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1. Introduction

While genomics has extensively examined the genome to understand genetic influences on
health and disease, only a fraction of health-related phenotypes have been explained. Several
lines of research have shown that the environment (in combination with genetics) impacts
population health. However, the identification of these environmental factors and their
biological consequences still need to be further elucidated. This can be articulated as the

“missing environmental component” across many physical and mental traits.

In a seminal article in 2005, Chris Wild elaborated a new concept, the exposome, that he
defined as all life-course environmental exposures (including lifestyle factors), from the
prenatal period onwards (1). Wild’s proposal aimed to integrate, in a single framework for
investigation, different types of exposures including chemical, physical, biological, and
psycho-social stressors, and to consider the temporal (life-course) dimension. With that
scope, the exposome can be viewed as the environmental complement of the genome and is
designed to improve our understanding of disease determinants. Since that initial definition,
different contributions have been made to further develop the concept and delineate the
approaches that support its practical implementation. Much of the focus has been on
developing analytical tools to characterize the exposome, primarily its chemical and physical
components (2,3). Also, a significant effort has been devoted to better link the exposome to
health, in particular through the integration of chemical, biological and computational

approaches (4,5, 6).

Exposomics offers a systematic and innovative approach to enhance our understanding of
health and disease by examining the complexity of exposures over time. This framework
attempts to comprehensively capture cumulative experiences all together rather than take a
piecemeal approach that only examines a single factor at a time. Yet, until now, the field has
been operating without broad consensus on the definitions of “exposome” and
“exposomics.” Such definitions are urgently needed and essential to align efforts and unlock

the full potential of exposomics in biomedical research, risk assessment, risk communication
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and health prevention. This is imperative for effectively integrating and enriching its multi-
level, multi-modal, and multi-scale aspects. The IHEN project has set as one of its first
objectives to provide definitions of the exposome and of exposomics that clearly identifiy

the essence of the field and is accepted by experts in the field and beyond.

2. Methodology

Several IHEN partners (Inserm, UU, MU, UMCU) were invited to join leading scientists from a
wide range of disciplines and institutions for two and half days at the Banbury Center at
Cold Spring Harbor Laboratory, New York, USA, with an aim to identify the key
characteristics of the emerging field of exposomics, i.e. the study of the exposome
(December 2023). Following this meeting, the participants agreed on a two-page paper that
includes an operational definition of the exposome and exposomics. This first draft was
shared with all IHEN partners and international collaborators and discussed among them.
During the kick-off meeting of IHEN (February 2024), a large session was devoted to
discussing the definition of the exposome and exposomics and the operational definition of

exposomics as outlined in the Banbury draft paper.

Banbury definitions:

Exposome: the integrated compilation of all physical, chemical, biological, and psychosocial
influences that impact biology.

Exposomics (common definition): a transdisciplinary field aimed at a discovery-based
understanding of how the exposome influences biology and health.

Exposomics (operational definition): a field that studies the comprehensive and cumulative
effects of physical, chemical, biological, and psychosocial mediators that impact biological
systems by integrating data from a variety of interdisciplinary methodologies and streams, to
enable discovery-based analysis of environmental influences on health.

This deliverable summarizes the outcomes of those discussions and proposes a definition of
the exposome and exposomics. It includes arguments that came out of the Banbury
meeting, together with modifications following the IHEN partners discussions and

contributions.

3. Operational definition of exposomics

The concept of the “exposome,” coined in 2005 by Christopher Wild was originally described

as all “life-course environmental exposures (including lifestyle factors), from the prenatal
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period onwards” (1). The exposome captures the essential fact that organisms (e.g. humans)
experience a multitude of exposures throughout their lifetime. Two decades of progression
and maturation demonstrated that the field is expanding and that it was time to update
definitions for the “exposome” and “exposomics” with the goal to capture the breadth of the
concept, the placement of the field as compared to other scientific fields, and to reflect on
the requirements for scientific progress. During the Banbury meeting, a highly iterative and
participative process culminated in definitions that all conference attendees endorsed.
Similar conclusions were reached in the IHEN meeting, but the focus was specifically on

human exposure and not on organisms in general.
The IHEN definitions.

The Chris Wild definition of the exposome (‘the totality of exposures to which an individual is
exposed to from conception to death’) was still considered valid by the IHEN consortium. This
definition, however, has led to some discussion in the scientific community as the totality of
exposures from conception to death is unattainable, and therefore, the field was criticized.
The Banbury meeting also noted that it was important to put forward the notion that
exposures are not considered independently but in an integrated manner. The IHEN meeting
agreed to adopt the essential elements of the Banbury definitions to build unified worldwide
terminologies. Participants suggested that, in addition to these proposed definitions, it was
important to develop a narrative on what the exposome and exposomics can mean for various

stakeholders (including citizens). The following definitions are proposed:

Exposome: “the integrated compilation of all the physical, chemical, biological and

psychosocial factors, and their interactions, which have an impact on biology and health.”

Exposomics (definition to a science audience): a transdisciplinary field aimed at a

comprehensive and discovery-based understanding of how the exposome influences biology

and health.

Exposomics (extended definition for IHEN): “a field that studies the compilation of all
physical, chemical, biological, and psychosocial factors that impact biological systems by
integrating data from a variety of interdisciplinary methodologies and streams, to enable

discovery-based analysis of environmental influences on human health”.
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Exposomics (preliminary definition for public communication). Short: the comprehensive

study of the effects of environmental factors on health. Extended: a scientific field that

attempts to discover previously unknown ways in which the environment affects human

health by gathering and analyzing large amounts of data from many different sources, such

as the air, food, chemicals, and blood and using a variety of methodologies.

Differences with the Banbury definitions are underlined

Discussion of the definitions and the of different terms used.

Both in Banbury and in the IHEN meetings, the challenge was to find the right terms that

should be used in the definitions. IHEN decided to remain as close as possible to the Banbury

definitions for the sake of coherence with a focus on human health in the definition. While a

consensus is reached, there are different views that need to be discussed.

Integrated. The word “integrated” in the exposome and exposomics definitions
indicate that studies in this field should attempt, when possible, to address the effects
of combined exposures and how they can interact. It also indicates that exposures

should, when relevant, be integrated over time.

Compilation. There have been discussions on the word “totality” in “totality of
exposures” of the Wild definition which is not realistically attainable. The word
compilation appeared to be milder and more realistic, although it may indicate a
“catalogue” approach. The word “sum” was also proposed, however this may indicate
additivity. Others suggested “combination” but it was found that compilation was

more neutral as compared to other suggestions.

Comprehensive. The word comprehensive denotes that exposome research efforts
should, in principle, aim at investigating all exposures instead of just one or a few
exposures. However, and in line with the comments on “totality”, being
comprehensive is an objective and may not always be possible; it can be interpreted
as “as comprehensive as possible”. With respect to the development of

comprehensive assessment, exposomics takes an iterative approach, instead of an all-
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or-nothing perspective. To aim at comprehensiveness, exposomics needs to develop

and integrate various measurement technologies step-by-step.

Cumulative. The word “cumulative” indicates that exposure factors should be
considered and integrated over time. It does not imply additivity, but that exposures

are grouped over time and also are analyzed in relation to each other.

Field. At the Banbury meeting, discussions took place on whether exposomics should
be considered as a set of methodologies or a field and the conclusion was that it
should be a field of research exactly like genomics. Exposomics is founded on a
concept and a vision of the interactions between the environment in its complexity
and health, it is multidisciplinary and it informs risk assessment and prevention.
Another proposal was to consider exposomics as a research program (C Safarlou and
R Vermeulen) since the field of environmental health already exists and because there
is a cohesive set of long-term research innovations that exposomics aims to pursue.
For example, the improvement of measurement technologies for internal and external
exposures, and the integration of fragmented health research silos that focus merely
on single categories of environmental determinants of health. For these reasons, they
consider that the category (or ‘genus’) that exposomics belongs to is research
programs within the study of environmental health. However this view also focuses
on methodological achievements. When considered as a field, exposomics is
compatible with the program notion, except that it could include a number of different
programs aiming at advancing our knowledge on discovering interactions between

environment and health.

Exposomics vs environment and health. The definition of exposomics builds on the
idea of the exposome by outlining how investigators can use a shared vocabulary for
concepts, approaches, methods, and results to allow comparison across studies and
laboratories. The value of the exposome concept, if it is to go beyond traditional
environment and health, is to be found in how it can drive the processes by which to

conduct exposomics research and can be tailored to the specific questions being
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asked. Exposomics is distinguished from and complements traditional environmental

health in that it aims at understanding the comprehensive and cumulative effects of
multiple exposures across domains. This goes beyond interactions between a specific
environmental factor and a single health endpoint at a given time. Exposomics is
explicitly multifactorial, and due to its comprehensive nature encompassing multiple
exposures and biological factors with often low priors of association, it therefore has
a discovery-based character. Furthermore, when possible, exposomics studies should

address the effects of combined exposures and how they can interact.

With that said, the question is how to understand the relationships between exposomics and
traditional environmental health studies that focus on one factor/one disease (for this we can
be inspired by how focused genetics and genomics interact nowadays). First, the one
factor/one disease studies do contribute to improved knowledge on the exposome although
they are not typically exposome studies. Furthermore, a logical follow-up to discovery-based
approaches in exposomics is to carry out focused confirmatory and mechanism-oriented
studies (functional exposomics). Should these be considered as separate, or as part of the
same field (e.g. not funded in the same projects)? Finally, the approaches are different

depending on the nature of the factors studied.

Box 1: An Example of an Exposomics Operational Definition in Practice

Objective: test whether multiple non-genetic factors are responsible for observed health

disparities in disease.

Experiment being performed: Determine how the exposome and the interconnection of its

factors are related to the onset, severity, or progression of disease.

Who and where is this exposome being measured? Develop or enhance a biobank consisting

of a diverse human population linked with longitudinal phenotypic health information.

What is being measured? Exposures are measured throughout different life stages using

multi-layered data sources including geocoded residential histories, environmental samples,
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and molecular analysis of biological samples at key points in time. Extensive phenotypic

analysis is also required, and this would occur outside the domain of exposomics.

How is it being measured? Study-specific tools are used to measure exposures, including air
pollution (stationary monitors, wearable samplers, remote sensing), green/blue space
(satellite imaging), social deprivation (demographic surveys, social network analyses),
physical activity (wearables), and exogenous and endogenous chemicals in blood (high-
resolution mass spectrometry). Integration of these diverse data types will require

sophisticated data analysis.

What are the units of measure? Exposure measurements should be performed following
global harmonized standards. Ideally, exposure detection methods are quantifiable, and the

units of measure are specific to the measurement tool.

What do the results indicate? The results will determine if there is an association
(multifactorial or combinatorial) between exposome factors and the specific disease
outcome. Advanced discovery-based data analytics and causal inference can evaluate

individual and combined exposures and identify common features in diverse populations.

How to further support causality? If the previous results indicate that a combination of
stressors is critical for the health effect, this can be experimentally confirmed and analyzed
using either in vivo or in vitro approaches depending on the type of stressor. Stressor
combination can be: mixtures of chemicals, diet imbalance and chemicals, psycho-social

stress and other stressors.

4. Implications of the operational definition: initiatives, ethics, and
collaborative practice

Large-Scale Initiatives to Advance Exposomics. After defining the terms that underpin this
emerging field, the Banbury meeting put forward an ambitious research agenda. While the

IHEN partners did not discuss this in detail yet, we present these proposals here as one
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contribution among others for our own future research agenda.-Six areas were identified as

examples of bold initiatives that would help propel the field forward:

(a) Establish new methods to estimate exposures over life stages that can be applied in

research, public health, and clinical applications;

(b) Develop advanced biomedical measurement technologies (for blood, other tissues, or

environmental samples) and strategies for their integration with other omic technologies;

c) Develop strategies, including experimental and in silico studies, to delineate the biological
consequences of combinations of exposome factors and their putatively cumulative effects

over life stages;

(d) Create a human exposome reference map that would enable analysis at the population

scale to support epidemiological research and policy decisions;

(e) Develop wearable or minimally-invasive tools that measure an individual’s exposome and

develop strategies for ease-of-use and commaoditization;

(f) Create a framework for the standardization and harmonization of language, protocols, data
collection, and data analysis methods, as well as best practices, including quality control and
quality assurance, in order to maximize the value of data in a FAIR (findable, accessible,
interoperable, and reusable) format. The convergence of these or similar initiatives could

provide the foundation for a human exposome project.

The potential applications can dramatically improve our understanding of the exposome and
its numerous impacts in 1) occupational and non-occupational settings, 2) diverse
geographical settings, 3) differential stages of vulnerability, e.g. prenatal, childhood, aging, 4)
diseased populations and individuals, 5) disadvantaged populations (biologically,
economically and socially), and 6) drug efficacy and toxicity. While all these settings and issues
can already benefit from currently available methodologies, our understanding of the role of
multiple exposome factors, the discovery of related physiological and molecular processes
involved, and our capacity for lifestyle, public health or policy intervention will be

tremendously improved by advancing exposomics.

Ethical, Legal, and Social Aspects. Just as the fields of genetics and genomics spawned many

ethical, legal, and social aspects (ELSA) as it was launched and continues to progress, the same
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is true for exposomics. We must continue an embedded ethics approach as there are many

guestions to be asked and answered about the value and consequences of exposomics
research across many sectors. Progress in exposomics will require simultaneously delving into
these aspects, seeking input, and learning from those efforts that have demonstrated how to
successfully incorporate ethical, legal, and social aspects. Two papers by Safarlou et al. have
laid the foundations for further developing these aspects of exposomics. First, a systematic
review on the ethical aspects of exposome research, and second a normative paper on the

actionability of the exposome (7,8).

Culture and a Community of Practice. Exposomics is an exercise in team science that requires
multidisciplinary approaches. To face the major environmental and societal challenges ahead
of us, it is critical to reflect on the need for a transition in science culture and practice. A focus
on collaboration and team science will be needed to support the growing community of

practice for exposomics.

5. Concluding remarks

While exposomics is ever developing and thus definitions can be adapted in the future, the
ones we propose attempt to identify the essence of existing innovative exposome research
and have been discussed by a large number of international experts. Therefore, they are
likely to be taken up by an even larger group of scientists in the field. The definitions clearly
present what is novel in the exposome approach as compared to more traditional studies in
the environment and health field; however, the approach is also inclusive in that it allows
other scientists in the environment and health fields to join the exposomics field. This can
be seen in two ways. First, by adopting an exposomics approach to their current research by
extending the coverage of environmental factors in their research. Such a trend has been
observed previously in genomics, transcriptomics and other omics. Second, as exposomics is
primarily a discovery-based research program, there is a need to follow-up hypothesis from
this research. Such research can use a more classical hypothesis-testing research paradigm
and associated methodologies that have provided valuable and actionable data in the past.
It is important to note that the field of exposomics is not chemical-centric, but is applicable
to other factors such as physical, biological or psycho-social factors where non-targeted

approaches are less feasible currently.
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The IHEN definitions will be made available as an open, living document on the website along

with an invitation for input.
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