tract, particular attention should 
be paid to people suffering from kidney failure", but that this group was not taken into account 
in developing the TRV (6 mg/d, as was also the case with the value proposed by the WHO) 
(ANSES 2007b). 
As highlighted in the Lautenberg Toxic Substances Control Act in the United States (Koman 
et al. 2019), both the sensitivity of sub-populations (in addition to children and pregnant 
women) and the co-exposure of these sub-populations to several chemicals that may interact 
with each other should therefore be taken into account in chemical risk assessment. The need 
to integrate exposure to several chemical stress factors, as well as variability in biological 
susceptibility, in risk assessment had already been highlighted in the past (Woodruff et al. 
2008) (Figure 29). 
 

 
Figure 29: Influence of the chemical and biological context in terms of the hazard (Woodruff et al., 2008) 
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The question that arises is whether there are sensitive populations who have not been taken 
into account until now, and for whom the uncertainty factors used are inadequately protective. 
In a study to determine whether asthmatic people (about 1/10 of the general population in 
Europe) were protected by derived no-effect levels (DNELs) for acute inhalation exposure 
adopted under the REACH regulation for general and occupational populations, Johansson et 
al. (2016) indicated that (1) there was a general lack of data on asthmatics; (2) the available 
data on asthmatics were not used as much as they could be to derive DNELs; (3) several of 
the selected DNELs for inhalation exceeded or were close to the NOAEC and/or LOAEC 
values for asthmatics, indicating small or non-existent safety margins. In conclusion, these 
authors regretted that asthmatics were excluded as a group of interest in the establishment of 
many RVs, especially occupational ones (Johansson et al. 2016). 
Johanson (2020) investigated the extent to which asthma was taken into account when setting 
acute RVs in the general and occupational populations (Johanson 2020). He found that 
experimental studies comparing healthy and asthmatic subjects were often inconclusive, and 
that the available studies were under-utilised by both expert committees and industry. Data for 
some irritants suggest that asthmatics are up to three times more sensitive than healthy 
subjects. The most abundant data, which relate to sulphur dioxide, show a ninefold increase 
in sensitivity for asthmatics, suggesting that a default factor of 10 should be applied when 
setting RVs for irritants. In a recent review of the literature on the link between the exposome 
and asthma, Guillien et al. (2021) reported the higher sensitivity of asthmatic individuals to 
several families of air pollutants such as suspended particles, nitrogen or sulphur dioxides, 
and ozone, and stressed the lack of data on the complex interactions and effects of mixtures 
(Guillien et al. 2021). 
More generally, in its report entitled "Study for the strategy for a non-toxic environment of the 
7th Environment Action Programme – Sub-study c: Protection of children and vulnerable 
groups from harmful exposure to chemicals" published in August 2017 (European 
Commission. Directorate General for the Environment et al. 2017), the European Commission 
pointed to shortcomings in risk assessment, stating in particular: 
 "Inconsistencies in the protection of vulnerable groups in relation to specific categories 

of relevant chemicals legislation, e.g., legislation related to work, food, products, and 
environment. In each of these categories, there are pieces of legislation that consider 
vulnerable groups, while other legislation sharing the same objectives does not 
consider vulnerable groups in its provisions." 

 "EU risk assessments typically focus on single substances and do not consider the 
risks to children and other vulnerable groups from combined exposure to toxic 
chemicals. Therefore, a regulatory approach for cumulative risk assessment needs to 
be developed." 

 "Current risk assessment methodologies do not cater for the diverse circumstances of 
vulnerable populations, whose consumption patterns and exposure levels may differ 
significantly due to factors such as age, geographical location and lifestyle factors."  

While the emphasis of the last point is on exposure, the WG considers that the comment also 
applies to hazard characterisation and thus to the determination of RVs. 
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6.2.4 Actions and resources implemented 

The WG proposes the following four actions to better integrate sensitive populations when 
establishing RVs and conducting health risk assessments: 

1. Propose a definition of sensitive, vulnerable and at-risk populations to be included in 
the glossary of the new guide, and in other documents of a more general scope on the 
principles of expert appraisals. 

2. Introduce a step to identify sensitive populations in the RV development process. The 
new guide should make reference to the Exposome WG's report, the points in Chapter 
6.2.4.2 below should be added to the template for RV development reports and this 
step should appear in the summary for developing reference values associated with 
the guide. In addition, it is recommended that a chapter be systematically devoted to 
this in all RV development reports.   

3. Develop an approach for taking sensitive populations into account in the establishment 
of RVs.  

4. Propose a debate on taking sensitive populations into account when assessing risks 
and making recommendations.  

 
Figure 30: The four actions proposed by the Exposome WG on consideration of sensitive populations for 

establishing reference values 

 

6.2.4.1 Proposed definitions  

It was noted that in ANSES's various publications (guides, opinions, reports, scientific and 
technical support notes), different terms such as "vulnerable population" and "at-risk 
population" are used to designate sensitive populations. After an internal debate and 
discussion, the WG recommends harmonisation with the definitions below:   
Sensitive population*: a group of individuals for whom the response to a chemical, physical 
or biological agent occurs, due to factors intrinsic to the individuals in that group, at a 
significantly lower level of exposure than for the general population. These include children, 
pregnant women, asthmatics, immunocompromised individuals, people who are overweight or 
obese, sufferers of chronic respiratory insufficiency, and people with specific conditions such 
as anxiety or mental illness.  

 
Vulnerable population*: this group comprises, in addition to sensitive populations, people 
who, due to extrinsic factors that can be social (e.g. isolation, cultural barriers, access to 
information), economic (e.g. financial insecurity/poverty, type of job held), environmental (e.g. 
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housing, geographical location) or behavioural (e.g. dietary behaviour), may be subject to 
higher exposure to certain chemical, biological or physical agents   
 
*For greater clarity, where only intrinsic factors are involved, the WG recommends the use of 
sensitive population rather than vulnerable population.  
 
At-risk population: a group of individuals with a level of exposure to a chemical, physical or 
biological agent that poses a risk to their health. For example, in the case of a chemical or 
physical agent, these may be individuals with exposure above the TRV. Similarly, it may 
concern a group of individuals with inadequate nutritional intakes in relation to those expected 
for good health. The at-risk population may (but not necessarily) include so-called sensitive or 
vulnerable individuals.  

 

6.2.4.2 Identification of sensitive populations 

Sensitive populations should systematically be identified when establishing RVs by adding a 
specific chapter in all expert appraisals. This chapter should describe the data available in the 
scientific literature or, on the other hand, state that there are none. Analysing sensitive 
populations in a separate single chapter has multiple advantages. It makes it possible to: 
 Study all the different sensitive populations and estimate, if possible, their respective 

extent within the French population, 
 Justify which sensitive population is most relevant for developing the RV (depending 

on its degree of sensitivity and extent), 
 Raise points requiring vigilance for risk assessment on sensitive populations that were 

not necessarily included for establishing the TRV, 
 Highlight the data to be acquired to describe any sensitive populations, 
 If necessary, establish several RVs (a specific RV for the sensitive population versus 

an RV for the population of interest). 
 
Two complementary approaches described below are proposed to substantiate this chapter.  
Approach based on the available literature on the study of sensitive populations 

This approach is based on the analysis of scientific knowledge available in the literature in 
which, for a given effect, sensitive populations have been identified and studied for the 
substance of interest. In addition to the pregnant women and children generally considered, 
this analysis should be extended to other sensitive populations, identified as such according 
to the substance, for example asthmatics, immunocompromised people, overweight and obese 
people, those suffering from chronic respiratory insufficiency, or people with specific 
characteristics such as anxiety or mental illness. The following elements could be included:  
 Identify and describe the available studies on the effects of the substance in different 

sensitive populations.  
 Information on the prevalence of the sensitive population.  
 Assess and if possible quantify the risk associated with this sensitivity. For example, a 

relative risk level that is twice as high in asthmatics as in the general population. 
 Assess the robustness of the data and indicate any missing data. 
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Approach based on the toxicological profile of the substance 

In the absence of data for the first approach – or in addition to it – this second approach 
involves the search for potential sensitive populations based on the toxicity of the substance. 
It consists in using data on, for example, chemical structure, kinetics and biotransformation 
pathway(s), mode of action of the substance, etc., to estimate the variability of toxic responses, 
toxicity windows and possible sensitive populations. This analysis may require new data to be 
generated for suspected sensitive populations.  

6.2.4.3 Taking sensitive populations into account in the establishment of TRVs  

The step to identify sensitive populations may result in:  
 None of the data showing the existence of any sensitive populations. In this case, the 

established RV protects the whole population of interest.  
 The existence of one or more sensitive populations with no data, or data that cannot 

be used for establishing an RV. In this case, the use of a UFD uncertainty factor for lack 
of data should be considered on a case-by-case basis to take this uncertainty into 
account.   

 The existence of one or more sensitive populations with quantitative data. In this case, 
an RV should be established from this population and applied to the whole population. 

 
However, establishment of the TRV should be considered with a view to the most appropriate 
public policy for prevention by including any possible secondary health consequences of its 
use in risk management (see Chapter 6.2.4.4). Thus, for RVs related to the general population, 
the Exposome WG recommends establishing an RV that protects the whole population based 
on data from a sensitive population or incorporating an uncertainty factor, while conducting a 
broader debate on the consequences of its application to the population, and if necessary 
proposing one or more specific RVs for sensitive populations. 

6.2.4.4 Taking sensitive populations into account when assessing risks and 
making recommendations 

The deployment of a quantitative health risk assessment approach aims to make 
recommendations on managing the risks by the players concerned (national or local 
authorities, consumers, economic players, etc.).  
In order to provide protection for the whole population, RVs are established based on data 
from studies on the most sensitive population, when available. However, by applying this 
approach to "practical cases", the Agency has identified cases where it has limitations or even 
generates difficulties, as it could lead to recommendations with broader impacts than on the 
substance and/or the population considered, thus raising questions in terms of an overall 
approach to health.  
This is particularly the case where:  
 there are two thresholds, a minimum threshold to be reached for good health and a 

maximum threshold not to be exceeded. For example, some nutrients (such as 
manganese) may be necessary for the proper functioning of our metabolism, resulting 
in a nutritional reference or intake level to be reached, but may at the same time have 
an upper intake level that should not be exceeded (acute or chronic). These two 
thresholds may differ for some parts of the population. For example, children have a 
maximum threshold which, if it is not to be exceeded, requires the implementation of 
management measures that are incompatible with the nutritional needs of adults. 
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Protecting sensitive populations may therefore mean reduced benefits for non-sensitive 
populations. 

 When consumption or an activity can have both health risks and benefits. For example: 
consumption of fish containing methylmercury has proven toxicological risks, but these 
fish also have long-chain polyunsaturated fatty acids with important nutritional benefits. 
Acting to protect the population from a harmful substance may lead to adverse effects 
elsewhere, such as a reduction in nutritional intake or substitution by foods containing 
other harmful substances, thus causing an exposome "switch" (e.g. New Caledonia 
formal request or exposome switch for chlordecone, see 6.4.3.3).  

In both cases, applying a threshold to the general population that is derived from a fraction of 
the population with proven sensitivity may lead to the non-sensitive part of the population being 
deprived of benefits. In addition to an absence of benefits (in this case nutritional), the search 
for substitutes (e.g. meat as a substitute for fish, or bottled water in the event of a decision to 
suspend distribution of tap water) may also prove to be non-neutral in health, economic or 
environmental terms. 
It is difficult – at first sight – to identify the need to make this distinction at the time of 
establishing the RV, in the absence of any expert context. On the other hand, with this in mind, 
the RV development reports should fully document any information that will enable the 
recommendations to be adjusted in due time. This refers to the concept of proportionate 
universalism, in which actions should be universal, but with a scope and intensity proportionate 
to the level of social disadvantage. Proportionate universalism enables a universal and 
targeted approach to be integrated, offering intervention to all, but with conditions or intensity 
that vary according to need (Poissant 2014). In connection with the previous section, 6.2.4.3, 
it may therefore be useful, particularly in the case of widely consumed products with major 
nutritional benefits, to offer two RVs: one for the general population and another for the 
sensitive population.  

6.2.5 Conclusion  

The merging of the guides on the development and selection of reference values (RVs) for the 
general and occupational populations was an opportunity for the Exposome WG to recommend 
better integration of sensitive populations in the establishment of RVs and in health risk 
assessments. In this respect, the following were proposed: 1/ a definition of sensitive, 
vulnerable and at-risk populations, 2/ systematic integration of a step to identify sensitive 
populations in the RV development process; this should appear in the summary for developing 
RVs and be the subject of a specific chapter in the ad hoc reports, 3/ an approach for taking 
sensitive populations into account when establishing RVs, and 4/ ideas for taking sensitive 
populations into account when assessing risks and making the resulting recommendations. 
This example illustrated a more comprehensive approach in terms of taking inter-individual 
variability within a population into account. It also highlighted the necessary balancing of a) the 
positive impact of risk reduction recommendations in the sensitive population, with b) the 
possible negative impact of recommendations for the non-sensitive population. 
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6.3 Microsensors to monitor the quality of indoor and outdoor air 

Selected for the debate on the use of individual and citizen data to improve the study of the exposome 

6.3.1 Background 

The development of sensor systems for air quality monitoring, also known as microsensors or 
low-cost sensors (LCSs), has grown rapidly in recent years. Several factors can explain the 
growing popularity of these microsensors: 
 The relatively low initial purchase cost of these technologies compared with the 

measuring instruments used in reference methods. 
 Their ease of use and adaptability, which offer a variety of application areas to a broad 

range of users. 
 Growing public awareness of air pollution and its health impact. 
 The development of "crowdsourcing"68 citizen research and a growing interest among 

the population in producing and sharing data. 
 Growing demand and interest in connected objects (the Internet of Things69) from parts 

of the population.  
 A need to improve knowledge of the large-scale spatio-temporal distribution of air 

pollution, and to cover different microenvironments. 
 Advances in electronic engineering and computer science to manage the large 

amounts of data generated. 
 
Because of their characteristics, these technologies offer many potential advantages and can 
be used in the context of regulatory air quality monitoring, mainly through mapping, 
investigating emission sources, improving temporal coverage, temporal resolution and spatial 
coverage, searching for and establishing measurement sites, assessing model output, 
assessing individual exposure, process management (e.g. tunnel ventilation control, building 
ventilation, etc.), raising awareness/communicating on air quality issues. 
Because of these numerous areas of application, air microsensors have an increasingly wide 
pool of users: institutional players involved in air quality monitoring, research organisations, 
local authorities, citizens or citizens' associations.  
However, the use of microsensors raises several questions, such as their metrological 
reliability, the management, use and interpretation of data and, ultimately, their relevance in 
addressing air quality issues. In 2018, the World Meteorological Organization (WMO) 
published a report on the possible use of low-cost sensors (Crotwell et al. 2018). The scientific 
literature available in late 2017 showed that this type of sensor has both advantages and 
disadvantages compared with traditional methods: the more compact and/or less expensive 
devices are often less sensitive, less accurate and less suited to the chemical characteristics 

                                                
68 Crowdsourcing is the outsourcing of a task to amateur contributors 
69 Manifestation of the Internet in the real world concerning objects, cars, buildings and other elements 
connected to a physical Internet network by an electronic chip, sensor or sensor system. This network 
connectivity enables the retrieval, storage, transfer and processing (without discontinuity between the 
physical and virtual worlds) of the related data, regardless of its geographical origin. Abbreviated to IoT 
(AFNOR 2021). 



ANSES ● Collective expert appraisal report                      Request No 2022-METH-0197 "Integration of the 
 exposome in ANSES's activities"  

   

Final version page 109 / 186  June 2022 

of the variable under consideration, although this can be offset by the greater density of the 
observation network that can be obtained with these sensors. 
Many studies using microsensors have been carried out or are under way in France and 
abroad to answer these questions. Among the various applications of microsensors, the 
assessment of individual exposure is currently the least studied.   

6.3.2 Objectives of the formal request 

In this context, the Directorate General for Health (DGS), Directorate General for Energy and 
Climate (DGEC) and Directorate General for Risk Prevention (DGPR) made a formal request 
to ANSES on 21 December 2018 to: 

1. Conduct a review of studies using microsensors and the profiles of their users. 
2. Assess the strengths and limitations, and the complementarity with respect to 

conventional measurement, of data from microsensors used by citizens to characterise 
exposure in order to interpret the health implications. 

3. Discuss the legal status of the data generated by microsensors. 
  

In the remainder of this document, the term "sensor system" will be used instead of 
microsensor, in line with the definitions proposed by the French Standards Institute (AFNOR) 
(AFNOR 2021). 
A working group of nine experts in metrology, geography, sociology, epidemiology and IT was 
set up to conduct this expert appraisal. This WG on Microsensors reported to the CES on 
"Assessment of risk related to air environments". The WG worked between January 2020 and 
March 2022 supported by consultations, hearings and interviews with various national and 
international stakeholders: institutions (ISGlobal, IRSN, Inserm, JRC, AASQA, ADEME, etc.), 
associations (APPA, FNE, Respire), manufacturers, distributors, users of sensor systems and 
legal experts, as well as a literature review and an extraction from the LCSQA "Capt'Air" 
database, which lists projects using sensor systems and documents their technical 
characteristics. 
 
In response to the three objectives of the formal request, the WG drafted two expert appraisal 
reports published jointly in April 2022 with an opinion (ANSES 2022b) on the "Use of 
microsensors to monitor the quality of indoor and outdoor air" (2022).   
The first expert appraisal report (Volume 1) (ANSES 2022e, 1) sought to: 
 Propose definitions and prerequisite knowledge on sensor systems, the data generated 

and the stakeholders involved in their implementation.  
 Provide an overview of projects relating to the assessment of sensor systems and 

projects involving citizens, drawing on literature reviews and reference reports on the 
topic.  

 Focus on the specific case of carbon dioxide (CO2) sensor systems, because of the 
recommendations on measuring CO2 in indoor public spaces as a means of combating 
the spread of COVID-19, and the variety of equipment available.  

 Conduct a review of studies specifically on the use of sensor systems for individual 
exposure assessment, with a discussion of the potential advantages and limitations of 
using sensor systems in studies.  
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 Identify key points to consider to ensure that data generated by a sensor system can 
contribute to the assessment of individual exposure.  

 Discuss the use of sensor systems for assessing the health effects of air pollution once 
the data generated have been deemed "valid", i.e. they comply with the key points of 
the previous step. 

 Discuss the specific case of private users of sensor systems. 
 Discuss the legal status of data generated by sensor systems. 

 
The second expert appraisal report (Volume 2) provides a review of the profiles and 
motivations of sensor system users (ANSES 2022f, 2). 

6.3.3 Recommendations of the Exposome WG  

During presentation of the formal request to the Exposome WG, two lines of investigation were 
proposed: 1) examine exposome projects liable to deploy air sensor systems, and 2) reflect on 
the added value for ANSES's expert appraisals of using individual exposure data generated 
by sensor systems.   

6.3.4 Actions and resources implemented  

With regard to point 1, a questionnaire was developed by the WG on Microsensors in order to 
set up an international consultation on exposome projects liable to deploy air sensor systems. 
This questionnaire was sent to four exposome research projects: ATHLETE, REMEDIA, 
EXPANSE and LongITools. Only one response, from the ATHLETE project team, was sent to 
ANSES, and its data were therefore analysed by the WG on Microsensors. As part of the 
ATHLETE project's "urban intervention" study, Atmotube Pro® portable sensor systems will be 
deployed among 40 children aged 9-11 years in the cities of Barcelona and Bradford, to 
characterise their exposure to particulate matter (PM1, PM2.5 and PM10) and volatile organic 
compounds (VOCs), and propose actions to reduce this exposure. These sensor systems were 
selected because they are light and compact (and therefore suitable for children), inexpensive, 
and their metrological reliability has already been proven.  More generally, according to 
ISGlobal, air sensor systems offer multiple advantages in the study of the exposome:  real-
time exposure measurement and the possibility of linking individual exposure to specific 
locations ("exposure tracing"), the possibility of measuring different parameters with a single 
device, or multiplying sensor systems to get a more complete picture of exposure to air 
pollution, the possibility of studying specific populations, etc. On the other hand, sensor 
systems provide information on the exposure of participants that cannot be generalised to the 
general population. In addition, these sensor systems provide data on short time intervals and 
cannot be used to study the long-term effects of air pollution. Lastly, the metrological trueness 
of these sensor systems is a critical element to consider.  
With regard to point 2, the expert appraisal work presented in Volume 1 aims in part to answer 
these questions: what are the advantages and limitations of sensor systems for assessing 
exposure to air pollution? How can the data generated be used to assess health effects? A 
review of these chapters was carried out by the Exposome WG. Some of the conclusions and 
recommendations of this report are set out below. 
In general, the CES on "Assessment of the risks related to air environments" concluded that 
"Sensor systems offer many opportunities in the area of individual exposure assessment. 
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Thanks to miniaturisation, portable sensor systems can easily be worn by individuals during 
their daily activities. This enables the devices to integrate the different microenvironments 
frequented and the exposure conditions specific to each individual, with measurements in near 
real time. On a larger scale, the initial purchase cost and small size of the sensor systems also 
leads to a multitude of measurement points and devices being deployed in microenvironments 
that have been overlooked or rarely studied to date. However, the metrological quality of the 
pollutant concentration measurements remains the main limitation of these systems [...] 
Sensor systems are therefore seen as devices that complement the data sources or exposure 
assessment methods already used in exposure science studies. In addition, sensor systems 
could help optimise mapping (on spatial and temporal scales) and large-scale models, thus 
helping to improve the estimation of exposure to air pollution." 
For use in risk assessment, the CES concluded that "The use of exposure data generated by 
sensor systems (deemed valid) with a view to conducting a qualitative health risk assessment 
(QHRA) or qualitative health impact assessment (QHIA) requires consideration of whether 
these data are aligned with the dose-response relationships established for hourly, daily or 
annual exposure that will be used to quantify the health risk. Suitable use therefore requires 
that measurements from sensor systems be integrated over the same interval as that used to 
establish the dose-response relationship. In addition, these measurements need to be 
repeated over the year in order to be representative of the exposure studied over the medium 
or long term. Furthermore, data generated by a portable sensor system, integrating the 
different sources to which an individual is exposed, cannot be considered as representative of 
population exposure. It is therefore important to ensure that the sensor systems are deployed 
in sufficient numbers to be representative of the study population.  
Moreover, while sensor systems are particularly relevant for studying the short-term effects of 
air pollution at the individual level, they can also contribute to assessing the effects of air 
pollution on larger scales (fixed sensor systems and/or via improved mapping and models)." 
 
To improve the quality of the data generated, recommendations for manufacturers of sensor 
systems were provided.  
Concerning knowledge on the health risks associated with air pollution, the CES 
"recommended that the opportunities offered by sensor systems be considered for: 

 Improving estimates of individual exposure. 
 Acquiring exposure data in places that have been overlooked or rarely documented. 
 Studying the contribution of different microenvironments to the overall exposure of 

individuals.  
 Studying the determinants of exposure. 
 Studying the links between exposure and health." 

It also stressed "that sensor systems can be coupled with devices measuring heart rate or 
respiratory rate to enable a more detailed study of additional exposure indicators such as the 
inhaled dose." 

6.3.5 Conclusion  

 This formal request was an opportunity to examine the new tools for measuring individual 
exposure and their use in risk assessment. It concluded that sensor systems are proving 
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valuable in making the exposome concept operational in environmental health studies, by 
improving knowledge of individual exposure. Indeed, despite their limited metrological quality, 
sensor systems offer many opportunities for addressing the various issues related to indoor 
and outdoor air pollution, particularly through improved spatio-temporal coverage and the 
possibility of studying the various microenvironments contributing to an individual's total 
exposure. These sensor systems are not suited to communicating at the individual level about 
a potential health risk to the user from air pollution. On the other hand, it may be possible to 
use huge volumes of privately produced data to improve air pollution modelling, with the data 
produced by monitoring networks and the resulting population exposure maps, thus 
contributing to the assessment of health risks from air pollution at larger – or smaller – territorial 
scales. 

6.4 Chlordecone  

This example illustrates how the exposome can contribute to placing a classical risk analysis in a 
broader framework: combined effects with other substances (organochlorines), eco-exposome (fishing 
areas, soil), changes in agricultural practices, dietary behaviours and food preparation methods (type 
of cooking), long-term impacts of consumption recommendations and health effects including a 
risk/benefit analysis.  

6.4.1 Background 

Chlordecone was used to combat weevils in the banana plantations of Martinique and 
Guadeloupe from 1972 to 1993. This pesticide, which poses hazards and risks to humans, is 
now banned, but local populations remain exposed. This is because of its chemical structure, 
which makes it highly persistent in the environment: chlordecone is still present in the soil and 
can be found in certain plant- and animal-based foodstuffs, as well as in water at certain 
catchment areas used for drinking water and in estuaries. For many years, the Agency has 
been involved in assessing the dietary risks posed by chlordecone for the French Caribbean 
population. The Agency’s activities in this area are conducted as part of the "Chlordecone" 
action plans first established in 2008 by the Ministries of Health and the Overseas Territories. 
In December 2017, ANSES published an opinion on the updating of dietary exposure data as 
part of the Kannari project on "Health, nutrition and chlordecone exposure in the French 
Caribbean", in order to assess the risks for French Caribbean populations and issue 
consumption recommendations (ANSES 2017f). On 10 July 2018, ANSES received a formal 
request from the Directorate General for Food (DGAL), Directorate General for Health (DGS) 
and Directorate General for Competition, Consumer Affairs and Fraud Control (DGCCRF) to 
update the chronic (external) oral toxicity reference value (TRV) for chlordecone in light of the 
latest toxicological and epidemiological studies and to propose, if possible, an internal TRV. 
An initial expert appraisal was published on 11 February 2021, proposing an external TRV of 
0.17 µg/kg bw/d and an internal TRV of 0.4 µg/L plasma (ANSES 2021l).  

6.4.2 Purpose of the formal request 

As part of the formal request of 10 July 2018, ANSES was asked to reassess the risks based 
on the external and internal exposure data from the Kannari study (ANSES 2017f) and the 
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external and internal TRVs published in the November 2021 opinion (ANSES 2021l). This work 
was conducted by the ERCA CES through the appointment of expert rapporteurs. In a second 
formal request dated 17 December 2019, ANSES was asked to assess the contribution of 
differentiated management measures for contaminated soil used for cultivation or livestock 
farming, in order to achieve "zero chlordecone" in food. The Exposome WG was consulted in 
the context of these two formal requests.  

6.4.3 Recommendations of the Exposome WG 

As the main route of exposure to chlordecone is through food, the "classical" risk management 
approach is to: 1) assess the "external" exposure of the population via dietary habits and food 
contamination data, 2) assess the risks (for different subgroups) on the basis of this exposure 
and an external TRV, 3) establish maximum residue limits (MRLs) to be transposed into 
regulations, 4) carry out checks on the products distributed. This is essentially what was done 
in the French Caribbean with regard to chlordecone in the 2000s. 
However, this risk management approach to chlordecone faces several problems, including: 
1) the frequent consumption of home-grown food and/or products from short "informal" supply 
chains that are not subject to any regulatory controls, 2) a problem of scale, particularly in 
terms of time, because of the asynchronous change in chlordecone concentrations between 
biological and environmental concentrations, making it difficult to assess changes in the 
situation over time using only environmental data. 
An exposome approach therefore has a dual advantage in this situation: 
 In terms of exposure assessment, it leads to the use of measurement data obtained in 

biological matrices within the population, in order to obtain an integrated measurement 
(all sources combined, including the various food sources) of internal exposure (if 
necessary including other chlorine compounds), and the ability to monitor this exposure 
at "close" frequencies enabling management measures to be assessed. 

 In terms of risk management, it leads to: 1) "participatory" management measures 
being developed to reduce contaminated products through appropriate land use, by the 
populations most at risk of high exposure (members of agricultural cooperatives or 
JaFa family garden programmes70 for the home-production population) 2) individual 
measures being promoted to reduce exposure via a "responsible" diet, with the aim of 
reducing high-risk foods while still favouring a "local" diet, 3) in the long term, and 
depending on the future opinion of the French National Authority for Health (HAS), 
support measures, or even biomedical monitoring, being implemented for the people 
most at risk of developing disorders or diseases linked to high chlordecone 
contamination.  

In a way, with the exposome, risk management moves from a preventive and prescriptive State 
approach to an approach rooted in a "health promotion" public health practice involving the 
populations concerned.  
The WG makes seven recommendations for integrating an "exposome" approach in these two 
formal requests, which are presented in Figure 31. The first five recommendations listed below 
are related to the formal request on the update of the HRA. The last two relate to the formal 
request on the management of contaminated soil.   

                                                
70 https://jafa.ireps.gp/  

https://jafa.ireps.gp/
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Figure 31: Timetable of the work on chlordecone and integration of the Exposome WG's recommendations 
(yellow bubbles)  

 

6.4.3.1 Regularly monitor the biological chlordecone concentration levels of the 
population 

With reference to the early 2000s, a decrease in the level of biological chlordecone 
concentration levels was observed in different sub-populations. On the other hand, it is not 
possible to observe changes in chlordecone concentrations in the French Caribbean 
environment on the same time scale, as its half-life in soil is extremely long (several hundred 
years) compared with its half-life in the body (between 60 and 160 days). There is therefore a 
"disconnect" between the changes in chlordecone levels in the French Caribbean population 
and in their environment, probably amplified by the steps taken in the French Caribbean to 
limit exposure to chlordecone (dietary recommendations, reinforced food controls, agricultural 
practices, etc.). It is therefore not appropriate to assess the change over time in the 
population's exposure to chlordecone based on environmental data alone.  
The Exposome WG considers that regular analysis of biomonitoring data is essential for 
assessing the short-term impact of management measures. In addition, these data are useful 
indicators for improving the targeting of preventive actions to be taken (e.g. production or 
consumption recommendations aimed at the most at-risk populations, such as consumers of 
home-grown produce, or proposals for biomedical monitoring if necessary). Furthermore, a 
management strategy developed and implemented on the basis of these biomonitoring data 
could lead to greater involvement of the population in resolving this environmental pollution 
(development of responsible individual approaches to home production and consumption, 
personalised medical care). 
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6.4.3.2 Model chlordecone exposure over time 

As chlordecone blood levels only reflect the last few months of exposure (half-life between 60 
and 160 days), they provide no information on longer-term exposure, such as that of 
agricultural workers in banana plantations before 1993 (the official date of the chlordecone 
ban). In this respect, the WG supports the approach of reconstructing the changes in 
chlordecone exposure over time using a PBPK model tailored to humans. This model could 
also be used to predict the impact of management scenarios on chlordecone blood levels in 
the French Caribbean population.  

6.4.3.3 Conduct a risk/benefit analysis of different risk reduction strategies  

All the management actions taken to date aim to continue decreasing chlordecone blood levels 
in the French Caribbean population. One of the questions raised by the Exposome WG is 
whether there is a risk that the changes in the current dietary behaviour of the French 
Caribbean population as a result of these management measures could lead to a significant 
change in their dietary exposome, moving from a "traditional or local" context associated with 
majority consumption of "local" (i.e. French Caribbean) products to a new context, more linked 
to processed and/or imported food products. This change could lead to increased exposure to 
other chemicals and/or a nutritional imbalance with the consumption of more fatty and sugary 
foods. Analysing the benefit/risk balance of management measures targeting chlordecone is 
therefore a crucial component to be taken into account in future proposals for management 
measures.  
It is currently difficult to objectively assess a possible change in this dietary exposome, as the 
most recent data on French Caribbean dietary habits were collected between 2013 and 2014. 
The following questions therefore remain open: Has an exposome shift already taken place? 
Is it ongoing? Will it happen?  Indeed, the overall policy of preventing risks associated with 
exposure to chlordecone seeks to maintain as far as possible the consumption of local food, 
associated with a healthy nutritional balance. Economic issues such as employment and food 
accessibility also depend on this local production being maintained. 
It is therefore necessary to examine the changes in the food exposome of the French 
Caribbean population and the future health benefits/consequences. 

6.4.3.4 Integrate the socio-economic components  

Regulatory prevention and verification measures to limit chlordecone contamination of 
commercial products do not apply to home-grown produce, which is widespread in the French 
Caribbean. In order to supplement the regulatory measures and move towards a "zero 
chlordecone" diet, the regional health agencies (ARS), via the regional forums for health 
education and promotion (IREPS) of Guadeloupe and Martinique, are conducting programmes 
under the Chlordecone Plan, designed to protect the health of consumers of home-grown 
plant, animal and fishery products by reducing their exposure to chlordecone. 
Two programmes run by the IREPS, which are based on a health promotion approach71, aim 
to: 

                                                
71 Environmental health promotion is a process by which individuals and communities become aware of 
the link between their environment and their health, and acquire the skills, capacity for reflection and 
critical thinking, as tools for developing the will and power to act, that will enable them to work as 
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 create a favourable climate for the emergence of positive and constructive responses 
to chlordecone.  

 make the complexity of the chlordecone issue in the French Caribbean living 
environment more understandable. 

 not divert people to a diet too high in fat, sugar and/or salt. 
 These programmes are the JaFa family garden programme, launched in 2008, which 

concerns food from kitchen gardens and family holdings. It is mainly aimed at people 
who regularly eat root vegetables from their own or their neighbours' Creole gardens, 
or root vegetables purchased from roadside sellers. The solutions proposed to reduce 
exposure to chlordecone are based on AFSSA's recommendations and on agronomic 
research conducted by CIRAD and INRA. Initially, JaFa advisers provide support to 
willing households. They make home visits, provide personalised follow-up on 
agronomy and nutrition, and offer thematic workshops. In addition, knowledge of the 
level of soil pollution enables the families concerned to choose suitable crops. Indeed, 
the presence of chlordecone in the soil does not mean that all garden production has 
to be abandoned: there are still crops that can be grown without risk and adjustments 
can be made to small areas to avoid pollution. Diversification of the diet, for example 
by introducing more green vegetables, can reduce exposure and has other nutritional 
benefits. For family holdings, amateurs raising livestock are also given advice on how 
to avoid producing contaminated meat or eggs, as poultry flocks on contaminated land 
are particularly vulnerable. Agronomic and nutritional workshops are offered to improve 
gardening practices and reinforce knowledge of balanced nutrition. 

 The TITIRI Programme72, launched in Guadeloupe in 2019, concerns freshwater and 
seafood products. It aims to help reduce the risks of exposure to chlordecone by 
recommending fishing areas and fish species with low levels of contamination, and by 
guiding the population towards the consumption of fish products (molluscs, fish, 
shellfish) with little or no contamination. 

Preventing contamination of the populations of the French Caribbean must indeed be based 
on a reinforced community dynamic. This can only work if it succeeds in establishing a 
relationship of trust between prevention operators and the population, in a social context 
marked by a high level of mistrust of the authorities, which is particularly clear in the current 
pandemic and vaccination context. Chlordecone contamination could be an opportunity to 
strengthen more comprehensively the actions in favour of health promotion/prevention in the 
French Caribbean. This would require the establishment of ambitious mechanisms for listening 
to and involving the population, in order to take protective measures rooted in local culinary, 
agricultural, fishing and animal husbandry traditions. Only such a community health approach 
can help restore a sense of control and equity among the population (Desgroseillers et al. 
2016). 
 

6.4.3.5 Broaden knowledge to other substances with possible co-exposure and 
common effects with chlordecone  

Current management measures focus on chlordecone and mainly target ways of producing 
food with low residual levels of chlordecone contamination, or aim to target individuals for 

                                                
responsible citizens, individually and collectively, to solve current and future environmental, health and 
related problems (source: Languedoc Roussillon environmental health education network). 
72 https://titiri.ireps.gp/  

https://titiri.ireps.gp/
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whom measures to reduce their exposure should be implemented, or investigate the possible 
effects induced by this exposure (HAS formal request, 2022 in progress). However, some 
dimensions of the local chemical exposome are still unknown, particularly with regard to 
exposure to other organochlorines that may have similar biological targets to chlordecone73. 
The Exposome WG therefore recommends investigating the relevance and value of taking co-
exposure to other substances into account in the assessment and management of risks 
associated with chlordecone. 

6.4.3.6 Consider the eco-exposome in order to better anticipate and manage 
human exposure 

Nearly a quarter of the utilised agricultural land in the two French Caribbean départements of 
Guadeloupe and Martinique is considered to be moderately or heavily contaminated by 
chlordecone. At the same time, a national survey initiated in 2008 in French Caribbean 
slaughterhouses revealed contamination of animal products. The work carried out under the ANR 
INSSICCA project74 particularly illustrated the need to understand, explain and model the 
processes of contamination transfer and bioavailability, from contaminant sinks such as soil and 
water to the matrices to which animals and humans are then exposed. 
Exposure of livestock via the ingestion of crops or grasses growing on polluted soil is directly 
dependent on the supply of feed. This results in livestock becoming contaminated, making them 
unfit for consumption. The ability to analyse free and conjugated chlordecone and its metabolite 
(chlordecol) made it possible to monitor the toxicokinetics of the compound in the animal's body 
and specify toxicokinetic parameters such as the half-life of chlordecone, which was assessed to 
be between 20 and 55 days depending on the species. The results show that decontamination of 
animals (sheep, pigs) can be achieved by removing them from contaminated plots of land over 
time intervals compatible with farming practices.  
In addition, methods are being developed for the chemical analysis of chlordecone and its 
metabolite (5b-hydrochlordecone) in sea and river water. In particular, passive samplers can now 
achieve limits of quantification of around ten pg/L75 for detecting very low concentrations of this 
pollutant, required particularly in sea water. These tools now help trace and provide information on 
the presence of this compound and its metabolites in surface and coastal waters (Gonzalez et al. 
2019), thus highlighting risks of human exposure. Chlordecone measurements in the environment, 
as well as in organisms in Galion Bay (Martinique), show significant variations in contamination 
depending on the site, due to several factors (de Rock et al. 2020): wet season versus dry season, 
system hydraulics, type of sampling station, species concerned, etc. 
Recent studies (Sabatier et al. 2021) have focused on a retrospective analysis of marine sediments 
collected at sea in areas influenced by inflows from two watersheds in Guadeloupe (Pérou) and 
Martinique (Galion), which are known for their large banana-growing areas and soil contamination 
by chlordecone. The results showed a large increase in sediment concentrations of chlordecone 
and its metabolite (chlordecol) simultaneously in Guadeloupe and Martinique. These high 
concentrations were associated with the increase in erosion following the sharp growth in the use 
of weedkillers (glyphosate and AMPA) from the 1990s. This work shows the need to integrate 
cropping practices and how they change over time, especially in a context of climate change, in 

                                                
73 The TDS Antilles project, whose scope was refocused on chlordecone only, would have enabled exposure data 
on other substances to be obtained. 
74 Report on the end of the ANR INSSICCA project: Innovative strategies to establish safe livestock rearing 
systems in chlordecone-contaminated areas. Project ANR-16-CE21-0008.  
75 This LQ is nevertheless insufficient to meet the requirements of the new regulation (EQS: 0.5 pg/L). 
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order to understand and predict the risks of remobilisation of contaminants initially trapped in soil, 
towards inland and marine surface waters and groundwater, and the consequences in terms of 
transfer to humans. With the increase in erosion of cultivated soil in response to changing cropping 
practices, soil that was originally a contaminant sink can become a source of substances and 
metabolites, and thus contaminate other environmental media that are vectors of exposure for 
humans. 

These examples, in the case of chlordecone, highlight the need to combine knowledge of the 
spatio-temporal changes in the eco-exposome with general data on the exposure of human 
populations in order to assess the risks of contamination as accurately as possible, particularly in 
relation to food, and to identify tools for managing the key variables of this contamination and for 
preventing exposure. 

6.4.4 Actions and resources implemented 

The proposals on the eco-exposome in 6.4.3.6 could be addressed directly in the context of 
the formal request on assessing the contribution of differentiated management measures for 
contaminated soil used for cultivation or livestock farming, in order to achieve "zero 
chlordecone" in food (planned for 2023).  
Regarding the proposal in 6.4.3.5, the WG assisted with the exploratory work carried out by a 
rapporteur member of the ERCA CES on the issue of co-exposure to chlordecone and other 
substances, such as organochlorines. A summary of this work is presented below. All the 
information is available in Annex 4 and will be integrated in the expert appraisal currently under 
way on updating the risk assessment of exposure to chlordecone, carried out by the ERCA 
CES.  
A- Co-exposure of the French Caribbean population to organochlorines  
PCB 153, PCB 180 and p,p'-DDE concentration levels in the French Caribbean adult 
population were compared with those observed in mainland France, the United States and 
Canada (Figure 32 and Annexe 4 Table 10 and Table 11, and Figure 33 to Figure 37). Even if 
these comparisons are difficult to make (there is no overlap in the populations and periods 
studied), the data support a possible French Caribbean specificity with regard to high p,p'-DDE 
concentration levels in individuals over 60 years of age, particularly in Guadeloupe (between 
1.2 and 1.5 times higher for concentrations measured in ng/g lipids).  

 
Figure 32: p,p'-DDE concentration levels in the French Caribbean and in mainland France of adults over 18 years 

of age (in ng/g of lipids) 
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B- Sources of exposure to organochlorines (DDE and PCBs)  
Although we have no precise data on the sources of exposure to PCBs and DDT (and its 
metabolite DDE) in the French Caribbean, several reports (ANSES 2011a; Fréry et al. 2013; 
Weitekamp et al. 2021) have shown that, in general, since these substances were banned, 
food is the main source of exposure for the general population in all the territories studied. 
Apart from food, a possible source of exposure to DDT could be the relatively recent use of 
dicofol in agriculture. Indeed, dicofol, which can contain up to 25% DDT (Qiu et al. 2005), was 
used in combination with tetradifon in Martinique and Guadeloupe until 2008 as a mite-control 
treatment for banana trees, and thus contaminated the soil (Gentil et al. 2018).  
C- Effects of organochlorines  
Epidemiological studies conducted in recent years (on the French Caribbean population and 
other populations) have revealed a number of health effects in individuals exposed to 
organochlorine compounds. Table 5 gives a summary of the most common effects described 
for some of these compounds. 

Table 5: Toxicological properties common to organochlorines (chlordecone, p,p'-DDE, PCB, HCB and lindane) 

Toxicity CLD 
p,p'-DDE PCB HCB Lindane (γ-HCH) 

ATSDR 2005 ATSDR 2004 ATSDR 2004 ATSDR 2004 

Half-life 63-165 d 6.9 yearsa 
3-9 years (7-14)b 

 
1-25 dd 

7 years β-HCH 3-10 years (work)c 

Nephrotoxicity x 
   

x 

Hepatotoxicity x x x x x 

Immunosuppression 
 

x x x x 

Thyroid hormone 
alterations 

 

x x x 

 

Reprotoxicity x x   x x x 

Neurotoxicity x x x x x 

Neurodevelopment 
x 

Timoun 

x 
x 

  

EPA 2004, Timoun 

Foetotoxicity 
 

x x x x (animal) 
Malformations 

IARC classification  
2B 2A (DDT) 1 2B 1 

1987 2018 2016 2001 2018 

Endocrine disruptor   
Binds to  
ERα, ERβ 

Antiandrogenic      Oestrogenic or 
 

Antiandrogenic 

 
Antioestrogenic 

depending on the 
congeners*  

Antioestrogenic 

Other 
    

Haematoxicity 
a(Ritter et al. 2009); b(Grandjean et al. 2008); c(Shirai and Kissel 1996); d(US Agency for Toxic Substances and Disease 
Registry 1994); * in addition to alterations of thyroid activities by some PCB metabolites 
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p,p'-DDE, PCBs and prostate cancer: Emeville et al. (2015) identified a significant 
association between plasma p,p'-DDE concentrations and prostate cancer in Guadeloupe 
(Annexe 4  and Table 12). On the other hand, the association between PCB 153 concentrations 
and prostate cancer was not significant (Emeville et al. 2015).  

p,p'-DDE, PCBs and neurodevelopmental toxicity: studies carried out as part of the 
TIMOUN mother-child cohort in Guadeloupe, which measured p,p'-DDE and PCB 153 
concentrations in parallel with those of chlordecone in the umbilical cord, revealed a significant 
sex-dependent decrease in thyroxine associated with prenatal exposure to p,p'-DDE. Given 
the role of thyroid function in neurodevelopment, exposure to p,p'-DDE is liable to affect the 
health of the child population in the same way as chlordecone. Indeed, p,p'-DDE has a similar 
toxicological profile to that of chlordecone. The most significant effects of DDT and DDE have 
been observed on neurocognitive and behavioural development, which may persist in 
childhood (Eskenazi et al. 2006; Ribas-Fitó et al. 2006; Torres-Sánchez et al. 2007; van den 
Berg et al. 2017).  
With regard to PCBs, neurodevelopmental toxicity (along with immunotoxicity) was one of the 
two criteria used to establish guideline values for PCBs, by the WHO (Faroon et al. 2003) and 
by AFSSA in 2007 (ANSES 2007a). Numerous epidemiological studies report reduced 
cognitive performance and motor and psychomotor deficits, associated with pre- and postnatal 
exposure (Tilson, Jacobson, and Rogan 1990; Jacobson and Jacobson 1996; Trnovec et al. 
2008; Lynch et al. 2012), but not all are convergent.  

Thus, exposure to p,p'-DDE and PCBs could cause neurodevelopmental effects and thus 
affect the development of the child population in the same way as exposure to chlordecone. 

Other effects of organochlorines in animals and humans: the organochlorines often 
encountered in contamination studies include p,p'-DDE (active metabolite of DDT), PCBs, 
hexachlorobenzene (HCB), β-HCH (degradation or contamination product of lindane or γ-
HCH).  Their toxicity in animals and humans has been summarised by the ATSDR (US Agency 
for Toxic Substances and Disease Registry 2019; 2000; 2015; 2005; 2020), the WHO 
(WHO/IPCS 1984; 1991; 1997; Faroon et al. 2003; World Health Organization 2011) and the 
IARC, the latter of which re-assessed the carcinogenicity of PCBs in 2016, and that of 
DDT/DDE/DDD and lindane in 2018 (IARC Working Group on the Evaluation of Carcinogenic 
Risks to Humans 2016; 2018).  A qualitative analysis of their toxicity shows a common 
toxicological profile: hepatotoxicity, neurotoxicity and neurodevelopmental toxicity, 
reprotoxicity and endocrine disruption (Table 5).  

The mechanisms of endocrine disruption by substances found alongside chlordecone differ 
according to the compounds. DDT and its metabolites induce oestrogen-dependent cell 
proliferation (Soto et al. 1995), and while o,p'-DDT is a weak agonist of the ERα and Erβ 
oestrogen receptors (Kuiper et al. 1998), o,p'-DDT, p,p'-DDT and especially p,p'-DDE are 
androgen receptor antagonists, with p,p'-DDE being the most potent antiandrogen among 
them (Kelce et al. 1995; 1997). At the thyroid level, a significant inverse relationship has been 
noted between DDE concentrations and thyroid hormone levels in umbilical cord blood, in 
several mother-child cohort studies in China (Luo et al. 2017) and Europe (Maervoet et al. 
2007; Krönke et al. 2022). p,p'-DDE contamination was significantly associated with an 
increased incidence of diabetes (T2D) (Turyk et al. 2009; Cox et al. 2007; Everett et al. 2007). 
Prenatal exposure was associated with childhood obesity in twelve prospective studies 
(Vrijheid et al. 2016), with significant sex-dependent effects in boys, compared with girls 
(Warner et al. 2014). The endocrine activity of PCBs on steroid sex hormones is more complex, 
as their antioestrogenic or antiandrogenic activity depends on the degree of chlorination of the 
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congeners, the position of the chlorines in the structure, and the activity of their metabolites 
(Bonefeld-Jørgensen et al. 2001): highly chlorinated congeners are antioestrogens and their 
hydroxylated metabolites are more active than the parent compound. On the other hand, low-
chlorinated PCBs and their hydroxylated metabolites are generally oestrogenic. It is therefore 
difficult to predict the activity of a PCB contamination cocktail given the variety and diversity of 
these contaminants. Note that Goncharov et al. (2010) found a decrease in testosterone levels 
in the Native American (Mohawk) male population, significantly associated with four congeners 
(PCB 74, 99, 153 and 206) and four congener groups (mono-ortho-substituted, di-ortho-
substituted, tri- and tetra-ortho-substituted, and dioxin-like TEQs), which supports the above 
assertions. The thyroid is the main target organ for PCBs after the liver (Goncharov et al. 2010). 
They interfere at different levels of thyroid function: binding to the thyroid receptor (agonists), 
competing with thyroid hormones for transporter proteins to the target tissues and decreasing 
thyroid hormone levels (Krönke et al. 2022). These effects on thyroid function may have been 
responsible for the cognitive, motor or psychomotor deficits recorded during in utero and/or 
postnatal exposure as mentioned above (Tilson, Jacobson, and Rogan 1990; Jacobson and 
Jacobson 1996; Trnovec et al. 2008; Lynch et al. 2012). Cardiovascular disorders in the form 
of an increased incidence in hypertension were demonstrated in the population of Anniston 
(Alabama, US), which had suffered from longstanding exposure to industrial PCB pollution 
(Goncharov et al. 2010). Epidemiological studies are now able to identify exposure to 
persistent organic pollutants, especially PCBs, as a risk factor for hypertension, diabetes and 
obesity, all of which result from the genesis and progression of cardiovascular disorders 
(Perkins et al. 2016). Numerous cases of gestational diabetes (Vafeiadi et al. 2017) and 
childhood obesity (Tang-Péronard et al. 2014; Lignell et al. 2013; Dallaire et al. 2014) are 
attributed to PCB exposure. The neurodevelopmental, cognitive and behavioural effects of 
p,p'-DDE and PCBs, which may persist in childhood, explain why the female population of 
childbearing age and the infant population are considered targets of their toxicity (Eskenazi et 
al. 2009; World Health Organization 2011). In addition, the involvement of prenatal exposure 
to DDE and PCBs in childhood obesity needs to be explored in the French Caribbean. More 
broadly, the involvement of these organochlorines as factors in hypertension, type 2 diabetes 
and obesity in the general adult population should be studied. 
Combined effects of chlordecone and other organochlorines: there are currently no data 
on possible interactions between chlordecone and other organochlorines in terms of combined 
effects.  

Conclusion on the effects of organochlorines: Chlordecone and other organochlorines 
share common toxicological effects and targets. However, there are currently no data on 
possible interactions between chlordecone and other organochlorines in terms of combined 
effects. It therefore seems necessary to investigate the combined effects of chlordecone and 
other persistent organic pollutants, such as DDE and PCBs, in particular with regard to the 
effects on metabolic syndrome with multiple consequences, neurodevelopmental effects in the 
child population, and prostate cancer in the male population. 

D- Conclusion on the need to consider other contaminants in assessing the risk of 
chlordecone exposure 
The example of organochlorines in the context of persistent chlordecone contamination in the 
French Caribbean shows the need to extend the risk assessment of chlordecone to other 
environmental contaminants. Although the available data are currently insufficient to carry out 
a quantitative assessment of the risks associated with exposure to other organochlorines, they 
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converge in showing the advantage of considering these substances in the same way as 
chlordecone.  
In addition to organochlorines, other contaminants present in the Caribbean environment such 
as PAHs, dioxins and furans, hexachlorobenzene, pentachlorobenzene and DDE are liable to 
have combined effects with chlordecone.  
The Exposome WG therefore recommends broadening the scope of investigation of exposure 
to chemical contaminants of interest in the French Caribbean beyond chlordecone, in order to 
assess the risks more comprehensively and better adapt management measures. For this, it 
may be necessary to carry out a total diet study in the French Caribbean, coupled with a 
biomonitoring study. The next biomonitoring study (Kannari 2) will be an opportunity to conduct 
such an integrated study in order to update and collect contamination data on other 
contaminants of interest and better document their dietary sources. Monitoring of 
organochlorine contamination should cover the whole population and not be limited to adults 
heavily contaminated by chlordecone, so as not to neglect long-term and multi-generational 
metabolic diseases, which may affect the child population, women of childbearing age and the 
population in general (Gore et al. 2015). Lastly, toxicological and epidemiological studies are 
needed to investigate the combined effects of chlordecone and other contaminants in the 
French Caribbean environment.  

6.4.5 Conclusion  

Taking the exposome into account as recommended by the WG makes it possible to propose 
a holistic and systemic approach to the issue of chlordecone contamination in the French 
Caribbean in terms of both risk assessment and risk reduction. Thus, in addition to the HRA 
on exposure of the population to this substance alone, it was proposed to study and take into 
account the combined effects with other organochlorines and substances of interest present 
in the French Caribbean, and conduct an analysis of the risks and benefits of the various 
exposure reduction strategies for humans and ecosystems, taking the social and geographical 
specificities of the French Caribbean into account. It was also recommended that the biological 
concentration levels in the population be monitored regularly and their changes over time 
modelled. Lastly, the WG insists on the need to develop prevention and health promotion 
actions, based mainly on a community approach and participatory prevention and monitoring 
actions.  

6.5 Digital tools and the health of children and adolescents  

6.5.1 Background 

The growth in information and communication technologies, along with the development of a 
digital culture, has led in recent years to the widespread distribution of connected tools and the 
expansion of their uses, both in the private and professional spheres, and in all age groups. 
These changes raise many questions, concerns and controversies, particularly regarding the 
potential health effects of using these digital tools. The examples mentioned include addiction, 
developmental disorders in children, and burnout at school or work. However, the scientific 
evidence on these concerns has still not been stabilised. Certain individual and social factors 
(age, household size, socio-economic profile, etc.) could also act as determinants of exposure 
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to digital technologies (equipment rate, duration of exposure, type of use, etc.) and vary both 
the nature and severity of the potential health effects (Bach et al. 2013).  
In 2016, on the occasion of its expert appraisal on exposure to radiofrequencies and children's 
health, ANSES had identified certain studies showing a link between "problematic use of 
mobile phones76" and the onset of cognitive disorders or impaired well-being in children and 
adolescents. ANSES had concluded that: "Three large studies show an association between 
intensive and inappropriate phone use by adolescents or pre-adolescents and mental health 
problems. They investigated the consequences of the use of the mobile phone and not of the 
radiofrequencies it emits. In light of this information, there may be an association worth 
exploring between such use of mobile telephones and changes in mental health."  
In 2020, ANSES warned about the increase in sedentary behaviour and physical inactivity 
among young people, due in particular to the passive use of screens for recreation. The 
COVID-19 health crisis has led to increased exposure to screens and the use of new 
technologies among the population (ANSES 2020a).  

6.5.2 Purpose of the formal request 

All of the above-mentioned points justified ANSES conducting an expert appraisal to identify 
the direct and indirect health effects for children and adolescents associated with screen-based 
technological devices in all their dimensions: physical, mental and cognitive, psychosocial, 
family. The expert appraisal also sought to understand how health determinants modulate 
these effects depending on exposure.  
A working group, the Digital Tools WG, was formed with 16 experts from a wide range of 
disciplines: sociology, information sciences, philosophy, paediatrics, child psychiatry, 
psychology, epidemiology (including social epidemiology), cognitive neuroscience (memory, 
sleep, learning) and addiction. This WG reported to the CES on "Physical agents and new 
technologies". The expert appraisal was initiated in 2020 for a period of 36 months. 
 
In order to organise the WG's reasoning, an analytical framework was initiated. This overall 
analytical framework for the expert appraisal sought to describe individually the parameters of 
exposure, the categories of adverse health effects, and the technical and human determinants 
that can vary both. It illustrated the complexity of the interactions involved in assessing the 
health risks associated with the use of digital technologies. 
The exposure situations identified as potentially playing a role in the occurrence of health risks 
were: 
 The context of the exposure (alone, with peers, with parents, etc.), which could involve 

a discussion on the content viewed.  
 The times and places of exposure (end of day/morning; school/home, etc.), which may 

have a different impact, especially on sleep. 

                                                
76 The notion of "problematic use" was put forward in the study by Bianchi and Phillips (2005). The 
authors developed a specific questionnaire, the Problematic Cellular Phone Use Questionnaire (PCPU-
Q), comprising 12 items. The first seven questions ask participants whether they have experienced 
symptoms of problematic mobile phone use in the past year, and the next five questions investigate the 
consequences of problematic phone use on five real-life examples. 
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 The type of content viewed, and whether it was appropriate for the age and sensitivity 
of the child. 

 The media used (mobile or fixed devices). 
Among the "modulating" or "moderating" parameters, which can act on both hazard and 
exposure, the plan was to: 

 study attention-grabbing strategies/techniques; 
 characterise the factors modulating both exposure and health effects (social 

vulnerabilities, biological, psychosocial and psychological sensitivities). 
Lastly, as mentioned above, it was important that the health consequences of exposure take 
health into account in its broadest definition: physical, physiological (including neurological), 
social and psychological effects. 

6.5.3 Recommendations of the Exposome WG 

The Exposome WG recommends working on the following areas:  
1. Take into account the potential effects on the psychomotor development of young 

children, and in particular the impact on fine motor skills.  
2. Investigate interactions with other factors: 

a. Study the combined effects of exposure to screens and to chemical and 
microbiological agents.  

b. Study the possible change in the exposure profile of children to indoor 
environmental pollutants and to artificial and blue light since the massive use of 
digital tools. 

3. Assess the impact of exposure to screens on other activities, and understand the 
mechanisms promoting this exposure. 

4. Assess the beneficial effects of the use of digital tools for children with autistic 
disorders, or with socialisation difficulties. 

 
It should be noted that numerous studies show that the consequences of exposure to screens 
and the intensity of digital practices are largely modulated by the social context and the 
diversity of individual cultural practices (Lieury, Lorant, and Champault 2014; Kassam and 
Ferrari 2020).  

6.5.4 Actions and resources implemented 

Among the recommendations of the Exposome WG, the feasibility of both parts of 
Recommendation 2 above was studied.  

6.5.4.1 Assess the risks associated with the combined effects of exposure to 
screens and to chemical and microbiological agents  

Certain types of chemical exposure could cause the same suspected adverse health effects 
as the use of certain digital tools. For example, the recreational use of screens by young 
children is suspected to have consequences for their physical (risk of overweight, sleep 
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disorders) and cognitive development (HCSP 2019, 2019). As an example, Table 6 shows the 
substances for which the weight of evidence was seen as likely or very likely for their effects 
on neurodevelopment and metabolism, based on a literature review carried out for the 
ATHLETE project (see Chapter 2). It is therefore relevant to ask whether the effects induced 
by exposure to screens and to chemicals could be combined. However, to our knowledge, no 
data are available on health effects associated with co-exposure to screens and chemical and 
microbiological agents. Specific studies should therefore be set up to investigate the combined 
effects of chemical exposure and screen use on child development. 
 

Table 6: Substances referenced in the ATHLETE programme as having effects on neurodevelopment (cognitive 
development, behavioural disorders) or metabolism in children, which could be comparable to the effects 

suspected to be related to screen use 

Substances Effects  Institution/Authors  
Lead  Cognitive outcomes, behavioural 

outcomes 
(US EPA 2014; ATSDR 2020) 

Cadmium Cognitive outcomes (Lamkarkach et al. 2021; ANSES 2019b; US 
Agency for Toxic Substances and Disease Registry 
2012a; Rodríguez-Barranco et al. 2013; Branca et 
al. 2020) 

Chlorpyrifos Cognitive outcomes, behavioural 
outcomes (including ADHD) 

(European Food Safety Authority (EFSA) 2019) 

Benzo(a)pyrene Behavioural outcomes (including 
ADHD), head circumference  

(US EPA 2017) 

Bisphenol A Obesity, hormonal effects (EFSA CEF Panel 2015) 

Bisphenol A Cognitive outcomes (ECHA 2017a) 

Bisphenol S Anxiety-related behaviour 
(Toxicological data) 

(HBM4EU 2021, 4) 

Organophosphate 
pesticides 

Cognitive outcomes, behavioural 
outcomes (including ADHD), autism 

(US EPA 2015) 

Methylmercury Cognitive outcomes, behavioural 
outcomes (including ADHD) 

(ECHA 2017b) 

PBDE Behavioural outcomes (US Agency for Toxic Substances and Disease 
Registry 2017) 

PBDE Cognitive outcomes (National Academies of Sciences, Engineering, and 
Medicine et al. 2017) 

Arsenic (inorganic) Cognitive outcomes and various 
neurodevelopmental effects 

(U.S. Food and Drug Administration 2016; US 
Agency for Toxic Substances and Disease Registry 
2016; EFSA Panel on Contaminants in the Food 
Chain 2009) 

Manganese Behavioural outcomes (Santé Canada 2019; US Agency for Toxic 
Substances and Disease Registry 2012b) 

HCB Neurological effects and social 
behaviour 

(US Agency for Toxic Substances and Disease 
Registry 2015)  
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6.5.4.2 Study the possible change in the exposure profile of children to indoor 
environmental pollutants and to artificial and blue light since the massive 
use of digital tools 

According to a survey by the French High Council for the Family, Childhood and Age (HCFEA), 
32% of children's time is spent on school activities (school or homework), 30% on "doing things 
together as a family" (meals, travel, family activities), in addition to time at home with no family 
activities, and 25% for "other" times and places (activities, recreation) (HCFEA 2018). The 
exposure profile of children therefore differs according to the activities with the family and those 
carried out during these "other" times. Already in 2009, screen time accounted for the vast 
majority of children's free time (Figure 33). In addition, the amount of time spent in front of 
screens has been increasing over the years. In its digital barometer, the CRÉDOC observed 
an increase in the time spent watching television and, on the internet, of an average of one 
hour per week for each, between 2018 and late 2020, which means that two additional hours 
per week are being devoted to screen time. On the internet, 36% of children aged 12-17 are 
even heavy consumers, spending more than 8 hours a week watching videos, films and other 
audiovisual content (Crédoc 2021). Assuming that in the majority of cases the devices used 
are not portable, children may therefore be spending more and more time indoors, which could 
change their exposure profile and increase the time they are exposed to chemicals and 
microbiological substances in indoor air, as well as to artificial light and, in any case, to blue 
light from screens. Moreover, the increase in time spent indoors induces a change in 
behaviour: snacking, decreased physical activity and increased sedentary behaviour (ANSES 
2020a), as well as a decrease in the quantity and quality of sleep (HCSP 2020). This is an 
important change to consider in an exposome approach in future child-specific risk 
assessments. 



ANSES ● Collective expert appraisal report                      Request No 2022-METH-0197 "Integration of the 
 exposome in ANSES's activities"  

   

Final version page 127 / 186  June 2022 

 
Figure 33: Free time of 11-17 year olds in France in 2009, according to INSEE's Emploi du Temps survey 

(HCFEA 2018) in hours per day 

6.5.5 Conclusion  

For this formal request, the WG proposed to investigate the combined effects of exposure to 
screens and to chemical and microbiological agents, while taking account of possible changes 
in user behaviour and the impact on their exposure profiles and other activities, as well as any 
benefits that may be derived from the use of these digital tools. The initial literature searches 
identified some chemicals that may cause hazards in common with those associated with 
exposure to screens, but no studies have investigated their possible combined effects. It 
should be noted, however, that the hazards associated with the use of screens alone have yet 
to be characterised and confirmed, which currently makes a multi-hazard risk assessment 
difficult. However, it was also observed that screen use led to an increase in the amount of 
time spent indoors, which could lead to an increase in exposure to 1) chemical and 
microbiological substances in indoor air, 2) artificial and blue light, as well as to 3) a change in 
behaviour in terms of snacking, reduced physical activity, and quantity and quality of sleep. 
These points suggest that an exposome approach should be favoured in future risk 
assessments of children's exposure to digital screens. 
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6.6 Feedback on implementing recommendations in formal 
requests 

6.6.1 Distribution of roles between the Exposome WG and the WGs/CESs 
responding to the formal requests 

One of the first steps was to define the roles of the Exposome WG and the WGs/CESs tasked 
with conducting the selected expert appraisals, and their interactions in implementing the 
recommendations. It was established that the Exposome WG, on the basis of the presentation 
of the formal requests by the ANSES coordinators, would issue recommendations for 
integrating certain components of the exposome in the formal requests selected as case 
studies. From these recommendations, the WG/CES tasked with responding to the formal 
request could then choose to apply them by including them directly in their work (6.2 Reference 
values, 6.3 Microsensors, 6.4 Chlordecone) or by including them in the outlook of the formal 
request (e.g. 6.1 Waste workers, 6.5 Digital tools). There was also an option not to consider 
these recommendations when addressing the formal request for reasons of timing. The level 
of involvement of the Exposome WG members in implementing the recommendations varied 
according to the formal request. In the case of the internal request on reference values, an 
expert from the Exposome WG worked on an initial reflection based on the literature to assess 
the relevance of a recommendation to take better account of sensitive populations. The 
proposals and actions were then implemented entirely by the ANSES coordinators and two 
experts from the Exposome WG. In the case of chlordecone, an expert rapporteur seconded 
from the CES responding to the formal request, assisted by the ANSES coordinators and two 
experts from the Exposome WG, conducted the work on the question of combined exposure 
with other organochlorines. There was also the question of the validation circuit for the results 
of the actions taken. In the case of the three formal requests that directly incorporated certain 
recommendations, they were validated by consensus between the Exposure WG and the 
members of the WGs or rapporteurs tasked with responding to the formal requests via the 
ANSES coordinators. In order to inform and bring together the ANSES coordinators and 
experts, the general objectives of the Exposome WG and the proposals for application to the 
formal requests had been presented beforehand to all the CESs in the DER by the Exposome 
WG coordinator, assisted in some cases by an Exposome WG member. 

6.6.2 Difficulties encountered 

Some difficulties were encountered in implementing the recommendations, such as the 
divergence between the timetables of the two WGs, the lack of data, and the lack of specific 
expertise for applying the Exposome WG's recommendations to the expert appraisal in 
question. For example, when the Exposome WG issued its recommendations, the work of the 
Digital Tools WG was already under way, so the Exposome WG's recommendations relating 
to early childhood could not be implemented because the Digital Tools WG had focused its 
expert appraisal on adolescents. Furthermore, it was not possible to further develop the 
recommendations on the combined effects of different exposures due to a lack of 
microbiological and toxicological expertise in the Digital Tools WG.  Lastly, the absence of 
longitudinal data precisely documenting the time spent in indoor and outdoor environments 
and the time available for this work meant that it was not possible to reach a decision on the 
changes in the exposure profile of children and adolescents related to the use of digital tools. 
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Similarly, the WG on Microsensors was in the process of finalising its work, so the Exposome 
WG was only able to participate in the final phase of reviewing the conclusions. In the case of 
the formal request on waste workers, which only began very recently (March 2022), literature 
research was carried out by the ANSES coordinator before the establishment of the WG and 
will be proposed to the WG for possible further study.  
Despite the difficulties mentioned above and a perceptible apprehension due largely to the 
complex topic of the exposome and the tight timeframe for the formal requests, it is clear from 
this experience that implementing the Exposome WG's recommendations has been a 
successful experiment. Indeed, thanks to major efforts and communication on the part of the 
ANSES coordinators, the Exposome WG members and the members of the CESs/WGs of the 
case studies, it was possible to implement the recommendations in a short time and at 
satisfactory levels for most of the selected formal requests. Moreover, the fact that it was 
possible to adapt the level of implementation (choice between integrating the 
recommendations directly or including them in the outlook) according to the timetable and the 
means available in terms of staff and methodological and data resources, enabled all the 
players to commit to the project and gradually incorporate the various exposome components 
into the work carried out.  

6.6.3 Lessons learned for taking the recommendations in Chapter 4 into 
account in future formal requests 

This initial experience helped identify some operational points to facilitate implementation of 
the recommendations in Chapter 4 in future formal requests to the Agency. Choices need to 
be made from among all the recommendations proposed in Chapter 4, based on relevance to 
the subject and the data and methods available at the time of responding to the formal request.  
 
Some recommendations can be implemented quickly, while others will require further 
groundwork, for example those related to data organisation or methodological development 
work. It appears essential to include the latter in the Agency's work programme and, if 
necessary, create specific internal or external working groups. In all these cases, additional 
resources are needed in terms of time and people, as well as support and training for ANSES 
staff. It is also proposed that the progress made by ANSES in the area of the exposome be 
viewed over time through regular reviews (which could be carried out every two years), in order 
to boost and sustain the approach, and benefit from feedback. Lastly, it is important to ensure 
that the expert appraisal work remains intelligible and operational for managers.   



ANSES ● Collective expert appraisal report                      Request No 2022-METH-0197 "Integration of the 
 exposome in ANSES's activities"  

   

Final version page 130 / 186  June 2022 

Conclusion 

Introducing the exposome in risk assessment allows for a holistic and systemic approach. 
Holistic in the sense that several components of the risk are considered, and systemic because 
an overall approach is favoured.  
This ANSES report on the exposome proposes a series of recommendations and actions, 
detailed in Chapters 4, 5 and 6.6, to guide the Agency in taking the exposome into account in 
health risk assessment. These actions should be integrated and adapted as progress is made. 
This report also highlights, through the case studies it proposes, the possibility of integrating 
certain exposome components in ongoing formal requests right away, and stresses the 
advantages of doing so.  
For example, integrating the exposome when addressing the risk associated with chlordecone 
showed the benefits of proposing an overall approach that considers the specificities of the 
local population and is able to include a series of risk factors (co-exposure to other 
organochlorines, potential changes in the exposome due to a decrease in traditional nutritional 
intake and an increase in the consumption of products rich in saturated fatty acids, taking the 
eco-exposome into account). 
Application to the formal requests on waste workers and digital tools showed the need to study 
the possible interactions between chemical, biological, physical and psychosocial agents with 
common effects, while the formal request on microsensors suggested new tools for collecting 
the individual data needed for the exposome.  
Lastly, application to the internal request on TRVs raised the question of the value of 
considering all sensitive populations, and of applying reference values based on these specific 
populations to the whole population. Indeed, the overall approach made possible by the 
exposome can reveal differentiated positive or negative effects – for certain substances, for 
example, that are also sources of nutritional intake – between sensitive and non-sensitive 
populations.    
Integrating the exposome concept in the Agency's activities requires training for staff and 
experts. It generates additional costs in terms of time and resources, due to the complexity of 
this issue. Some of these costs should be considered as an investment in the future, enabling 
ANSES to better prepare for the issues of tomorrow. In addition, the assistance provided to 
the groups' work by cross-functional teams in data management and organisation, as well as 
in the development of operational methods and tools, will help offset some of these costs.  
If ANSES is to fulfil its missions and meet the high expectations of society, it must start adopting 
the exposome approach as of today. ANSES is already well on its way in this change, and 
even has a certain lead over other agencies in Europe in terms of the subjects explored, the 
methodologies developed and the lessons learned from the specific cases already examined. 
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Annexe 1  Context, issues and terms of reference for the task that 
ANSES decided to entrust to a WG reporting to its Scientific 
Board 
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ANSES and the exposome 
Context, issues and terms of reference for the task that ANSES decided to entrust to a 

WG reporting to its Scientific Board 
 
Since it was developed by C Wild in 2005, the concept of the exposome has given rise to numerous 
research projects that form part of a continuum of questions to science about the role of environmental 
factors in the development of chronic diseases, which have become the leading cause of death in 
developed countries in recent decades. The interest shown in this concept has extended beyond 
research teams to convince public decision-makers. Its adoption in the French Act of 28 January 2016 
on the modernisation of the health system thus introduced provisions in the Public Health Code referring 
to the concept of the exposome:  

• Under the provisions relating to general health administration, and more specifically those on 
health policy, Article L.1411-1, Subparagraph 1: The monitoring and observation of the health 
status of the population and the identification of its main determinants, particularly those related 
to education and living and working conditions. Identification of these determinants is based on 
the concept of the exposome, understood as the integration over an entire lifetime of all the 
exposures that can influence human health.  

• Under the provisions relating to the protection and promotion of maternal and child health, and 
more specifically on the general organisation and missions, Article L. 2111-1: The State, local 
authorities and social security bodies shall participate, under the conditions laid down in this 
Book, in the protection and promotion of maternal and child health, which shall include in 
particular [...] 5° Prevention and information measures on health risks associated with 
environmental factors, based on the exposome concept.  

 
However, it has yet to be largely implemented by ANSES, whether scientifically or methodologically.  
 

I. Context and progressive establishment of the exposome concept  
 
The inclusion of the exposome concept in the Act was preceded by various steps in public action: it was 
the subject of methodological work in the 2015-2019 National Environmental Health Action Plan (Action 
no. 34), and a major theme of strategic thinking for action in environmental health in the construction of 
the National Public Health Plan, which was just adopted in 2018 (see the opinion of the High Council for 
Public Health (HCSP, 2017)).  
 
This concept previously emerged and was refined by environmental health researchers within the 
international scientific community, while leading researchers such as C. Wild, Rappaport and Smith, 
Buck Louis and Miller have helped formulate and enhance it since the beginning of the decade. Players 
from the French community and ANSES have also contributed to this emergence.  
 
This concept leads to all exposures (from all sources – such as the environment and food – and due to 
all types of pathogens – whether chemical, physical, biological, or even psychosocial factors) resulting 
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from working and living conditions or individual behaviour, being considered in the assessment and 
identification of biological responses and then of the health effects in terms of chronic diseases. It takes 
account of the extremely close ties between human health and interactions with ecosystems in all living 
and working environments. Going beyond the classical approaches in toxicology and infectiology 
(hazard/exposure/dose-effect relationship/risk qualification) followed individually for each stress factor, 
the exposome concept calls for five important/key factors of health and chronic disease development to 
be taken into account more explicitly and concomitantly:  

• The role of the accumulation of exposure over time, and the delayed nature of the emergence 
of certain health effects (particularly following chronic exposure);  

• Consideration of the "exposure window", based on the observation that the same exposure 
does not produce the same effects depending on the life period during which the human being 
is exposed;  

• The accumulation of external exposure, both in terms of stressors (physical, chemical, 
microbiological) and routes of exposure (ingestion, breathing, contact, etc.) leading to internal 
exposure of different organs and biological systems;  

• The interaction between these stressors in the activation of adverse response pathways at 
cellular level, then in organs, leading to the expression of disease;  

• The influence of psychosocial factors as determinants of exposure causes and trajectories.  
 
Although it is an easily accepted assumption that each of these factors weighs in the construction of the 
response of living beings to their exposure history, their respective weights in this overall response have 
not yet been determined. This constitutes a source of uncertainty found in public debates on sensitive 
topics, where the transition from assessment to decision forces a less balanced response. The 
relevance of experimental models in determining dose-response relationships, confounding factors in 
epidemiological studies, the consideration of adjustments related to extrapolations (safety factors) in 
conventional toxicological approaches, etc. are all sources of uncertainty to which this concept ultimately 
aims to provide a response.  
 

II. The issues and tasks for the Agency  
 
It is important for the Agency to systemically assess the practical consequences of including the 
exposome concept in legislation by considering the prospects opened up by the scientific work already 
published and in progress, for its own work and strategic orientations. Based on the formulation of 
ANSES's corporate purpose, "Investigate, Evaluate, Protect", this would involve outlining points of 
discussion and then action for the Agency to enable this concept to be developed and integrated in the 
deployment of its core activities.  
 
ANSES therefore proposes setting up a working group under the Scientific Board, whose primary 
objective will be to identify these opportunities and build a roadmap with milestones and priorities.  
 
This may include, as appropriate:  

• identifying the opportunities, avenues and means for its implementation in the various Agency 
components: research and reference, monitoring and vigilance, risk assessment, 
authorisation and marketing of regulated products;  

• identifying partnerships and joint work at different levels (regional, national, European, 
international);  

• identifying the need for development/certification of new skills to meet these needs.  
Under the key word "Investigate", the activities of the research (implementation) and reference 
laboratories, as well as those relating to research funding (Research Funding & Scientific Watch 
Department) or the Agency's monitoring and vigilance missions could be considered.  
This could include an examination of how to involve the laboratories and assessment departments in 
the relevant projects, at national level, or in European (H2020 or FP9 to come) and international 
initiatives, in order to clarify the concept's scientific developments. Some work towards this goal has 
already been undertaken (e.g. HBM4EU for overall monitoring, Euromix on the consideration of 
mixtures, etc.).  
 
In addition to the Agency's own activities, the contribution of the research funding (PNR EST) and 
scientific watch functions should also be considered, in order to promote and identify the progress being 
made by the communities on these topics.  
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As highlighted by the explanation of the exposome concept, the acquisition of data (at different time and 
space scales) is a major challenge in building its foundations. It would also be useful to reflect on how 
the Agency's core activity components work on the acquisition/exploration/processing/dissemination of 
data associated with exposure and its consequences. This could also include the monitoring and 
vigilance missions which, through the signals they gather, constitute cases of investigation that enable 
the concept to be tested.  
 
Under the key word "Evaluate", which refers to our risk assessment activities, the concept of the 
exposome constitutes both a methodological challenge and an analytical key to progress in the 
assessment of complex situations. As a methodological challenge, it requires the assessment tools 
inherited from classical toxicology and infectiology to be strengthened, to enable exposures of different 
types (biological, physical and chemical factors, or even stressors passing through different exposure 
routes) to be combined with great care, in order to provide a response and recommendations that are 
tailored to the situations encountered, while identifying the experimental elements needed to validate 
them.  
 
This also requires progress in terms of knowledge, measurement ("omics" technologies) and recording 
of exposure (particularly over time and in the various matrices). In terms of analytical keys, the concept 
will undoubtedly become more operational thanks to the development of advanced methods for 
assessing complex exposure situations (e.g. contaminated sites and soil, areas with cumulative 
exposure, etc.).  
 
As the "combinatory" nature of the avenues of exploration in this field is particularly vast, the Scientific 
Board's working group will be expected to help prioritise the topics to be undertaken.  
 
The ambition "Protect", constitutes the integration of the risk assessment and monitoring actions 
already mentioned above, in addition to the management of risks related to the fields of biocidal 
products, plant protection products and veterinary medicines. The exposome concept therefore adds 
further challenges to the previous ones. It should also be noted that at this stage this same concept has 
not appeared in the Environmental Code or in other legislative codes dealing with registration or 
authorisation mechanisms for risk activities.  
 
Risk management paradigms may need to be substantially revised in light of the (scientifically logical) 
linkages highlighted when cumulative exposures by type and throughout life are taken into account. And 
this integration also has an impact on all the components (assessment/monitoring/management) of risk 
governance.  

• How is it possible to apply the principle of responsibility of the socio-economic player generating 
the risk when it requests an authorisation from the public authorities?  

o On what hazard basis should it establish its demonstration of risk control? 
o Which limit(s) should it use to demonstrate the acceptable level of exposure 

generated?  
o How could ALARA-type principles be implemented...  

• How can the "polluter pays" principle be applied?  
• How can the existence of different modes of exposure (work and personal life), at different 

periods of life and involving exposure to anthropogenic or natural hazards via monitored vectors 
(air, water, food, materials) of sources be taken into account in management mechanisms?  

• What role should be played by individual behaviours and situations that can modulate 
exposure?  

 
It should first be emphasised that these questions have a broad scope and extend into fields (ethical, 
scientific, legal, etc.) that may go beyond the remit of ANSES's mission, and that the work on these 
topics undertaken by the Agency with its Scientific Board will also endeavour to define what falls strictly 
within the Agency's sphere of competence and what should be addressed in other frameworks and 
contexts.  
 

III. A WG reporting to ANSES's Scientific Board  
 
In order to respond to the issues presented in the previous section, the Agency proposes setting up a 
WG under its Scientific Board, which could bring together at least a few members of the Scientific Board 
interested in the issue and experts from different ANSES entities.  
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The prior discussion with the Scientific Board could in principle define the scope of the missions to be 
considered (research/assessment/vigilance/monitoring/management).  
 
The work could be based on different steps:  

• Bibliographical (and monitoring) work to assess the latest developments and the concept's 
consolidation from a scientific perspective;  

• Hearings by the WG with various figures representing the different stakeholders (scientists, 
managers, parliamentarians, NGOs), mainly to determine the maturity and political 
expectations regarding the concept;  

• Identification of national, European and international initiatives that contribute to its 
consolidation;  

• Identification of milestones in the mission areas investigated.  
 
The timetable remains to be defined according to the mandate (scope) and objectives.  
The findings will be reported to the Scientific Board and then to the Agency's thematic steering 
committees and Board of Administrators. 
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Annexe 2  List of selected PNR EST projects dealing with the 
exposome 

List of projects funded by the PNR EST selected for analysis and dealing with one or more 
components of the exposome.  
[1] GEOCAP-PAST (EST-2013-228)   

[2] GEOCAP-BIRTH (EST-2016-161) 

[3] ZIP (EST-2017-009) 

[4] NeuroBiomecaTMS (EST-2014-77)  

[5] VITEXPENTE (EST-2021-251) 

[6] EPICAP (EST-2012-129) 

[7] Icare-Antilles (EST-2013-114)  

[8] MULTIASTHMANET (EST-2018-55)  

[9] ICARE-VADS (EST-2018-207)  

[10] HyPAxE (EST-2019-39)   

[11] EXPOSOMFPI (EST-2019-241) 

[12] PrémaBQuA (EST-2012-157)  

[13] HeLME-UV (EST-2013-205)  

[14] EMBRYORAD (RF-2018-25)  

[15] ModExPro (EST-2013-177) 

[16] TeM(i)S–ESP (EST-2011-107)  

[17] SCORISK-PRO (EST-2012-18)  

[18] EXPO-ENFANTS (RF-2019-04)  

[19] BrumiSaTerre (EST-2016-15)  

[20] SESAP (EST-2012-166)  

[21] PoDéMos (EST-2019-116) 

[22] INFLAREF (RF-2012-21) 

[23] silimmun (EST-2015-32) 

[24] BarBaPAhR (EST-2015-113) 

[25] NanOCo (EST-2019-184) 

[26] TOXI-LED (EST-2017-23) 

[27] AMeCE (EST-2015-91)  

[28] ETNA2 (EST-2015-99)  

[29] CARBATOX (EST-2017-102) 

[30] TROPHIPLAST (EST-2018-17)  

[31] POMELO (EST-2020-102) 

[32] TrEMIT (EST-2017-93) 
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Annexe 3  Further research for the formal request on waste workers 

Sumex2 job-exposure matrices were produced by the occupational health department of Santé 
Publique France (Table 7 and Table 8), in collaboration with Inserm. Based on data from the 
Sumer 2003 survey, they were used to identify occupational exposure in 2003 (71 chemical 
agents, 18 classes of chemical hazards and 3 physical hazards), according to the industry 
sector (coded with the French NAF 2003 nomenclature of activities) and/or occupation (coded 
with the 2003 PCS nomenclature of occupations and socio-professional categories). 
Table 9 shows the results obtained for classes of chemical hazards for which the average 
intensity of exposure of household waste management workers was neither low nor very low.  
 

Table 7: Occupation codes used in connection with household waste management (2003 PCS nomenclature of 
occupations and socio-professional categories) 

2003 PCS nomenclature 

387f ENVIRONMENTAL ENGINEERS AND TECHNICAL MANAGERS 

477d ENVIRONMENTAL AND POLLUTION TREATMENT TECHNICIANS 

628e SKILLED SANITATION AND WASTE TREATMENT WORKERS 

684b UNSKILLED SANITATION AND WASTE TREATMENT WORKERS 

644a DRIVERS OF HOUSEHOLD WASTE COLLECTION VEHICLES 

  
Table 8: Activity code chosen in connection with household waste management (2003 French NAF activity 

nomenclature) 

NAF nomenclature Rev1 (2003) 

90.0B Collection and treatment of household waste 
 collection and transport of household waste, urban waste and non-hazardous industrial waste 
 sorting and disposal of non-hazardous waste by all means: incineration, composting, controlled landfill, 

burial, underwater immersion  
 management of landfill sites, storage sites, non-hazardous waste transfer stations 
 management of incineration facilities 

  
Table 9: Agents or classes of chemical hazards for which the average intensity of exposure of household waste 

management workers was neither low nor very low (Sumex2 extraction) 

NAF 2003 
description 

COLLECTION AND TREATMENT OF HOUSEHOLD WASTE (90.0B) 

2003 PCS 
nomenclature 

Unskilled sanitation and waste 
treatment workers (684b) Drivers (64) 

Hazard 
Surfactants  Surfactan

ts 

Ammonia 
and 

aqueous 
solutions 

Ketones other 
than n-methyl-

pyrrolidone  
Wood dust  

Percentage of 
exposed workers 16% 9% 2% 2% 3% 

Mean exposure 
intensity 0.31 0.21 0.23 0.26 High 

(~50% 
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NAF 2003 
description 

COLLECTION AND TREATMENT OF HOUSEHOLD WASTE (90.0B) 

exposure 
limit) 

Mean exposure 
period 9.3 hours 2.6 hours From 2 to less than 10 hours 
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Annexe 4  Value of taking co-exposure to other contaminants into 
account when assessing the risk of chlordecone exposure 
in the French Caribbean – the example of organochlorines 

Current management measures for chlordecone focus on this compound and target the 
production and consumption of foods with low levels of chlordecone, or aim to ensure better 
targeting of individuals whose exposure must be reduced, or investigate the possible risks 
induced by such overexposure (formal request to the HAS currently being examined). 
However, exposure to chlordecone is only one component of the chemical exposome of 
French Caribbean populations, whose other facets are still poorly understood, especially with 
regard to concomitant exposure to other contaminants that may have similar biological targets 
and therefore combined effects.   
The proposed example here focuses on organochlorine compounds that have common effects 
with chlordecone and whose persistence in the environment constitutes a source of exposure 
for living organisms, even if their levels have been decreasing since the ban on their production 
and use several decades ago. 
 
A- Co-exposure of the French Caribbean population to organochlorines 
The French Caribbean population over 60 years of age has high p,p'-DDE concentration 
levels compared with other populations. 
Studies measuring PCB 153, PCB 180 and p,p'-DDE concentration levels in the French 
Caribbean adult population compared with other populations are shown in Table 10. 
The study by Emeville et al. (2015) reported plasma concentrations of PCBs, p,p'-DDE and 
chlordecone (CLD) in the male population of Guadeloupe (between 48 and 77 years of age). 
The authors distinguished between cancer patients and unaffected individuals (controls) in 
terms of their levels of contamination by these substances (Emeville et al. 2015). 
A campaign to analyse organochlorine contamination in the French Caribbean population 
(Guadeloupe and Martinique) was carried out by the InVS in 2013-2014 on the entire male-
female population (Kannari study (Dereumeaux and Saoudi 2018)): 
 In Guadeloupe, the average age of the sample (n=292, 187 women + 105 men) was 

48 years, 63% of the male population recruited was over 49 years of age. Comparison 
with the data of Emeville et al. (2015) is difficult due to the different characteristics (age 
and gender) of the two populations (Emeville et al. 2015).  

 For Martinique, only data from the Kannari study are available (Dereumeaux and 
Saoudi 2018). 

This French Caribbean contamination was compared to the serum concentrations in samples 
collected by the ENNS from the population in Mainland France in 2006-2007 (Fréry et al. 2013, 
13) (Table 10). As the ENNS presented its results (geometric means) by age group without 
differentiating by sex, the comparison could only be made by considering the male population. 

A comparison was also made with values from campaigns conducted at similar times in the 
USA and Canada. However, the demographic characteristics also differ, with the data reported 
by NHANES relating to the adult population (age ≥ 20 years), both male and female combined. 
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Table 10: Summary of the main studies measuring concentration levels (ng/g lipids) of PCB 153, PCB 180 and 
p,p'-DDE in the French Caribbean adult population compared with other populations 

 Periods Geometric mean 

ng/g lipids 

PCB153 PCB180 p,p’-DDE 

INTERNATIONAL 

NHANES US  

n=1298-1378  m+w    ≥ 20 years 
2003-2004 23.7 

(22.3-25.1) 

19.0 

(17.9-20.1) 

268 

(217-288) 

CHMS Canada 

 n=281          men       40-59 years 

n=280           men       60-79 years 

2007-2009  
23 (20-27) 

47 (41-54) 

 
22 (19-26) 
47 (41-53) 

 
145 (117-179) 

258 (212-313) 

MAINLAND FRANCE 

ENNS  (Fréry et al. 2013) 
n=386    m+w     18-74 years 

n=267    m+w     40-74 years 

n=254   women  

n=132  men 

n=119    m+w     18-39 years   

n=190    m+w     40-59 years 

n=77    m+w     60-74 years 

2006-2007  
113 
164 

121 

105 

64 

149 

202 

 
94 

140 

91 

97 

51 

129 

168 

 
118 
154 

152 

89 

78 

143 

182 

GUADELOUPE 

Karuprostate (Emeville et al. 2015)  

n=655           men       48-77 years 

2004-2007 

 

134 c 

(750 ng/L) 

115 c 

(640 ng/L) 

320 c 
(1770 ng/L) 

Kannari (Dereumeaux and Saoudi 2018)  

n=292    m+w     19-88 years 

n=187   women 

n=105  men 

n=60    m+w     19-39 years 

n=142    m+w     40-59 years 

n=90    m+w     60-88 years 

2013-2014 

 

 
31 
19 

28 

10 

36 

99 

 
22 
31 

33 

5 

28 

85 

 
121 
141 

97 

46 

135 

304 

MARTINIQUE 

Kannari (Dereumeaux and Saoudi 2018) 

n=450    m+w     19-88 years 

n=272   women 

n=178  men 

n=73    m+w     19-39 years 

n=215    m+w     40-59 years 

n=162    m+w     60-88 years 

2013-2014  
44 
42 

46 

14 

51 

107 

 
31 
28 

35 

7 

41 

91 

 
81 

102 

60 

27 

83 

217 

m: men; w: women; c: calculated from concentrations in µg/L using data from Emeville et al. 2015 
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Regardless of the compounds (all bioaccumulative) or populations studied, a tendency for 
concentrations to increase with age is constantly observed.   

With regard to PCBs (153 and 180): 
 The contamination measured in men over 48 years of age in Guadeloupe between 

2004 and 2007 (134 ng/g lipids for PCB 153 and 115 ng/g lipids for PCB 180) was 
higher than that measured at a similar period (2007-2009) on a similar population (men 
over 40 years of age: between 23 and 37 ng/g lipids for PCB 153 and between 22 and 
47 ng/g lipids for PCB 180) in Canada. On the other hand, these levels appear to be 
equivalent to or slightly lower than those measured in a mixed population over 40 years 
of age in mainland France during the same period (between 149 and 202 ng/g lipids 
for PCB 153 and between 129 and 168 ng/g lipids for PCB 180). 

 More recent contamination measurements observed in Guadeloupe (2013-2014) in 
men and women over 40 years of age (between 36 and 99 ng/g lipids for PCB 153 and 
between 28 and 85 ng/g lipids for PCB 180) showed a decrease in this contamination 
between 2004 and 2014.  

 The comparison of concentration levels measured in Guadeloupe or Martinique in 
2013-2014 with levels reported in mainland France (2006-2007), which is more 
complicated because it relates to different study periods, nevertheless showed a 
downward trend in mainland France as well as in the French Caribbean (Figure 34 and 
Figure 35).  

 
Figure 34: PCB 153 concentration levels in the French Caribbean and in mainland France of adults over 18 years 

of age (in ng/g of lipids) 
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Figure 35: PCB 180 concentration levels in the French Caribbean and in mainland France of adults over 18 years 

of age (in ng/g of lipids) 

With regard to p,p'-DDE: 

 The average levels measured in 2004-2007 in Guadeloupe in a male population over 
48 years of age (320 ng/g lipids) were higher than those reported for an equivalent and 
contemporary population in Canada (between 145 and 258 ng/g lipids). Similarly, they 
were higher than those reported in mainland France for the same period (men and 
women over 40 years of age: between 143 and 182 ng/g lipids). 

 Recent contamination measured in 2013-2014 showed a high level for adults over 60 
years of age (304 ng/g lipids in Guadeloupe and 217 ng/g lipids in Martinique) (Figure 
36). A more detailed analysis of the distribution of this contamination (Table 11 and 
Figure 37) reveals a marked difference in the higher percentiles, especially in 
Guadeloupe. Thus the levels observed in Guadeloupe (2013-2014) and expressed in 
ng/g lipids77 were between 1.85 (at P50) and 3 (at P95) times higher than those 
observed in mainland France (2006-2007). 

 p,p'-DDE contamination was systematically higher in women than in men (Figure 36). 

                                                
77 Expressed in ng/l, the levels were between 1.6 (at P50) and 2.3 (at P95) times higher than those 
observed in mainland France (2006-2007). 
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Figure 36: p,p'-DDE concentration levels in the French Caribbean and in mainland France of adults over 18 years 

of age (in ng/g of lipids) 

 
Figure 37: Ratio of p,p'-DDE contamination in individuals over 40 years of age between Guadeloupe and 

Martinique and mainland France (ng/g lipids) 
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Table 11: Distribution of p,p'-DDE contamination in Guadeloupe/KANNARI study 2013-2014 and in Metropolitan 
France/ENNS 2006-2007. Ratio of contamination for the age groups 40-59 and >60 years 

 

These data support a possible French Caribbean specificity with regard to high p,p'-
DDE concentration levels in individuals over 60 years of age, particularly in 
Guadeloupe. Indeed, the concentration levels reported in 2006-2007 and then in 2013-
2014 were still higher than for the other age groups and were higher than those reported 
in mainland France in 2006-2007 (not counting the possible decrease in concentration levels 
in metropolitan France since 2006-2007). 

p,p'-DDE Geometric mean P50 P75 P95 

 ng/g lipids ng/L ng/g lipids ng/L ng/g lipids ng/L ng/g lipids ng/L 

Guadeloupe 2013-2014 

KANNARI 

 

N=292 m+w  121 646 104 570 336 1935 1533 7205 

40-59 years 135 750 133 699 268 1594 986 4902 

60-88 years 304 1712 336 1879 696 3910 2369 12309 

∑ women 141 761 148 772 442 2437 1626 8278 

∑ men 97 516 77 445 248 1339 1106 5298 

Martinique 2013-2014 

KANNARI 

 

N=450 m+w  81 440 83 427 203 1121 596 3312 

40-59 years 83 451 80 466 138 744 344 1866 

60-88 years 217 1268 236 1438 400 2322 919 5609 

∑ women 102 556 100 546 229 1390 761 4203 

∑ men 60 328 63 320 154 819 397 2259 

Metropolitan France 2006-2007 

ENNS 

 

N=386 m+w 118 760 104 699 214 1411 729 4932 

40-59 years 143 985 125 888 270 1791 922 5676 

60-88 years 182 1254 181 1177 280 1987 790 5318 

∑ women 152 1003 146 899 281 2066 790 5564 

∑ men 89 560 86 558 144 924 657 3825 

Ratio [Guadeloupe]/[Metropolitan France] 

40-59 years 0.9 0.8 1.1 0.8 1 0.9 1 0.86 

60-88 years 1.7 1.4 1.85 1.6 2.5 2 3 2.3 

Ratio [Martinique]/[Metropolitan France] 

40-59 years 0.6 0.5 0.6 0.5 0.5 0.4 0.4 0.3 

60-88 years 1.2 1.0 1.3 1.2 1.4 1.2 1.15 1.0 
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B- What are the sources of organochlorines (DDE and PCBs)? 
Although we have no precise data on the sources of exposure to PCBs and DDT in the French 
Caribbean, several reports (Anses 2011a; Fréry et al. 2013; Weitekamp et al. 2021) have 
shown that since these substances were banned, food has been the main source of exposure 
for the general population in all the territories studied. According to the InVS (Fréry et al. 2013), 
in metropolitan France, more than 90% of total exposure to PCBs comes from food, and in 
adults, more than 50% of dietary exposure to PCBs comes from fishery products (freshwater 
and sea fish, seafood). The same report indicates that the main route of exposure to DDT and 
its transformation products in the environment (DDE and DDD) is currently via food. The 
highest estimated average levels of DDT residues are found in milk, ultra-fresh dairy products, 
eggs and egg products, and seafood (Anses 2011a). Apart from food, a possible source of 
exposure to DDT could be the relatively recent use of dicofol in agriculture. Indeed, dicofol was 
used in combination with tetradifon in Martinique and Guadeloupe until 2008 as a mite-control 
treatment for the aerial parts of banana trees (Gentil et al. 2018). Depending on the production 
site, the dicofol could contain up to 25% DDT (Qiu et al. 2005).  
 

C- Effects of organochlorines observed on populations living in the French Caribbean 
Epidemiological studies conducted in recent years on the French Caribbean population have 
revealed a number of health effects in individuals exposed to organochlorine compounds. 

1- p,p'-DDE, PCBs and prostate cancer  

Emeville et al. (2015) identified a significant association between plasma p,p'-DDE 
concentrations and prostate cancer (PCa) in Guadeloupe, in the same male population as 
Multigner et al. (2010), in terms of age – over 45 years – and numbers. The association was 
significant for plasma levels of p,p'-DDE ≥ 5.19 µg/L (5th quintile versus 1st quintile <0.79 µg/L) 
with an odds ratio (OR) of the same order of magnitude as that for chlordecone (Table 12).  
Table 12: Risk of prostate cancer in Guadeloupe related to exposure to chlordecone and/or DDE: odds ratio (OR) 

and 95% confidence interval (95% CI) in Multigner et al. (2010) and Emeville et al. (2015) 

OR (95% CI) 

 Multigner et 
al. 2010 

DDE and PCBs 
not taken into 

account 

Emeville et al. 2015 

 Model not 
adjusted for 

other 
organochlorines 

Model adjusted to: 

 DDE PCB153 DDE 

+ 

PCB153 

PCB153 

+ chlordecone 

Chlordecone 

≥  0.96 µg/La 1.77 

(1.21–2.58) 

     

≥  1.03 µg/Lb  1.65 

(1.09–2.48)d 

1.64 

(1.09–2.47)d 

1.70 

(1.12–2.56)d 

not 
calculated 

 

p,p'-DDE 

≥  5.19 µg/Lc    1.53 
(1.02–2.30)f 

1.73 
(1.08–2.78)e 

 1.51 
(1.01–2.27)f 
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  a 3rd tertile (LOD 0.25 µg/L);  b 5th quintile (LOD 0.06 µg/L); c 5th quintile  
d adjusted for age, waist-to-hip-ratio, PSA screening history, and total plasma lipid concentrations. Missing values were imputed 
using a multiple imputation by chained equation (MICE) approach in five data sets; 
e adjusted for age, waist-to-hip ratio, type 2 diabetes, alcohol, total plasma lipid concentration and PCB153. Missing values were 
imputed using a multiple imputation by chained equation (MICE) approach in five data sets.  
 f adjusted for age, waist-to-hip ratio, type 2 diabetes, alcohol, total plasma lipid concentration, PCB153 and restricted to control 
and cases with complete datasets 

 
The PCa-PCB 153 association was not significant (PCB 153 was the PCB indicator used in 
the analysis). 

The Emeville et al. (2015) study was reported by the IARC (2018) in Monograph No. 113 on 
the evaluation of the carcinogenic potential of DDT78 and its metabolites (Emeville et al. 2015; 
IARC Working Group on the Evaluation of Carcinogenic Risks to Humans 2018); the IARC 
stressed that this epidemiological study was the largest case-control study to date on DDE and 
prostate cancer based on biological measurements of exposure. 

p,p'-DDE contamination is a risk factor for prostate cancer in Guadeloupe.  

 
2- p,p'-DDE, PCBs and neurodevelopmental toxicity 

The studies carried out by the teams of L. Multigner and S. Cordier, as part of the TIMOUN 
mother-child cohort in Guadeloupe, measured the concentrations of p,p'-DDE and PCB 153 in 
parallel with those of chlordecone in the umbilical cord, in the studies on child health (cognitive, 
motor and behavioural effects, infant growth and thyroid function in the infant population). 
Other elements known to be risk factors (mercury, lead) or beneficial factors (selenium, 
docosahexaenoic acid [DHA]) for neurodevelopment were also taken into account. 
Measurements were taken in umbilical cord blood (plasma or whole blood), to reflect prenatal 
contamination. Postnatal contamination was only measured for chlordecone, in breast milk 
collected three months after delivery. The significant sex-dependent decrease in thyroxine 
associated with prenatal exposure to p,p'-DDE is evidence of its impact on thyroid function. 
Given the role of thyroid function in neurodevelopment, p,p'-DDE contamination is liable to 
affect the child population in the same way as chlordecone. 
Along with immunotoxicity, the neurodevelopmental toxicity of PCBs was one of the two criteria 
used to establish guideline values for PCBs, by the WHO (Faroon et al. 2003) and by AFSSA 
in 2007 (Anses 2007a). In the case of PCBs, numerous epidemiological studies report reduced 
cognitive performance and motor and psychomotor deficits, associated with pre- and postnatal 
exposure (Tilson, Jacobson, and Rogan 1990; Jacobson and Jacobson 1996; Trnovec et al. 
2008; Lynch et al. 2012), but not all are convergent.  
p,p'-DDE has a similar toxicological profile to that of chlordecone. Indeed, the most significant 
effects of DDT and DDE have been observed on neurocognitive and behavioural development, 
which may persist in childhood (Eskenazi et al. 2006; Ribas-Fitó et al. 2006; Torres-Sánchez 
et al. 2007; van den Berg et al. 2017).  
DDT, DDE and PCBs appear almost systematically in the cocktail of organochlorines in 
contaminated environments and have been incriminated simultaneously as aetiological factors 
in neurological disorders (Rogan et al. 1986; 1987). This requires them to be treated as 
confounding factors in the analysis of associations, but this is not always done. Neglecting the 
                                                
78 DDT has been classified in Group 2A as probably carcinogenic to humans; with sufficient evidence in 
animals for the carcinogenicity of both DDT and p,p'-DDE. 
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effect of any of these contaminants could bias the results and interpretations79, and lead to 
inappropriate management measures being taken.   

Contamination by p,p'-DDE and PCBs is likely to affect the child population in the same 
way as chlordecone. 

 
D- Other effects of organochlorines reported more generally in animals and humans 
Organochlorines often encountered in contamination studies include p,p'-DDE (active 
metabolite of DDT), PCBs, hexachlorobenzene (HCB), β-HCH (degradation or contamination 
product of lindane or γ-HCH).  Their toxicity in animals and humans has been summarised by 
the ATSDR (US Agency for Toxic Substances and Disease Registry 2019; 2000; 2015; 2005; 
2020), the WHO (WHO/IPCS 1984; 1991; 1997; Faroon et al. 2003; World Health Organization 
2011) and the IARC, the latter of which re-assessed the carcinogenicity of PCBs in 2016, and 
that of DDT/DDE/DDD and lindane in 2018 (IARC Working Group on the Evaluation of 
Carcinogenic Risks to Humans 2016; 2018).   
Due to their lipophilicity, these organochlorines cross the placental barrier and pass into breast 
milk; their half-life of several years in humans, except for chlordecone, favours their 
bioaccumulation and long-term toxicity.   
The qualitative analysis of their toxicity shows a common toxicological profile: hepatotoxicity, 
neurotoxicity and neurodevelopmental toxicity, reprotoxicity and endocrine disruption (Table 
13).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

                                                
79 A typical example is hearing impairment in children and adolescents following exposure to neurotoxic 
substances during development; these disorders were for a long time attributed to PCBs alone (Crofton 
et al. 2000; Trnovec et al. 2008), until Sisto et al. 2015 demonstrated that other organochlorines were 
also involved, especially p,p'-DDE, p,p'-DDT, the β-isomer of hexachlorocyclohexane (β-HCH) and 
hexachlorobenzene, all of which are correlated with PCB153 (Sisto et al. 2015). 
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Table 13: Toxicological properties common to the organochlorines chlordecone, p,p'-DDE, PCB, HCB and lindane 

Toxicity CLD 
p,p'-DDE PCB HCB Lindane (γ-HCH) 

ATSDR 2005 ATSDR 2004 ATSDR 2004 ATSDR 2004 

Half-life 63-165 d 6.9 yearsa 
3-9 years (7-14)b 

 
1-25 dd 

7 years β-HCH 3-10 years (work)c 

Nephrotoxicity x 
   

x 

Hepatotoxicity x x x x x 

Immunosuppression 
 

x x x x 

Thyroid hormone 
alterations 

 

x x x 

 

Reprotoxicity x x   x x x 

Neurotoxicity x x x x x 

Neurodevelopment 
x 

Timoun 

x 
x 

  

EPA 2004, Timoun 

Foetotoxicity 
 

x x x x (animal) 
Malformations 

IARC classification  
2B 2A (DDT) 1 2B 1 

1987 2018 2016 2001 2018 

Endocrine disruptor   
Binds to  
ERα, ERβ 

Antiandrogenic      Oestrogenic or 
 

Antiandrogenic 

 
Antioestrogenic 

depending on the 
congeners*  

Antioestrogenic 

Other 
    

Haematoxicity 
a(Ritter et al. 2009); b(Grandjean et al. 2008); c(Shirai and Kissel 1996); d(US Agency for Toxic Substances and Disease 
Registry 1994); * in addition to alterations of thyroid activities by some PCB metabolites 

 
The mechanisms of endocrine disruption by substances found alongside chlordecone differ 
according to the compounds.  
- DDT and its metabolites induce oestrogen-dependent cell proliferation (Soto et al. 1995); 
while o,p'-DDT is a weak agonist of the ERα and ERβ oestrogen receptors (Kuiper et al. 1998), 
o,p'-DDT, p,p'-DDT and especially p,p'-DDE are androgen receptor antagonists, with p,p'-DDE 
being the most potent antiandrogen among them (Kelce et al. 1995; 1997).  
At the thyroid level, a significant inverse relationship has been noted between DDE 
concentrations and thyroid hormone levels in umbilical cord blood in several mother-child 
cohort studies in China (Luo et al. 2017) and Europe (Maervoet et al. 2007; Krönke et al. 2022). 
p,p'-DDE contamination was significantly associated with an increased incidence of diabetes 
(T2D) (Turyk et al. 2009; Cox et al. 2007; Everett et al. 2007). Prenatal exposure was 
associated with childhood obesity in twelve prospective studies (Vrijheid et al. 2016), with 
significant sex-dependent effects in boys, compared with girls (Warner et al. 2014). 
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- The endocrine activity of PCBs on steroidal sex hormones is more complex, as their 
antioestrogenic or antiandrogenic activity depends on the degree of chlorination of the 
congeners, the position of the chlorines in the structure, and the activity of their 
metabolites (Bonefeld-Jørgensen et al. 2001): highly chlorinated congeners are 
antioestrogens and their hydroxylated metabolites are more active than the parent compound. 
On the other hand, low-chlorinated PCBs and their hydroxylated metabolites are generally 
oestrogenic. It is therefore difficult to predict the activity of a PCB contamination cocktail given 
the variety and diversity of these contaminants. Note that Goncharov et al. (2009) found a 
decrease in testosterone levels in the Native American (Mohawk) male population, significantly 
associated with four congeners (PCB 74, 99, 153 and 206) and four congener groups (mono-
ortho-substituted, di-ortho-substituted, tri- and tetra-ortho-substituted, and dioxin-like TEQs), 
which supports the previous assertions.  

The thyroid is the main target organ for PCBs after the liver. They interfere at different levels 
of thyroid function: binding to the thyroid receptor (agonists), competing with thyroid hormones 
for transporter proteins to the target tissues, decreasing thyroid hormone levels (Krönke et al. 
2022). These effects on thyroid function may have been responsible for the cognitive, motor 
or psychomotor deficits recorded during in utero and/or postnatal exposure mentioned in 
section 2 on "p,p'-DDE, PCBs and neurodevelopmental toxicity" (Tilson, Jacobson, and Rogan 
1990; Jacobson and Jacobson 1996; Trnovec et al. 2008; Lynch et al. 2012). 

Cardiovascular disorders in the form of an increased incidence in hypertension were 
demonstrated in the population of Anniston (Alabama, US), which had suffered from 
longstanding exposure to industrial PCB pollution (Goncharov et al. 2010). Epidemiological 
studies are now able to identify exposure to persistent organic pollutants, especially PCBs, as 
a risk factor for hypertension, diabetes and obesity, all of which result from the genesis and 
progression of cardiovascular disorders (Perkins et al. 2016). 
Many cases of gestational diabetes (Vafeiadi et al. 2017) and childhood obesity (Tang-
Péronard et al. 2014; Lignell et al. 2013; Dallaire et al. 2014) have been attributed to PCB 
exposure. 
The neurodevelopmental, cognitive and behavioural effects of p,p'-DDE and PCBs, which 
may persist in childhood, explain why the female population of childbearing age and the infant 
population are considered targets of their toxicity (Eskenazi et al. 2009; World Health 
Organization 2011). Furthermore, the involvement of prenatal exposure to DDE and PCBs in 
childhood obesity needs to be explored in the French Caribbean.  
More broadly, the involvement of these organochlorines as factors in hypertension, type 2 
diabetes and obesity in the general adult population should be studied. 
 
E- Combined effects of chlordecone and other organochlorines 
There are currently no data on possible interactions between CLD and other OCs in terms of 
health risk, even though, as presented in Table 13, CLD and other OCs share common 
toxicological effects and targets. 
 
F – Conclusions on co-exposure to organochlorines in the French Caribbean and their 
health effects 
Although the available data, in particular those on food contamination, are currently insufficient 
to carry out a quantitative assessment of the risks associated with exposure to other OCs, they 
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converge in showing the advantage of considering these substances in the same way as CLD. 
Indeed, the evidence from the literature presented above illustrates the fact that the co-
exposure of French Caribbean populations to persistent organic pollutants – in particular PCBs 
and DDE – raises health questions about the combined risk of metabolic syndrome with 
multiple consequences, neurodevelopmental risks in the infant population, and prostate cancer 
in the male population, associated with exposure to chlordecone. 
 
G- Conclusion on the need to consider other contaminants when assessing the risks of 
chlordecone exposure 
The example of organochlorines in the context of persistent chlordecone contamination in the 
French Caribbean shows the need to extend the risk assessment of CLD to other 
environmental contaminants. 
Like organochlorines, other contaminants found in the French Caribbean environment such as 
PAHs, dioxins and furans, hexachlorobenzene, pentachlorobenzene and DDE could 
potentially interact with chlordecone on several health outcomes, or cumulate their effects. 
Their identification is necessary for a more comprehensive assessment of the risks and to 
better adapt management measures.  
 

The Exposome WG believes that there is a need to broaden the scope of investigation 
of exposure to chemical contaminants of interest in the French Caribbean, beyond 
chlordecone alone. In the area of food, this requires a total diet study in the French 
Caribbean, coupled with a biomonitoring study. The next biomonitoring study (Kannari 
2) will be an opportunity to conduct such an integrated study in order to update and 
collect contamination data on other contaminants of interest and better document their 
dietary sources.  
Monitoring of organochlorine contamination should cover the whole population and not 
be limited to adults heavily contaminated by chlordecone, which would risk neglecting 
long-term and multi-generational metabolic diseases, which may affect the child 
population, women of childbearing age, and the population in general (Gore et al. 2015).  
The biomonitoring of human populations (e.g. HBM4EU) developed in Europe has 
indisputable value (Ganzleben et al. 2017), as has its application to the French overseas 
départements (DROM) and the outermost regions of the European Union. It is even a 
necessary condition to strengthen the policy of prevention and health management 
related to chlordecone. 
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