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Prologue
A brief reflection on the exposome

We live in complex times. Increasingly, our lives are being played out in cities with
millions and millions of fellow inhabitants. We can travel practically anywhere in
the world in 24 hours. Sitting at a computer, we can access all kinds of resources
and with a simple click of the mouse order a limitless variety of goods and services,
including the food that sustains us, sourced if we so wish from the other side of the
globe. A plethora of devices makes our lives easier, enabling us to carry out numer-
ous activities efficiently and safely. And when we run into a problem, we have de-
veloped highly diverse procedures and treatments that allow us, more often than
not, to address it successfully.

From the moment we are born, we find ourselves inhabiting a complex environ-
ment, carefully created to ensure we are fed, kept warm, protected from infection and
safeguarded against accidents. In this universe, one person cannot begin to compre-
hend how everything that sustains this environment works. We are oblivious to the
price we pay for living a life that is, on the one hand, so easy, and on the other, so rich
in possibilities. As this report is at pains to show, we are exposed to the action of a
multitude of physical, chemical and biological agents that act as determinants of just
how our lives will unfold. The complexity of the world and our incomprehension
of how it functions compel us to develop concepts that allow us to understand and
control, in the measure that this is possible, the factors to which we are exposed.

The exposome — as defined in this report — encompasses that set of factors to
which an individual is exposed throughout their life and which has an impact on
their health. And as the exposome expands, it becomes more and more evident that
we cannot isolate ourselves from it and its diverse actions. Even factors produced
thousands of kilometres from the place we live can end up impacting us. Indeed, the
globality of the exposome leads us, in turn, to accept the globality of the health of
human populations.
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Understanding the exposome at any given moment should allow us to better
plan a life that minimises its harmful effects. While we can sometimes mitigate
these effects, our control is nevertheless limited. Modifying genetic factors, for ex-
ample, lies largely beyond our current powers, as does that of many other factors.
Additionally, the body’s internal machinery has inherent flaws that contribute to
the development of certain diseases. Life is also seldom free from random accidents.
In essence, we are subject to both good and bad luck, and there is little we can do to
change that.

Developing an awareness of all the factors that make up the exposome is today
possible thanks to the powerful new tools of big data processing and, for this reason,
it seems safe to say that the concept is here to stay. The Biological Sciences Section
of the Institut d’Estudis Catalans accepted with great interest the proposal of the
coordinators of this report, Josep Pefiuelas and Josep Tabernero, since we believe it
offers an authoritative and comprehensive perspective that relates the concepts of
environmental analysis with the origins of human pathologies. It is our conviction
that the approach adopted here will be one that we will turn to time and again in
the future.

PERE PUIGDOMENECH
President of the Biological Sciences Section
of the Institut d’Estudis Catalans



Preamble

Pesticides, air pollution, lead, ultraviolet radiation, ozone, DDT, climate change...
The full set of environmental factors with an impact on human health forms a vast
jungle that is far from easy to navigate. Some of these factors and their related health
effects result in all too visible environmental disasters — the case, for example, of
Seveso, Chernobyl, Yusho, and Minamata, while others have been dubbed silent
disasters associated with the invisible contaminants in our environment.

The epidemiological transition in industrialised societies and the Anthro-
pocene have ushered in the era of chronic diseases (cancers, cardiovascular
pathologies, mental disorders, etc.). These health problems are multifactorial
by nature and pose a challenge to causality in medicine. Yet, understanding the
complex interactions between environmental factors and health is fundamental
for prevention and risk management; meanwhile, the debate rages as to wheth-
er we are best advised to prevent or cure, inform or prohibit, or act in accord-
ance with the tenets of the precautionary principle. Today, the conducting of
environmental health research is more opportune than ever but it needs to find
new research tools that can make the invisible visible.

The Lancet Commission on Pollution and Health reported that pollution was
responsible for 9 million premature deaths in 2022, corresponding to one in six
deaths worldwide (Fuller et al., 2022), which makes it the world’s largest environ-
mental risk factor for disease and premature death. But while a reduction has
been achieved in the number of deaths attributable to the types of pollution asso-
ciated with extreme poverty (that is, household air pollution and water pollution),
they have simply been offset by increased deaths attributable to ambient air pol-
lution and toxic chemical pollution (most notably lead). Deaths from these “mod-
ern” pollution risk factors — the unintended consequences of industrialisation
and urbanisation - have risen by 7% since 2015 and by over 66% since 2000.
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Today, it is widely recognised that an individual’s characteristics result from
the combination of their genes and other non-genetic factors, and that only a
small percentage of diseases are exclusively attributable to their genetic makeup.
Yet, biomedical research in recent decades has continued to focus its efforts pri-
marily on characterising genes. With the aim of correcting this imbalance, we
have seen the emergence of the exposome concept, defined as: “the integrated com-
pilation of all of the environmental factors, whether they are the physical, chemical,
biological or psychosocial factors, and their interactions, which have an impact on
biology and health” (adopted definition during the meeting at the Banbury Center
at Cold Spring Harbor Laboratory, New York, USA, 3-6 December 2023).

Thanks to technology advances in both measurement and analysis in recent
years, the exposome has gained a certain prominence in biomedical research for
investigating the diseases. Indeed, causal relationships have been established be-
tween non-genetic factors that make up the exposome and specific pathologies,
including, for example, exposure to solar UV radiation and the development of
melanoma and the presence of endocrine disruptors and their involvement in
individuals’ hormonal and metabolic dysregulation, leading to a variety of devel-
opmental pathologies.

Despite these advances, studying the exposome is extremely complex. The
diversity and quantity of molecules or agents involved, together with the fact that
the exposome is dynamic (and as such varies over time), combine to complicate
its study. This means efforts to understand the exposome must be multidiscipli-
nary, drawing on knowledge from such disciplines as toxicology, epidemiology,
clinical medicine, the omics sciences, and data science, to name just a few.

Through the integration of information from these disciplines within the
broader framework of exposome studies, it should be possible to identify risk
biomarkers for the development of certain pathologies associated with specific
exposures, design initiatives for preventing specific diseases, and formulate rec-
ommendations for healthy habits (diet and physical exercise) both for popula-
tion groups and individuals.

Although the application of information derived from exposome studies in
clinical practice is currently limited to very specific cases, and many significant
challenges have yet to be addressed, it seems likely that this valuable knowledge
will be fundamental in designing preventive, diagnostic, and therapeutic actions
in future medicine and an indispensable tool in public health policies.



1. Introduction: The utility
of the exposome research framework

Diverging from conventional approaches that link a singular exposure to a spe-
cific health outcome, the exposome introduces a novel perspective. In encom-
passing the totality of our environmental exposures, it provides an original
conceptual framework for the study of a myriad of environmental factors, in-
cluding urban settings, chemicals, lifestyle choices, and social dynamics, that
converge to shape our health. This more refined framework is not simply con-
cerned with dissecting individual hazards, rather it seeks to comprehend the
complex interplay of multiple exposures and their collective, potentially cumu-
lative impact (Figure 1).

Environmental health policy areas that are set to benefit from an exposome
approach include those required to deal with processes of priority setting and
which, hence, demand a systematic approach to a range of suspected environ-
mental risk factors. Policy areas that should profit most are those that tackle more
than one risk factor or pollutant at a time and which require knowledge of how
such factors act together to influence health: ranging from chemical regulations
(e.g. relating to endocrine disruptors, chemical mixtures, pesticides, food contact
materials, cosmetics, and air quality) to strategies for enhancing urban manage-
ment (e.g. the EU’s Thematic Strategy of the Urban Environment) and disease-
specific prevention policies (e.g. the EU’s initiative on the prevention of NCDs).
It is becoming increasingly clear that approaches that do not examine complex
multi-factor effects can be ineffective in explaining, let alone preventing, the on-
set of most common diseases. Here it is important to recognise the interplay of
multiple exposures and the complex “system” in which efforts to reduce the
harmful exposome are made (encompassing individuals, communities, organisa-
tions, the natural and built environment, and economic and political forces)
(Barton & Grant, 2006). This particular vision - that afforded by the “system” - is
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FIGURE 1. The three overlapping domains of the exposome.
Source: Image extracted and adapated from the ATHLETE Project website, https://
athleteproject.eu/.

further developed in the last section of this report, “Exposome and planetary
health”.

As an integral part of the exposome, internal biological responses to expo-
sures can be measured at the molecular level using high-throughput omics tech-
niques: metabolomics, proteomics, transcriptomics, and epigenomics, which
have great potential for the broad and powerful characterisation of complete sets
of biological molecules. Of particular interest is the identification of biological
responses and pathways that respond to and interact with the exposures, result-
ing in adverse health, i.e. early pathway perturbations. This information may be
used to improve biological plausibility of associations, to understand how differ-
ent exposures may act on common pathways, and, ultimately, to predict environ-
mental health related disease. Similar to developments in the fields of toxicology
and pharmacology, the identification of perturbed pathways of well characterised
exposures may facilitate the prediction of the public health burden of more re-
cent, less characterised exposures.

The early part of the life course is a particularly important period in which to
study early pathway perturbations: exposures during vulnerable periods may
have pronounced effects at the molecular level but may remain clinically unde-
tectable until adulthood. Each child is made up of a unique molecular profile at
the methylome, transcriptome, proteome, or metabolome levels, as the result of


https://athleteproject.eu/
https://athleteproject.eu/
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the interaction between his or her genome and early life events partially captured
in the external exposome. Children may also display differences in susceptibility
to their environment and in the era of personalised medicine, a personal expo-
some assessment should consider molecular susceptibility. For example, the tox-
icity of arsenic, a ubiquitous metal whose exposure occurs mainly through the
consumption of fish and crustaceans, will depend heavily on the capacity of
the liver and potentially gut microbiota to methylate arsenic species (Claus et al.,
2016).

FIGURE 2. Key traits of the exposome.
Source: Created by Léa Maitre.






2. Characterising the exposome

Exposure is commonly assessed by means of a spectrum of questionnaire data
and ecological, environmental, and biological measurements.

2.1. THE CHEMICAL EXPOSOME

LEA MAITRE
CRISTINA BALCELLS NADAL

A significant subset of the exposome is made up of the chemical exposome.
This subset encompasses all chemical species (and their associated transforma-
tion products), either of biological or synthetic origin, capable of entering the
human body via different pathways, including ingestion, inhalation, and dermal
absorption. These molecules can originate from a range of sources that include
diet, pharmaceutical drugs, and dietary supplements, personal care and consum-
er products (PCCPs), as well as water and airborne substances.

The best techniques for measuring these chemicals in human tissues or bio-
fluids involve the use of liquid chromatography (LC) and gas chromatography
(GC), coupled to either tandem or high-resolution mass spectrometry (MS/MS
or HRMS, respectively), and nuclear magnetic resonance (NMR) spectroscopy
(Balcells et al., 2024). Over the years, these analytical techniques have evolved
from methods that accurately analyse and quantify a few pre-optimised metab-
olites or chemicals at a time (targeted methods) to wide-scope approaches capa-
ble of profiling thousands of chemicals in a biospecimen with little a priori
knowledge about them (untargeted methods). In what follows, current use cases,
examples, and applications of both types of method in exposomics are dis-
cussed.
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FIGURE 3. Evolution of the characterisation of the chemical exposome.
Source: Created by Cristina Balcells Nadal.

Targeted analyses or traditional biomonitoring

Biological indicators of exposure, which assess internalised doses, are fre-
quently favoured because of their direct relevance to the health outcomes under
study. Conventional analytical measurements, commonly known as targeted
analyses, involve assessing specific chemicals, metabolites, or reaction products
in biological mediums such as urine or blood. These established biomonitoring
methods have evolved into a fundamental element of exposure assessment in
numerous epidemiological studies that aim to establish connections between ex-
posures and health outcomes. Targeted, quantitative methods are still widely
used to measure the chemical exposome, given the need for reliable biomonitor-
ing data and the desire to define quantitative exposure-adverse health outcome
associations for regulatory authorities and policymakers. Numerous govern-
mental agencies and national laboratories worldwide periodically publish expo-
sure biomonitoring data of their populations (e.g. PARC in the EU and NHANES
in the US). Most targeted analytical methods employed to characterise the ex-
posome are tailored to distinct groups of established exposures. Typically, these
methods measure either single or up to a few tens of compounds and are validat-
ed for a specific biofluid or matrix. Moreover, they can be used to characterise
molecules of different origin, from endogenous or dietary metabolites to man-
made chemicals.

Examples of the most common families of chemical exposures targeted by
current biomonitoring programmes include:

— Plasticisers: phthalates.

— Combustion products: polycyclic aromatic hydrocarbons (PAHs).
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— Tobacco smoke: tobacco-specific nitrosamines (TSNAs), cotinine, hetero-
cyclic aromatic amines (HAAs).

— Pesticides, insecticides, and insect repellents: pyrethroids, organochlorine
pesticides, dialkyl phosphate pesticides and other organophosphate pesticides,
carbamate insecticides, insect repellent, and metabolites (DEET).

— Herbicides: atrazine and metabolites, 2,4-D, 2,4,5-T and metabolites, sulfo-
nylurea and metabolites.

— Fungicides.

— Industrial and PCCPs: per- and polyfluorinated substances (PFAS), para-
bens, phthalates, bisphenols.

— Pharmaceuticals.

— Natural products: mycotoxins, phytoestrogens.

— Multiple sources: volatile organic compounds (VOCs) and metabolites,
polychlorinated biphenyls (PCBs), polychlorinated dibenzodioxins (PCDDs)
and dibenzofurans.

Another major source of chemical exposure is diet. Some of the most repro-
ducible biomarkers (metabolites) of food intake include:

— Coffee, tea and cocoa: caffeine, theobromine, theophylline.

— Meat: specific fatty acids and amino acid derivatives.

— Fish: specific fatty acids and amino acid derivatives.

— Fruit and vegetables: flavones, flavanones, coumarins.

Combined approaches

The realisation that these analytical techniques are suitable for the measure-
ment of most small molecules, regardless of their origin, has paved the way for
efforts to cover wider windows of the chemical space in a single analytical assay.
In this way, and with the emergence of more sensitive, faster-scanning instru-
mentation, targeted assays typically aimed at a single chemical family as described
above are giving way to more comprehensive targeted strategies, in an effort at
simultaneously capturing various combinations of molecules from the endoge-
nous metabolome, the food-related and microbiota-derived metabolomes, phar-
maceuticals, environmental contaminants, and household chemicals.

Untargeted or non-suspect analyses

With only a few hundred chemicals routinely measurable using targeted
methods, exposomic approaches are critical for understanding the thousands of
chemicals people are exposed to on a daily basis through direct chemical exposures,
as well as the consequences of such exposures (e.g. oxidative stress markers).
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Moreover, all the information obtainable from targeted methods, even wide-
scope approaches, necessarily concerns previously characterised molecules,
which means the potential for the discovery of unknown exposures or exposure
biotransformations is limited. By resorting to untargeted biomonitoring ap-
proaches, such as high-resolution metabolomics (HRM), thousands of chemical
species can be monitored using just a relatively small amount of biological speci-
men (< 100 pL) and for the cost of a single traditional biomonitoring analysis
of 8-10 target chemicals.

In principle, HRM provides the most comprehensive description of small
molecular composition possible, including biomarkers of exogenous exposure as
well as endogenous metabolites, which together make up a major component of
the internal exposome. This field is currently in a stage of rapid development,
capable of measuring and annotating hundreds and thousands of small molecules
in each analytical run. This is gradually allowing light to be shed on the “dark
exposome” or “unknown” chemical risk factors of disease (i.e. not yet identified
as suspected risk factors and for which no high-accuracy measurement tools are
available). One of the main challenges in measuring the chemical exposome is
covering the range of compound abundance in the human body. The concentra-
tion of endogenous metabolites, food biomarkers, and drugs present in the blood
can span roughly eight orders of magnitude; however, when combined with envi-
ronmental pollutants, the required range for detecting all exposome compounds
present in the body increases to over ten orders of magnitude from femtomoles
to millimoles (Rappaport et al., 2014). This exceeds the linear dynamic range of
modern mass spectrometers by 10,000-100,000 fold. However, recent develop-
ments in separation science, by increasing the resolution of existing separation
methods (ultra-performance liquid chromatography or UPLC), and augmenting
the complexity of data to detect more compounds (ion mobility spectrometry or
IMS), are addressing this problem. Another strategy involves the use of (ultra)
high-resolution mass spectrometry ((U)HRMS), which allows a radical increase
in the number of detected features and an enhancement of the mass resolution,
by exploiting such instruments as Orbitraps and Fourier-transform ion cyclotron
resonance (FT-ICR). Other options to boost the number of features obtained in-
clude combining complementary stationary phases (e.g. reversed-phase chroma-
tography and hydrophilic interaction liquid chromatography, or GC and UPLC) or
removing high abundant analytes and concentrating low abundant exposome com-
pounds, as used in targeted or semi-targeted analyses with the integration of stan-
dard reference compounds to allow for quantification (Gil-Solsona et al., 2021).

Finally, the development of mass spectral libraries promises improved anno-
tation of metabolic features. Often referred to as “dark matter”, the majority of
features measured by untargeted MS cannot be annotated with high confidence
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to a given compound, where the level of confidence can range from unknown
(level 5, simply knowing the mass of the molecule); elucidating its molecular for-
mula (level 4, thanks to the isotope pattern detected); assigning functional groups
or a compound class (level 3, by detecting diagnostic fragments); assigning a
probable structure (level 2, by matching its fragmentation pattern to a spectral
library) to finally validating the annotation with a chemical standard (level 1)
(Schymanski et al., 2014).

Example Identification confidence Minimum data requirements

Level 1: Confirmed structure
by reference standard MS, MS2, RT, Reference Std.

Level 2: Probable structure .
a) by library spectrum match MS, MS?, Library MS?
b) by diagnostic evidence MS, MS2, Exp.data

’? Level 3: Tentative candidate MS, MS2, Exp. data
structure, substituent, class

Level 4: Unequivocal molecular formula ‘ MS isotope/adduct ‘

[M+H]* at 315.2324 m/z Level 5: Exact mass of interest

FIGURE 4. Identification confidence levels in high resolution mass spectrometric analysis.
Source: Created by Cristina Balcells Nadal.

Indeed, more than 40 million compounds are listed in PubChem and Chem-
Spider but spectra are available for only one hundredth of these. Metabolome-wide
databases are building on endogenous compound libraries and incorporating en-
vironmental toxicants, food contaminants and supplements, as well as drugs and
their biotransformation products (METLIN; The Human Metabolome Database
(HMDB); Warth et al.,, 2017) and metabolic databases dedicated to biomarkers
of exposure to environmental risk factors are also being developed (e.g. http://
exposome-explorer.iarc.fr/). Likewise, other tools are becoming available to help
identify compounds uncovered in untargeted analyses and which rely on addi-
tional compound characteristics such as fragmentation patterns (tandem MS),
exact mass (HRMS), retention time modelling, or ion mobility (collision cross
section or CSS), aided by advanced computation and machine learning (Diithrkop
etal., 2015).
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2.2. THE URBAN EXPOSOME

By 2030, more than 80% of Europe’s population will live in an urban environ-
ment. As urbanisation accelerates worldwide, understanding the intricate web of
multiple exposures within the urban environment becomes increasingly crucial.
The urban exposome encapsulates the myriad factors shaping the health of city
dwellers, extending beyond traditional environmental risk assessments. In the
hustle and bustle of urban life, individuals are subjected to a diverse array of ex-
posures — from air pollution and noise to food deserts and socio-economic dis-
parities. Traditionally, health research in urban environments has singled out
exposures such as the social environment, indoor and outdoor air pollution,
noise, heat, the lack of green and blue spaces, and water and food contamination;
however, by applying the exposome concept to the urban domain it becomes pos-
sible to establish interrelations between these features and upstream factors and
to explore how they contribute jointly to individual health.

The assessment of exogenous exposures at the population level can provide
local-scale exposure estimates over broad geographical areas, facilitating large ep-
idemiological investigations that link exposures with health outcomes. Generally,
population-level exposure assessment relies on the integration of sensor technol-
ogies with mathematical modelling approaches.

Remote sensing

Remote sensing, the science of obtaining information about objects or areas
from a distance, typically from an aircraft or satellite, can be used to identify
multiple exposures related to the urban environment, including air pollution,
temperature, and green spaces. New remote sensing technologies, such as the
TROPOspheric Monitoring Instrument, are able to provide more spatially and
temporally resolved data on air quality, in addition to data on specific atmos-
pheric constituents (e.g. formaldehyde, methane, and nitrogen dioxide). Satel-
lites can also estimate the normalised difference vegetation index, an indicator
of greenness — which can be integrated with Google Street View images to pro-
vide a comprehensive assessment of the quality, accessibility, and aesthetics of
the urban environment - and outdoor light-at-night exposure. While remote
sensing data are becoming increasingly available at these higher temporal and
spatial resolutions, they do not necessarily translate to exposure at the individu-
al level, but require validation and integration with individual-level information.
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Mobile and stationary sensing

External exposure information is often sampled at a limited number of loca-
tions, generally as part of a national measurement network or through study-
specific measurement campaigns. Both approaches though have limitations:
national networks (e.g. for air pollution) have limited geographical coverage,
while study-specific measurements are usually conducted over short periods of

FIGURE 5. The AirView car, donated by Google, to collect high resolution air pollution data
on all types of roads in Barcelona as part of the EXPANSE Project led by the University of
Utrecht in collaboration with ISGlobal. This campaign contributes to building a hyper-local
map showing the spatial distribution of different pollutants: nitrogen dioxide, ultrafine parti-
cles (UFPs), and black carbon (BC).

Source: Cathryn Tonne and Mark Nieuwenhuijsen (2021), Google’s Car Arrives in Barce-
lona to Measure Air Quality, Blog ISGlobal, (20 December), https://www.isglobal.org/en/health
isglobal/-/custom-blog-portlet/google-s-car-arrives-in-barcelona-to-measure-air-quality.


https://www.isglobal.org/en/healthisglobal/-/custom-blog-portlet/google-s-car-arrives-in-barcelona-to-measure-air-quality
https://www.isglobal.org/en/healthisglobal/-/custom-blog-portlet/google-s-car-arrives-in-barcelona-to-measure-air-quality
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time. In order to provide denser spatial information over a longer period, one
solution is to use distributed sensor networks, that is, low-cost sensors deployed
in large numbers in urban environments. Although the application of such net-
works remains limited because of the restricted validity of low-cost sensors, tech-
nological advances to improve both their effectiveness and pricing should help
produce dense information on air quality, noise, and temperature in urban envi-
ronments. Mobile monitoring platforms, which can be equipped with high-grade
measurement equipment so as to cover a large geographical area, have also been
proposed for this purpose. Mobile measurement campaigns to date have been un-
ambitious, but recent efforts have seen the implementation of sensors in profes-
sionally driven fleet vehicles, including trams in Karlsruhe and Zurich, and in
Google Street View cars in European cities, including Barcelona. This last cam-
paign has resulted in the production of unprecedented citywide concentration
maps of annual daytime nitrogen monoxide, nitrogen dioxide, and black carbon
levels at a 30 m spatial scale.

Modelling

The growing availability of satellite measurements and geospatial informa-
tion means increasingly accurate estimations of population-level exposures can
be made. However, as well as being collected at different geospatial resolutions,
such data are often temporally and spatially incomplete. As such, modelling
approaches are required that can concatenate information and distil stable, long-
term spatial patterns from time-resolved data. Empirical and geostatistical mod-
els, including land use regression, kriging, and maximum entropy models, have
been considered but will need further elaboration, especially as temporal and spa-
tial data resolution increases.

Sensors and personal monitors

Recent advances in sensor technologies and personal monitors facilitate more
accurate, exposome-wide measurements in the external environment. Personal
measurements have the unique ability to quantify levels of exposure and the var-
iability in these levels accurately. However, until recently, the cost and inconve-
nience of personal assessment methods have prevented their extensive use in
research.

A recent study demonstrated the feasibility of using wearable air-pump devices
to collect information about biotic (biological) and abiotic (chemical) compounds
simultaneously from environmental airborne exposures, which was then analysed
by next-generation sequencing and LC-MS technologies (Jiang et al., 2018). The
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authors found 2,796 unique formulae of the chemical exposome, including the
insect repellent diethyltoluamide (DEET), the pesticide omethoate, and the car-
cinogen diethylene glycol (DEG), which were present in every sample. The
airborne biological diversity observed in this study was enormous with over
2,500 species identified, 5.11M single-nucleotide polymorphism (SNPs) in 108 pan-
domain species across all samples. This number is comparable to the number of
SNPs evaluated in the human gut microbiome (101 bacterial species; 3.98M SNPs
at the individual level, 10.3M for all samples) (Schloissnig et al., 2013).

Based on the same analytical advances described above in relation to metab-
olomics in biological samples, the external exposome also benefits from untar-
geted LC-MS technologies. They allow the chemical compounds present in air,
water, and surfaces in human habitats and the workplace to be profiled in an
exposome-wide manner (McCall et al., 2019). They have even been proposed as
a tool for use in forensic science (Kapono et al., 2018).

2.3. BIOLOGICAL RESPONSES: INCORPORATING OMICS INTO EXPOSOME
RESEARCH

Early biomarkers of effect, that is, before clinical symptoms appear, are need-
ed to identify early environmental exposures in humans, in particular during sen-
sitive windows of exposure, such as pregnancy:

Biomarkers of effect are measurable molecular, cellular, biochemical, phys-
iologic, behavioural, structural or other alterations in an organism occurring
along the temporal and mechanistic pathways connecting exposure to chemi-
cals and an established or possible health impairment or disease. (National
Research Council, 2006)

Ideally, effect biomarkers reflect subclinical changes before the onset of dis-
ease. Consequently, they range from early biological changes (e.g. enzyme induc-
tion responses) to altered structure and function. Effect biomarkers can help in
identifying early effects at low doses, establish dose-response relationships, ex-
plore mechanisms, and increase the biological plausibility of epidemiological as-
sociations. In addition, they can improve the risk assessment of specific chemical
families as well as exposure to chemical cocktails.

The use of omics platforms, once reserved for improving clinical diagnosis,
patient stratification, and personalised medicine, is becoming increasingly com-
mon in the detection of subtle biological changes in the non-diseased general
population (Everson & Marsit, 2018; Maitre et al., 2023). This is partly due to the
feasibility of their application in large populations (N > 1000) in epidemiological
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settings, and thanks to their high throughput at reduced costs. Until recently,
omics efforts have focused mainly on the identification of altered genes at the
genome-wide level (genomics), allowing geneticists to move beyond the analysis
of single candidate genes and to perform whole DNA sequence screening. How-
ever, while the genome represents the inherited set of DNA instructions needed
for the creation and functioning of an organism, it is the environment that shapes
and channels the biological potential of an individual during its normal or patho-
logical development. Therefore, more recently other omes have come to the fore
leading to the emergence of new omics techniques that facilitate the study of the
interplay and intermediate steps between the biological blueprint and an individ-
ual’s physiological responses and interactions with the environment (Peters et al.,
2021). These include epigenomics, the identification of the epigenetic markers of
gene expression acting without alteration of the genetic sequence and considered
the “cell memory”; transcriptomics, the study of the expression levels of protein-
coding messenger RNA (mRNA) and non-coding microRNA (miRNA); and
proteomics, the field concerned with the production, behaviour, and interactions
between proteins.

Among more recently developed omics are those that complement the other
methods by enabling studies of the internalisation of exogenous exposures and
immediate physiological response. These include metabolomics aimed at identi-
fying, quantifying, and performing profiling of metabolites (as described in sec-
tion 3.1 above) as well as metagenomics which allows the characterisation and
quantification of all the genomes of the gut microbiota (microorganisms, includ-
ing bacteria, archaea, fungi, and viruses, that live in the digestive tracts).

The abundance of existing omics techniques allows the events leading to
pathological development or the adverse health outcomes at the early stages of
the affected process to be pinpointed. For instance, different omics have proved
useful in detecting early biological perturbations before the appearance of clinical
symptoms in longitudinal epidemiological settings (Maitre et al., 2022), predict-
ing later cardio-vascular and metabolic diseases or neurodegeneration (Liu et al.,
2019; Westerlund et al., 2021; Wingo et al., 2022). These platforms have also been
used in vivo and in vitro toxicological studies of endocrine disrupting chemicals
to improve understanding of these mechanisms.
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FIGURE 6. Overview of -omics technologies used to profile biological responses to the envi-
ronment, leading to phenotype changes. Commensal microorganisms residing within (gut and
other organs) and on (skin) the human body, collectively known as the microbiome, are largely
influenced by host-microbe interactions that are reflected in the microbiome compositional
and functional profiles.

SoURCE: Yuetal. (2022), An evaluation of the National Institutes of Health grants portfolio:
Identifying opportunities and challenges for multi-omics research that leverage metabolomics
data, Metabolomics, 18,29 (30 April), https://doi.org/10.1007/s11306-022-01878-8, under Crea-
tive Commons Licence Attribution 4.0 International, https://creativecommons.org/licenses/by/4.0/.


https://doi.org/10.1007/s11306-022-01878-8
https://creativecommons.org/licenses/by/4.0/




3. Describing the exposome: Variability,
determinants, and patterns across the population

3.1. CORRELATION STRUCTURE OF THE EXPOSOME

One of the outstanding challenges of interpreting exposure-disease associa-
tions is unravelling the dense correlations between all exposures. According to
the third Bradford Hill criteria (1965):

We must not [...] over-emphasize the importance of the characteristic.
[...] One-to-one relationships are not frequent. Indeed, I believe that multi-
causation is generally more likely than single causation though possibly if we
knew all the answer we might get back to a single factor.

The exposome framework allows the specificity of exposure-health associa-
tions to be examined. Indeed, the dense correlation pattern between exposures
makes it hard to identify the directionality of the potential causal relation be-
tween exposures and outcome. The data-driven approach assumes little to no
collinearity between environmental predictors, but it is almost impossible to se-
lect any single uncorrelated exposures from the dense exposome. One strategy for
addressing these analytical issues is to characterise the correlations in diverse co-
horts to provide reference levels, within and between families of exposures or
“fields”, to gauge the biological significance of associations.

The HELIX Project describes the correlation structure of the exposome based
on the assessment of over 100 environmental exposures in 1,301 pregnant wom-
en and their children across six European birth cohorts (Tamayo-Uria et al,,
2019). This exercise constituted an initial step towards identifying the mixture of
exposures occurring simultaneously as a result of common routes of exposure,
e.g. to arsenic, mercury, and perfluorinated compounds related to fish intake,
or arising from common participant behaviour. The correlation structure was
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further exemplified in an exposome-metabolome wide association study in preg-
nant women, in which cotinine levels were strongly associated with urinary coffee
metabolites (Maitre et al., 2018). Another potential source of variation may be
due to the nature of the measurement or exposure characteristics, e.g. lipophilic
persistent pollutants measured in blood are associated with blood lipids and fat
mass and are, therefore, highly inter-correlated (Maitre et al., 2022). Temporal,
behavioural, and geographical variations can also be interpreted with this type of
exercise. For example, in the LIFE study, it was suggested that the individual (see
Figure 7) rather than the shared environment of a household could be a major
factor influencing the covariation of the exposome (Chung et al., 2018). Clearly,
understanding exposure correlations has important analytical and sampling im-
plications for research in exposomics.

FIGURE 7. Exposome (128 endocrine disrupting chemicals) correlation globe showing the
relationships of biomarkers between females, males, and couples.

Source: M. K. Chung et al. (2018), Toward Capturing the Exposome: Exposure Biomarker
Variability and Coexposure Patterns in the Shared Environment, Environmental Science ¢
Technology, 52(15) (4 July), 8801-8810, https://pubs.acs.org/doi/10.1021/acs.est.8b01467 (re-
quests for further permissions related to this image should be addressed to the ACS).
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3.2. TEMPORAL VARIABILITY OF THE EXPOSOME
Individual temporal variability - short-term variations

Various factors, including lifestyle changes, seasonal variations, and geograph-
ic mobility, cause environmental exposures to fluctuate over short periods of time.
For instance, studies of air pollution exposure report significant intra-individual
variability, with individuals experiencing fluctuations in pollutant levels depend-
ing on such factors as commuting patterns. Individual temporal variability is par-
ticularly pronounced in the case of chemicals with short biological half-lives (e.g.
non-persistent chemicals) which are rapidly cleared from the body. Studies have
shown, for instance, fluctuations in exposure to phthalates and bisphenols, with
levels varying over weeks, days, even hours as a result of such factors as dietary
intake, personal care product use, and indoor environment conditions.

Panel studies have been critical in investigating the temporal variability of
exposures and its impact on health, as they provide insights into how individuals’
environmental exposures fluctuate in relation to such factors as daily activities,
seasonal variations, and life events. Panel studies exploit a longitudinal study de-
sign in which a group of individuals - the panel - is repeatedly measured over
time to assess changes in exposure to environmental factors and their health out-
comes. These studies typically involve collecting samples and data from the same
individuals at multiple time points, thereby allowing researchers to examine how
exposures vary within individuals over time and how these variations may influ-
ence health outcomes. As discussed above, the HELIX Project is an example of
one such study conducted, in this instance, in children and pregnant women
(Casas et al., 2018).

Long-term variations

Longitudinal cohort studies provide valuable data on temporal trends in en-
vironmental exposures, allowing researchers to track changes in the exposome
over time. For example, analyses of historical air pollution data have documented
declines in levels of particulate matter and nitrogen dioxide in urban areas, attrib-
uted to regulatory interventions, technological advances, and shifts in energy
sources. Conversely, emerging contaminants, such as per- and polyfluoroalkyl
substances (PFAS), present upward trends in exposure due to their widespread
use in consumer products and industrial processes.

A persuasive example of the temporal variability of environmental exposure,
including across society, is provided by that of lead exposure. Accurate historical
analyses are possible by examining ice cores and their encapsulated air bubbles.
These studies reveal a marked escalation in mercury and lead emissions attribut-
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able to human activities since the conclusion of antiquity, following a temporary
decline during the Middle Ages (McConnell et al., 2019).

Historically, lead has been associated with varying degrees of exposure
across the different social classes. In ancient Rome, lead exposure was prevalent
among the affluent who used defrutum, a costly syrup made from cooked grapes
stored in lead containers, to sweeten their food. Over time, the widespread use
of lead-based paints and, later, leaded gasoline, resulted in a more ubiquitous
exposure across the population. However, as the wealthier nations phased out
leaded gasoline, older, unrenovated housing emerged as a significant source of
lead exposure, primarily affecting the socio-economically disadvantaged. This
historical trajectory of lead exposure highlights the complex interplay between
environmental hazards and social dynamics, underscoring the importance of
sociological perspectives in understanding how environmental exposures inter-
sect with broader social determinants of health and contribute to health inequi-
ties, even in affluent societies.

FIGURE 8. Historical evolution of the chemical exposome.
SOURCE: Rémy Slama (personal communication).
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FIGURE 9. Annual lead pollution deposition during the past 2,200 years has been documented
in an array of ice cores spanning nearly half the Arctic, including 12 ice cores from Greenland
and one from Severnaya Zemlya in the Russian Arctic.

Source: Joseph R. McConnell et al. (2018), Lead pollution recorded in Greenland ice indi-
cates European emissions tracked plagues, wars, and imperial expansion during antiquity,
PNAS (Proceedings of the National Academy of Sciences), 115(22) (29 May), 5729, https://www.
pnas.org/doi/pdf/10.1073/pnas.1721818115.


https://www.pnas.org/doi/pdf/10.1073/pnas.1721818115
https://www.pnas.org/doi/pdf/10.1073/pnas.1721818115
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FIGURE 10. In Roman times, the wealthy classes were “privileged” in being able to sweeten
their food with defrutum, a costly grape syrup cooked in a lead container that released lead
acetate, a potentially deadly sweetener.

Source: Image by HerrBudlanski in Wikimedia Commons, https://commons.wikimedia.
org/wiki/File:Beuverie_Latine.jpg, under Creative Commons Licence Attribution-ShareAlike
4.0 International, https://creativecommons.org/licenses/by-sa/4.0/.

3.3. THE EXPOSOME AND HEALTH INEQUALITIES
STEFAN SIEBER

Health inequalities are commonplace and can be found virtually anywhere,
occurring in low- and middle-income countries as well as in their high-income
counterparts. Such inequalities are not only manifest across a range of medical
factors, including genetic predisposition, access to health care, and health service
quality, but they also occur in association with a slew of non-medical factors, in-
cluding gender, race, education, income, housing, and food security, the so-called
social determinants of health (Neufcourt et al., 2022). Health inequalities are an
outcome of the conditions in which people live, work, and age, which are in turn
shaped by broader political, social, and economic forces (World Health Organi-
zation & UN-Habitat, 2010). Moreover, health inequalities are not distributed
randomly across the population but show consistent patterns according to socio-
economic standing. In 2010, Sir Michael Marmot and colleagues published a
seminal report on health inequalities in England entitled “Fair Society, Healthy
Lives”, and, in so doing, created awareness for an issue often overlooked by policy


https://commons.wikimedia.org/wiki/File:Beuverie_Latine.jpg
https://commons.wikimedia.org/wiki/File:Beuverie_Latine.jpg
https://creativecommons.org/licenses/by-sa/4.0/
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FIGURE 11. Life expectancy at birth, by education level, 2016.

Sourck: Creation of Stefan Sieber using data from “Life expectancy by age, sex and educa-
tional attainment level”, Eurostat, https://ec.europa.eu/eurostat/databrowser/product/page/
DEMO_MLEXPECEDU.

makers and the public at large (Marmot, 2010). The report concludes that each
year between 1.3 and 2.5 million years of life are lost in England due to premature
death as a consequence of health inequalities. These health inequalities result
from social inequalities, something that becomes patent when examining the
“social gradient in health”: the lower a person’s social position, the worse his or
her health, a finding applicable to almost every country and context around the
world (World Health Organization, 2008).

While the literature on the social determinants of health has grown substan-
tially in recent decades, scientists investigating the exposome have only recently
taken an interest in the non-medical factors influencing health outcomes, well-
being, and quality of life. Increasingly, these scientists are interested in how the
social determinants of health may be integrated in their research into the expo-
some and how, more specifically, they might be incorporated as part of the exter-
nal exposome (Vineis et al., 2020). Traditional health risk factors, such as tobacco
use, excessive alcohol consumption, sedentary lifestyle etc., partly explain the so-
cial health inequalities and tend to follow a social pattern, with unhealthy behav-
iours being more prevalent among lower social positions (Gallo et al., 2012).
Nevertheless, a substantial part of these inequalities remains unexplained.


https://ec.europa.eu/eurostat/databrowser/product/page/DEMO_MLEXPECEDU
https://ec.europa.eu/eurostat/databrowser/product/page/DEMO_MLEXPECEDU
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The exposome framework has great potential for investigating other path-
ways that might link social factors with health inequalities. The hypothesis of a
biological embodiment of the social environment seeks to explain how social fac-
tors may lead to biological alterations (Blane et al., 2013), which makes it particu-
larly interesting for exposome research. The social-to-biological transition
suggests that the social environment may have an impact on health through ex-
posures either of exogenous or endogenous origin (Neufcourt et al., 2022). Those
of exogenous origin emerge from the specific external exposome and include pol-
lution, pesticides, tobacco, alcohol, diet, etc.; those of endogenous origin influ-
ence the internal exposome via psychosocial factors involving the subjective
interpretation of conditions, such as challenges, interpersonal relationships, etc.,
that trigger the response of internal biological mechanisms linked in the main to
stress perception and stress response systems. This link between the social factors
in the general external exposome and the biological responses that form the inter-
nal exposome makes the exposome framework a powerful tool to explore how
social inequalities translate into health inequalities.



4. Exposome and health

4.1. EARLY-LIFE EXPOSOME AND HEALTH DEVELOPMENT

The early stages of life are critical periods in an individual’s health development,
with environmental exposures during this time having profound and lasting effects.
Indeed, the developmental origins of health and disease (DOHaD) hypothesis posits
that environmental exposures during critical periods of early development - espe-
cially during prenatal and early postnatal life — can significantly influence long-term
health outcomes. The suggestion is that adverse environmental exposures during
sensitive developmental stages may programme physiological systems, leading to
increased susceptibility to non-communicable diseases (NCDs) later in life.

One of the best known examples illustrating the DOHaD hypothesis is the
Dutch famine study, conducted by Professor David Barker and colleagues. This
landmark investigation examined individuals who had been exposed to severe
undernutrition during gestation in utero during the Dutch famine of 1944-1945.
Researchers found that individuals who had been prenatally exposed to famine
exhibited higher rates of chronic diseases, including obesity, cardiovascular dis-
ease, and diabetes, later in life compared to unexposed individuals. These find-
ings provided compelling evidence of the link between early-life exposures and
subsequent health outcomes, and lay the foundations for further research testing
the DOHaD hypothesis (Barker et al., 1989).

Numerous studies worldwide have since provided evidence both supporting
and expanding the DOHaD hypothesis by studying the impact of various early-
life exposures on health development. This body of research, among others, has
explored the effects of maternal nutrition, exposure to environmental pollutants,
stress, and other factors during pregnancy and infancy on the risk of NCDs in
offspring.
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In Spain, for example, the INfancia y Medio Ambiente INMA) cohort profile
is a large-scale birth cohort study that investigates the effects of environmental
exposures on child health and development (Guxens et al., 2012).

FIGURE 12. The INMA birth cohort network.
Source: INMA Project (2018), INMA - INfancia y Medio Ambiente, https://www.proyecto
inma.org/en/inma-project/study-design/.

Some of the key findings to emerge from the INMA cohort include:

— Prenatal exposures: Various prenatal exposures, such as air pollution, to-
bacco smoke, and maternal diet, are associated with adverse health outcomes in
children. For example, exposure to air pollutants during pregnancy has been
linked to decreased birth weight and respiratory problems in infants.

— Neurodevelopmental outcomes: Prenatal exposure to certain environmental
pollutants, such as polychlorinated biphenyls (PCBs) and organophosphate pes-
ticides, may be associated with neurodevelopmental delays and cognitive impair-
ments in children.

— Childhood asthma: Prenatal and early-life exposures to air pollution and
tobacco smoke are risk factors for childhood asthma and respiratory allergies.

— Growth and development: Environmental exposures have an impact on
growth patterns and physical development in children. For instance, maternal


https://www.proyectoinma.org/en/inma-project/study-design/
https://www.proyectoinma.org/en/inma-project/study-design/
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exposure to endocrine-disrupting chemicals during pregnancy has been linked to
altered growth trajectories in offspring.

The early life course also presents important windows of opportunity for pre-
vention. Health and disease are full life-course processes and it is, today, widely
recognised that the early parts of this course, from conception and even precon-
ception, are especially vulnerable to environmental influences with life-long con-
sequences. At least part of the origin of the most common NCDs lies in the first
18 years of life, and prevention during these periods will not just improve child
health, but also benefit life-long health and disease trajectories. This means that
building exposome tools and data for the future needs to start in the early life
course.

4.2. EXPOSOME AND REPRODUCTIVE AND SEXUAL HEALTH: THE CASE
OF ENDOCRINE DISRUPTORS

Recently, it has been demonstrated that certain compounds can act as endo-
crine disruptors, interfering with the normal functioning of hormonal pathways.
These compounds have structures at the molecular level that resemble those of
hormones and which replace them in carrying out their functions, ultimately
causing alterations in the hormonal system. Exposure to these endocrine disrup-
tors can be detrimental at any stage of life, but the effect is most marked during
certain windows of susceptibility, particularly during pregnancy, lactation, and
childhood, critical periods in an individual’s development when their hormones
play an essential role. Recent advances in omics technologies enable the charac-
terisation of each of the molecules to which we are exposed and, thanks to this,
the exposome can be seen to be playing a decisive role in determining the extent
to which endocrine disruptors pose a risk to human health.

One example of a family of synthetic compounds that can act as endocrine
disruptors are the phthalates, commonly found in plastics, PVC, cosmetics, and
personal care products. When these compounds come into direct contact with
blood or fluids containing lipids, they can readily enter the bloodstream and mi-
grate to any part of the body. If these compounds reach the testes or ovaries, they
can disrupt their hormone secretion function, leading to reproductive problems,
spontaneous abortions, growth issues, and low birth weight, among others.

The role played by endocrine disruptors in the development of type II diabe-
tes mellitus (DM) has also been well documented. While there is a genetic predis-
position to DM, characterised by elevated blood glucose levels (hyperglycaemia)
due to insulin resistance and a progressive failure in pancreatic insulin secretion,
non-genetic factors such as poor diet, a sedentary lifestyle, and certain environ-
mental pollutants can be critical in the development of this condition. Indeed,
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exposure to these factors during the prenatal stage has been identified as a risk
factor for future diabetes. Specifically, bisphenol-A (BPA) has been identified as
a compound that acts as an endocrine disruptor and which is related to the devel-
opment of DM. Since 2011, its use has been prohibited or restricted in certain
applications in Europe.

While the number of such molecules to which we are exposed is low, studies
show that the effects of these disruptive compounds can be potentiated, so even
though we are exposed to low doses, their effect can be much greater. This under-
scores the importance of identifying those compounds that act as endocrine dis-
ruptors. Several European projects are currently addressing this very issue, including
the EURION cluster. This initiative aims to identify endocrine disruptors related to
an increased risk of certain diseases and to develop diagnostic tests based on that
information.

4.3. EXPOSOME AND NON-COMMUNICABLE DISEASES
APOLLINE SAUCY

The association between environmental factors and non-communicable
diseases (NCDs) is gaining increasing recognition. According to the WHO,
12.6 million deaths globally (24% of all deaths) can be attributed to the environ-
ment, of which two thirds (ca. 8.2 million deaths) are caused by NCDs (Priiss-Ustiin
et al., 2016). Air pollution contributes to 5 million deaths from cardiovascular
diseases each year and is considered the 5th leading cause of death, ranking just
after smoking (GBD 2017 Risk Factor Collaborators, 2018). Other environmental
exposures are being increasingly recognised for their adverse effects on health,
including climate (Vicedo-Cabrera et al., 2021; Watts et al., 2018), environmental
noise (Miinzel et al., 2021; Vienneau et al., 2015), urbanisation (World Health
Organization, 2021), and green space (Barboza et al., 2021).

Cardiovascular diseases

Cardiovascular diseases (CVDs) - covering a range of health disorders of the
heart and blood vessels, including coronary heart diseases and cerebrovascular
diseases — make the largest contribution to the environmental burden of disease
worldwide. In 2017, they contributed to 17.8 million deaths and 35.6 million dis-
ability-adjusted life years or DALYs worldwide, making it the leading cause of
death globally (Wang et al., 2023). The action of environmental conditions on
CVDs can be direct (e.g. the impact of air pollution on respiratory function and
blood pressure) but it can also be mediated by changes in behaviour or in social
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interactions, which may in turn lead to cardiovascular diseases. For instance,
physical activity and a healthy lifestyle can be promoted by better access to public
green spaces and public transport, and by improving street safety.

Mental health

Complex environments, including both environmental hazards and the so-
cial environment, have been shown to affect mental health and cause behavioural
disorders. Wang et al. (2023) conducted exposome-wide association analyses in a
twin cohort and found that more than half of the exposures were significantly
associated with depressive symptoms in young adulthood. More specifically, in-
fluences from the family domain and the social exposome were particularly im-
portant drivers of depressive symptoms in late adolescence and early adulthood.
Other environmental exposures such as environmental noise can also affect men-
tal health, possibly via sleep alterations and effects on the central nervous system
(Hahad et al., 2024). In a recent study conducted near a military airport, Wicki
etal. (2024) showed a strong link between exposure to loud military aircraft noise
events and symptom exacerbations and medical prescriptions in patients with
psychiatric treatments.

NCDs and health disparities

The impact of environmental contaminants on health varies across regions,
sexes, and age groups. The contribution of NCDs compared to infectious diseases
is greatest in the adult and elderly population, and in high-income countries.
However, the health impacts of modifiable environmental conditions globally
have a disproportionate effect on low- and middle-income countries. With the
epidemiological transition to an increasing prevalence of NCDs in developing
countries and with a growing proportion of the population living in urban set-
tings, environmental inequities are likely to grow in the future. Promoting healthy
living environments is therefore essential in reducing mortality and morbidity
from chronic diseases worldwide and in stemming the ever-increasing associated
healthcare costs (Hajat & Stein, 2018).

4.4. EXPOSOME AND INFECTIOUS DISEASES

Environmental exposures, including exposures to endocrine disrupting
chemicals (EDCs), can influence an individual’s susceptibility to infection. Sus-
pected to exert their effects via hormonal pathways, certain EDCs, including
phthalates, bisphenols, organochlorine pesticides, and perfluorinated alkane
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substances (PFAS), stand out as potential triggers for aggravated infections.
Compelling evidence suggests that exposure to these substances may impact the
immune defence mechanisms, potentially heightening vulnerability to infectious
diseases such as COVID-19 (Tsatsakis et al., 2020).

Epidemiological findings underscore the significance of these concerns, par-
ticularly in the case of children exposed to PFAS, revealing, as they do, dimin-
ished immune responses to routine vaccines (Grandjean et al., 2012). Moreover,
such exposure is associated with an increased risk of developing infectious dis-
eases. As the exposome framework broadens our understanding of environmental
influences on health, the complexity of the links between pollutants and infec-
tious diseases clearly warrants careful exploration. The identification of these
links not only furthers our understanding of disease pathways but also serves to
underscore the importance of mitigating exposures to foster a resilient and re-
sponsive immune system in the face of infectious challenges.

Exposure to outdoor air pollution may impact the transmission, susceptibili-
ty to, and severity of infectious diseases such as COVID-19. Air pollution might
affect the viability and movement of viral particles, potentially increasing the risk
of infection by suppressing lung defences, altering receptor recognition, and af-
fecting expression levels of key proteins involved in viral entry. Chronic exposure
to air pollution could also worsen COVID-19 outcomes by exacerbating underly-
ing chronic conditions and impairing immune function. A recent study in Cata-
lonia (COVIDCAT) found that air pollution exposure was positively associated
with the magnitude of antibody response among seropositive participants and
that exposure to NO, and PM, ; was positively associated with COVID-19 disease
and with the severity of the disease (Kogevinas et al., 2021).



5. Data science and the exposome

The main advantage of the holistic exposome framework over traditional “one-
exposure-one-disease” approaches is that it provides an unprecedented conceptu-
al structure for the study of multiple environmental hazards (including urban,
chemical, lifestyle, and social risks) and their combined effects. Indeed, classical
single pollutant models are unclear as to whether the analysed association can be
attributed to the pollutant effect or to another correlated exposure not considered
directly in the analysis. Such models are also unable to capture the interactions and
cumulative effects derived from the exposure mixture. Furthermore, given the in-
creasing availability of complex environmental health data thanks to the emer-
gence of new technologies (including electronic health records, high throughput
omics platforms, wearable sensors, etc.), there is a growing need for more ad-
vanced statistical approaches that focus on complex mixtures of exposures.
However, the analysis of such complex data comes with numerous challenges,
including, for instance, the typically high correlations between exposures of the
same family (e.g. air pollutants and lifestyle), and the ability to capture cumula-
tive low dose effects, assess interactions, and identify important components of
the mixture. Recently, a series of different methods have been developed to take
into account multiple exposures and their interactions, including the use of mix-
ture analysis methods; the integration of the selection, shrinkage and grouping of
correlated variables (e.g. LASSO, elastic-net, adaptive elastic-net); the application
of dimension reduction techniques (e.g. principal component and partial least
square analyses); Bayesian model averaging (BMA), and Bayesian kernel machine
regression (BKMR). Among the limitations of these approaches, however, are the
lack of model selection stability (the case of shrinkage methods), the lack of inter-
pretability of the latent variables (the case of dimension reduction techniques),
and an overall computational inefficiency (the case of Bayesian models). Moreover,
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they are rarely applied in the context of large (>100 variables), heterogenous ex-
posome data (omics, categorical/continuous variables).

Dimensionality reduction

One way of handling multivariate exposomic data (even without resorting
to omics) is to employ methods of dimensionality reduction, especially that of
feature selection. Feature extraction, by contrast, is less frequently employed
since it can complicate the interpretation of the results, given our interest in the
effect of a particular exposure on health. However, a number of methods have
been developed that seek to analyse groups of correlated exposures. In this way,
the dimensionality of the input can be reduced while ensuring interpretability
of results.

Combined effect of exposures

Index methods serve to measure the combined effect of exposures. As well as
being easy to interpret, they provide both a single parameter estimate for the mix-
ture of exposures and weights to show the contribution of each exposure. How-
ever, all index methods suffer from an inability to consider the interactions
between the exposures that contribute to the same index. This can, in part, be
addressed by using response surface methods, albeit that it potentially hinders
interpretation. This tension between interpretability and complexity when choos-
ing between the two types of model has been eased somewhat by recently devel-
oped methods (i.e. multiple index models) that combine some of the advantages
of both methodologies. These have the advantage of providing readily interpret-
able indices, while accommodating non-linear and non-additive relationships
between exposure indices and the health outcome (McGee et al., 2023).

Bayesian techniques' are also useful since they can be used in a manner that
naturally penalises complex models yet they are sufficiently flexible to incorpo-
rate a variable selection mechanism. They also help obtain the distributions of
any quantity that can be derived from the model output.

1. These are statistical methods that involve updating beliefs or probabilities about hypothe-
ses based on prior knowledge and observed data, allowing for the incorporation of uncertainty and
the estimation of parameters through probability distributions.
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Machine learning and prediction

Machine learning methods - including ensemble methods (such as random
decision forests and XGBoost), neural networks and support vector machines —
have the potential to increase the predictability of the outcome by capturing more
complex information (e.g. complex interactions, non-linear relationships, etc.)
from the exposome data. Models that combine multiple statistical techniques into
an ensemble can provide even better results, since the different methods em-
ployed may be able to capture different data patterns.

Causal models

Finally, causal models - including mediation analyses using omics data,
g-computation methods, and the causal random forest — have gained popularity
in environmental epidemiology (Bind, 2019), including when making estimates
for mixtures of exposures. Indeed, causal questions are what ultimately drive in-
terventions and policy change. Causal mediation analysis with exposome data
can help prioritise the environmental factors that have the greatest impact on
health.






6. Potential for translating exposome
research into clinical practice and policy

6.1. THE MODIFIABLE EXPOSOME

The modifiable exposome refers to environmental exposures that can be al-
tered or influenced through individual or collective actions.

By identifying and understanding exposures that are amenable to change, ex-
posome research provides a roadmap for targeted interventions. This involves
recognising lifestyle factors, behavioural choices, and environmental conditions
that individuals or communities have the ability to modify. For example, reduc-
ing exposure to air pollution by promoting sustainable transportation options or
mitigating noise pollution through urban planning strategies.

Mitigating exposures to endocrine disruptors

Numerous interventions have demonstrated the potential to modify expo-
sure to the common endocrine disruptors (including phenols, phthalates, and
parabens) frequently found in personal care products (PCPs) and dietary sources.
Interventions promoting increased exposures, for example, using PCPs contain-
ing triclosan and serving meals based on canned foods likely to release BPA, con-
sistently resulted in elevated urinary concentrations of the targeted chemicals.
Conversely, interventions removing or substituting these exposure sources gen-
erally led to decreased biomarker concentrations. Lifestyle modifications, label
scrutiny, and product replacement have emerged as feasible strategies, illustrating
the individual’s capacity to reduce exposure effectively.

However, notable gaps remain, especially as regards the potential health im-
pacts of exposure to glycol ethers and the limited development of bisphenol A
(BPA) substitutes. In a recent systematic review including 26 interventions (Yang
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etal,, 2023), BPA and phthalate metabolites were reported as being the most tar-
geted chemicals, possibly reflecting heightened media scrutiny. Dietary interven-
tions, particularly those focused on BPA, were generally successful either alone or
combined with PCP-related measures. Unexpected outcomes, including even
increased metabolite concentrations in certain PCP studies, underscore the com-
plexity of exposure reduction. Overall, the studies emphasise the need for inter-
ventions to consider participant compliance and motivation, and the ease with
which the changes proposed can be adopted to enhance effectiveness.

The challenges of identifying “safer” replacement products were evident, with
unintentional contamination from these replacements sometimes posing a risk.
Participants, moreover, expressed difficulties in adhering to long-term changes,
emphasising the need to promote sustainable interventions. Although varied par-
ticipant demographics and the lack of long-term follow-up limit the generalisa-
bility of some of the interventions reported, successful instances showcase the
potential for the widespread impact of policy measures that target exposure
sources, transcending individual behavioural changes.

Urban exposome interventions
MoNIcA UBALDE LOPEZ

Traditional urban structures have been designed primarily to promote mobil-
ity in private vehicles and not to meet the needs of the more vulnerable, i.e. chil-
dren, youth, the elderly, and those with chronic conditions. However, motorised
vehicular traffic is a major contributor to poor air quality in most urban areas
which, if they also fail to comply with international air quality directives and WHO
recommendations, suffer the weighty burden of premature mortality and in-
creased morbidity. This traditional urban planning model, moreover, typically ig-
nores the possibilities of creating more naturalised and inclusive open spaces that
can satisfy the diverse needs of daily life, and contribute to reducing other harmful
urban exposures: for example, high noise levels, the heat island effect, and the lack
of green/blue spaces and areas for physical activity and social interaction. Howev-
er, in recent decades, cities have responded by developing traffic calming measures
aimed at reducing motorised vehicle traffic. Urban re-designs that limit vehicular
parking, reduce speed limits or eliminate traffic entirely can improve air quality,
safety, and encourage active modes of transportation.

It is evident that effective preventive actions are urgently required to reduce
the health and economic burden of the harmful urban exposome. These actions
need to recognise the “complex systems” affecting population exposure, includ-
ing “upstream” (e.g. economic, political, and global forces, as well as the natural
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and built environment) and “downstream” (e.g. individual and organisational
behaviour) influences on the effectiveness of exposome-reduction interventions
(Rutter et al., 2017). The rapid translation of evidence into practice requires en-
gaging communities, stakeholders, and decision-makers in the development and
evaluation of interventions (Eldredge et al., 2016). In this sense, it is critical to
develop, implement, and evaluate co-produced effective, scalable interventions
to reduce personal exposure to the harmful effects of the urban exposome. New
technologies (e.g. wearable air pollution sensors, smartphone apps) have the po-
tential to provide a richer understanding of outdoor and indoor personal expo-
sures (Larkin & Hystad, 2017). In this way, real-time information can help
individuals make informed decisions to reduce exposome exposure (e.g. by
choosing less polluted routes for active travel).

Interventions in the public space — synonymous, we might claim, with public
health interventions — need to be developed in close partnership with communi-
ties and key stakeholders to ensure that the co-produced actions are both accept-
able and feasible, and can thus guarantee their rapid translation into practice.
Indeed, a number of tools designed to guide urban planning specifically incorpo-
rate this critical dimension of citizen participation, whereby greater participation
provides a democratic mandate and serves to leverage political will. One example
of such a tool is provided by the EU’s Sustainable Urban Mobility Plans (SUMPs),
a strategic policy that is tellingly built upon people’s needs and which mobilises
specific self-assessment toolkits (Rupprecht et al., 2019). However, to date, little
attention has been paid to the barriers to and facilitators of governance when
designing interventions in the public space. It is apparent that participation
should not only be possible, but that it needs to be significant as well. Yet, the
value of public participation only becomes evident when a plan’s results are clear-
ly and systematically integrated in a sustainable urban mobility project. Future
projects need to address these challenges of governance head-on. Interventions to
reduce multiple exposures can be co-produced, but meaningful reductions re-
quire structural changes as well as changes to individual behaviour.

Urban interventions aimed at re-naturalising the built environment, elimi-
nating traffic and fostering active mobility and public transport are critical in
improving the urban exposome. Traffic restriction measures, such as the low traf-
fic neighbourhoods (LTNs) implemented in London, help create healthier, safer
places for the community not only because of a potential reduction in air pollu-
tion (without the problem being displaced to neighbouring streets) (Yang et al.,
2022), but also because of their impact on noise levels and their ability to win back
urban sites for people and naturalised infrastructures. The benefits of increasing
street greenery, boosting biodiversity and introducing new ecosystem services
and climate-resilience have been estimated for mental health in adults and the
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FiGure 13. Community participation, co-production, and action aimed at enhancing the
urban exposome.
Source: Created by Monica Ubalde.

related burden in public health services (Yanez et al., 2023), as well as for behav-
ioural and cognitive development in children (Opbroek et al., 2024).

In some urban settings, schools are often urban exposome “hotspots”, located
in areas with extreme levels of pollution and noise, compounded by high levels of
car use during the school run. Indeed, home-to-school commuting is reported as
being responsible for 20% of a child’s daily dose of air pollutants. Clearly, if we
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envisage health from a public health perspective and adopt a life-course approach
(Kalache & Kickbusch, 1997), there is a more than pressing need to begin to de-
sign healthy, safe urban environments for and with children and young people
(Bishop & Corkery, 2017), since health outcomes in later life are strongly influ-
enced by an individual’s early habits and behaviours, which in turn are strongly
conditioned by the urban environment.

Urban school environments should therefore be seen as priority spaces for the
health and well-being of children and their families. Yet, as schools are distributed
across all neighbourhoods, their urban environments should be understood as a
strategic point of entry for achieving a healthier, safer city. Implementing inter-
ventions in school environments and prioritising the health of the most vulnerable
(i.e. taking an equity perspective) can ultimately benefit all by reducing their urban
exposome. School streets’ programmes seek to improve the quality of these public
spaces through street re-designs, traffic-calming measures, the elimination of car
parking zones, and the addition of street furniture and greenery; however, to date,
few urban planning programmes have actually been subject to rigorous impact
assessments. The few that have specifically been conducted in school environments
report that street-calming measures do improve the urban exposome by reducing
traffic flow and related pollutants (i.e. NO,), increasing available public space for
citizens, promoting play areas for children in the street, and providing spaces
for physical activity and social interaction (Ferrer-Fons et al., 2023; Ubalde-Lépez
etal., 2023).

The transformative potential of school environments is, of course, indisputa-
ble, the goal being to ensure schools continue to be a great educational resource
that can safeguard childhood growth as well as foster the well-being and health of
the entire city. Yet, despite the key role of urban school settings, interventions to
modify outdoor stressors in the built and natural environment that act as urban
exposures target primarily individual behavioural change (e.g. increasing time
spent in green spaces and active travel) rather than seeking to implement struc-
tural changes that can promote healthy behaviour and reduce urban exposure at
the population level (Fernandes et al., 2023). Ultimately, built environment
changes (e.g. infrastructure and support for bikes and walking) are required to
support sustainable behavioural changes and an impact evaluation strategy needs
to be integrated from the early design phase of the intervention. In common with
all public policy design and practices, it is essential to identify what works and for
whom, taking steps to identify barriers and enablers for implementation and
evaluation.
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6.2. HEALTH IMPACT ASSESSMENT AND POLICY

Risk and health impact assessment are moving away from the “one-chemical
one-health outcome” model toward a new paradigm of monitoring the totality of
exposures that individuals may experience in the course of their lifetime. Today,
health impact assessment (HIA) and risk assessment are powerful tools that con-
tribute to informed decision-making in public health and policy development.
They can systematically evaluate the potential health effects of policies, pro-
grammes, or projects, and provide valuable insights into the risks and benefits
associated with different interventions. The amalgamation of scientific evidence,
community input, and policy considerations they offer is central to the success of
their assessments.

Unlike traditional assessments that tended to focus on singular exposures or
risks, the exposome broadens the scope, encompassing the totality of environ-
mental exposures that individuals encounter throughout their lives. By consider-
ing the cumulative impact of multiple exposures (Tulve et al., 2024) - ranging
from air quality and lifestyle factors to socio-economic determinants —, the expo-
some provides a holistic understanding of health influences. The need for cumu-
lative impact assessments emerges from the growing recognition of the urgency
for actionable science to address the needs of overburdened communities.

As we navigate the intersection of exposome research, health impact assess-
ment, and policy development, we identify new avenues for precision public
health interventions and policies that address the complex interplay of environ-
mental factors on human health.



7. Future perspectives

7.1. LARGE-SCALE EXPOSOME RESEARCH

To be able to study the plethora of environmental pollutants and the many
physical, lifestyle and social risk factors and their combinations, while, at the
same time, incorporating high-dimensional omics data, it is critical that expo-
some research begins to look beyond simple, self-contained projects and starts to
build a large platform for the efficient generation of evidence and the replication
of findings. However, the field’s research tools and data are currently scattered
and information remains largely embedded in scientific publications. Efforts are
underway though to harmonise existing exposome data across multiple locations
and to make them readily accessible (both as regards omics and exposome-wide
association studies or EXWAS, e.g. the HELIX database and, in the case of metab-
olomics data, COMETS). Multi-centre exposome research needs to implement
the FAIR data infrastructure to ensure the findability, accessibility, interoperabil-
ity, and reuse of exposome data. The ongoing EU Horizon 2020 LifeCycle Project,
which consolidates European pregnancy and child cohort studies in one harmo-
nised data sharing platform, has begun to implement the FAIR principles, build-
ing on 80,000 mother-child pairs at baseline in 15 cohorts from 10 countries
across Northern, Eastern, Southern, and Western Europe (Figure 14). Other ini-
tiatives have been taken, including the Children’s Health Exposure Analysis Re-
source (CHEAR) in the US, aimed at providing access to standardised laboratory
tools for exposome research in children’s health studies, so as to ensure the com-
parability and replication of findings. In 2019 this initiative was expanded to in-
clude its Data Repository, Analysis and Science Center.
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FIGURE 14. The EU Child Cohort Network.
Sourck: EU Child Cohort Network, https://euchildcohortnetwork.eu/.

More recently, the International Human Exposome Network (IHEN) Project
has been heralded as a ground-breaking endeavour in the realm of exposome re-
search, insofar as it seeks collaboration and coordination at the global scale. This
initiative, comparable to the Human Genome Project (1990-2003) in its scope
and ambition, aims to map and understand the full breadth of environmental
exposures encountered by individuals throughout their lives, akin to the genome’s
role in decoding genetic information.

7.2. EXPOSOME IN THE GLOBAL SOUTH
ARIADNA CURTO

While much of exposome research has been conducted in the Global North,
there is a growing expectation that the concept will have to be increasingly ap-
plied to the Global South, a term coined by the UN Conference on Trade and
Development (UNCTAD) to designate countries of low socioeconomic status
and, while not strictly geographical (Australia and New Zealand, for example, lie
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in the Southern Hemisphere but are considered high-income), it is increasingly
being used to refer to low- and middle-income countries.

Unlike the Global North, many countries of the Global South have to face the
challenges of poverty, restricted access to education and services (including piped
water, waste disposal, and electricity), and weak health systems, among others.
These factors — recognised drivers of health — have yet to be addressed fully in
exposome research, which has tended to focus its interest on the challenges faced
by high-income countries. This research gap is even more significant if we con-
sider the social environment, a domain that has attracted very little research in-
terest (both in the Global North and South), but which is of enormous significance
for populations in the Global South who find themselves frequently exposed to
adverse life events.

Global South populations also face environmental and socioeconomic expo-
sures that are less prevalent in (or absent altogether from) the Global North (see
Figure 15). Limited access to clean water, sanitation facilities, and proper hygiene
practices (all of which are associated with waterborne diseases) in combination
with restricted access to clean household fuels and technology (responsible for
household air pollution) pose significant health challenges. Children living in
these conditions are particularly vulnerable as they typically have a higher pre-
existing burden of chronic infections and nutritional deficiencies, exacerbating
the challenges to their health and development.

In some countries of the Global South, rapid environmental changes, includ-
ing those associated with urbanisation and industrialisation, hinder both the
monitoring and understanding of these changing exposures. In India, for exam-
ple, an increase in urbanised land use (and the associated reduction in green
spaces) in residential areas between 1995 and 2009 has been associated with higher
cardiometabolic risk factors due to reduced physical activity and increased air
pollution exposure (Mila et al., 2020).

The methodological challenges encountered by exposome research in the
Global North are magnified in the Global South by prevailing socioeconomic
conditions, insufficient infrastructure and limited resources, all of which under-
mine both data availability and data quality. Inadequate health infrastructure, for
instance, frustrates the ability to conduct large-scale longitudinal epidemiological
studies and to collect quality clinical data. The coverage provided by environ-
mental monitoring is also scant. For example, in the case of air quality monitor-
ing, 60% of countries (the majority in Africa), representing 18% of the world’s
population, conduct no regular PM, ; monitoring (Martin et al., 2019).

Despite these challenges, there are instances that point to the feasibility of con-
ducting exposome research in the Global South based on collaborative efforts and
the use of advances in technology. One notable example is the study conducted
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FIGURE 15. Environmental and socioeconomic factors affecting populations in the Global
South.
Sourck: Created by Ariadna Curto.

on 100 South African children, who were provided with wearable samplers (Koelmel
et al., 2022). In this way, 637 environmental exposures could be identified, some of
which had never previously been measured in children. The study identified
50 airborne chemical exposures of concern, including pesticides, plasticisers, or-
ganophosphates, and combustion products, among others. Primary monitoring
campaigns can also serve as an effective means to obtain environmental data in
these contexts. An illustrative example here is provided by a study involving
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50 adults in South India, where comprehensive ambient and personal monitoring
was carried out (Mila et al., 2018). This study exemplifies advanced data integration
techniques in resource-limited settings by combining personal and ambient air pol-
lution concentrations with questionnaires, GPS, and wearable camera data, which
allowed identification not only of activities associated with increased exposure but
also of the times of day and the locations where these exposures occurred.

To further exposome research in the Global South and enhance global collab-
oration in the field, various initiatives have been taken. Most notably, the Interna-
tional Human Exposome Network (IHEN) Project, funded by the European
Commission, seeks to unite stakeholders from various sectors at the global scale.
Such a collaborative approach is crucial for maximising the impact of future ex-
posome research, particularly in the many Global South countries where research
has historically been limited or undervalued.

7.3. EXPOSOME AND PLANETARY HEALTH

ALBERT BACH
QuiM ZALDO-AUBANELL

The exposome concept has evolved to encompass not only the chemical ex-
posures but also the broader environmental factors affecting human health (Price
et al.,, 2022). This holistic view of the exposome, especially as regards the external
exposome, assesses the links between human health and the intricate web of in-
teractions within ecosystems, including the impacts of lifestyle, social determi-
nants, and natural environments. In considering the interconnectivity between
an individual’s exposures and these broader ecological and environmental fac-
tors, the exposome framework can be aligned with that of One Health, which
advocates for a unified health perspective across humans, animals, and their
shared environments. Furthermore, study of the exposome could also contribute
to considerations of the importance of safeguarding planetary health as a means
of preventing disease and of promoting well-being, insofar as it highlights the
exposure-related challenges and opportunities for mitigating global environmen-
tal changes derived from environmental degradation.

Although the three concepts highlighted converge, they can be distinguished
from each other in certain respects:

— Exposome and studies conducted in this field are concerned with mapping
individual environmental exposures and their health effects.

— One Health framework emphasises the interconnected health of humans,
animals, and the environment, particularly the links between zoonotic diseases
and ecosystem health (Erkyihun & Alemayehu, 2022; Wilcox & Steele, 2021).
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FIGURE 16. Diagram illustrating the interconnections between planetary health, One Health,
and the exposome in the context of environmental degradation.
Source: Created by Albert Bach.

— Planetary health takes a broader view by examining the human health im-
pacts of human-caused disruptions of Earth’s natural systems (Martens, 2024).

Each approach, associated with its own focus and methodology, under-
scores, however, the critical need for integrated health strategies that consider
the complex interconnections between human activities, health, and the envi-
ronment.

The concept of the exposome highlights the critical role played by environ-
mental health in either enhancing or impairing human well-being. Broadly speak-
ing, environmental influences on human health originate from one of the Earth’s
five key domains: namely, water, soil, climate, air, and biodiversity (Figure 16).
However, the Earth functions as an intricately connected system, underscoring
the complex interplay between human development and the environment
(Ragnarsdottir, 2022). This perspective encourages a shift from examining isolat-
ed impacts within specific areas to exploring their interconnected consequences.
In this regard, environmental degradation, largely driven by human activity, con-
strains or reverses the benefits and services provided by the environment, poten-
tially leading to adverse effects and ultimately pushing ecosystems and human
survival to the limit.
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At the forefront of environmental transformation, climate change acts as a
catalyst for a series of interconnected environmental disturbances. Driven by in-
creasing greenhouse gas emissions, between 2011 and 2020, the global surface
temperature rose 1.1 °C above pre-industrial levels. This warming has disrupted
the balance of precipitation and accelerated the retreat of glaciers at unprecedent-
ed rates, contributing to a sea level rise of 3.4 mm per year since 1993 (Nerem
et al,, 2018). These alterations in water resources challenge their availability and
quality and impact the fabric of biodiversity. Species are compelled to migrate or
face extinction, disrupting ecosystems that have provided essential environmen-
tal services, from pollination to climate regulation, for millennia.

The effects of degradation extend to air quality. Air pollution from urban
and industrial regions exacerbates planetary warming, promoting a cycle that
jeopardises the development of all living organisms and the integrity of ecosys-
tems. These sources of pollution have a number of environmental consequences
including acid rain, forest decline, ground-level ozone fluctuation, and eutrophi-
cation. More than 90% of the global population is exposed to air quality that
exceeds World Health Organization (WHO) guidelines because of significant
pollutant concentrations (WHO, 2022). The burden is particularly severe in
low- and middle-income nations, where the highest levels of exposure are re-
corded (Rentschler & Leonova, 2023), leading to an estimated 7 million prema-
ture deaths each year.

Against this backdrop, biodiversity is faced with an array of unprecedented
threats. The Anthropocene, characterised by significant changes in atmo-
spheric and oceanic chemistry, urbanisation, habitat fragmentation, land use al-
terations, and globalisation, has significantly degraded the biosphere. This
degradation is contributing to the global biodiversity loss crisis, with estimates
indicating that between 150,000 and 260,000 species have become extinct since
1500, marking the onset of the planet’s sixth mass extinction (Ceballos & Ehr-
lich, 2018; Cowie et al., 2022). Biodiversity loss not only jeopardises the func-
tioning of the biosphere but also impairs the role it plays in climate regulation
and water quality maintenance, among others.

Alongside this loss of biodiversity, the threat of chemical pollution, heavy
metal contamination and erosion posed by conventional farming and infra-
structure development critically undermines the vital functions and services of
the soil. Healthy soils in temperate climates should maintain at least 2% soil or-
ganic carbon, yet European farmlands are depleting carbon at a rate of 0.5%
annually (Bruni et al., 2022; Lal, 2020). As soil organic carbon is depleted, soils
lose their capacity to act as effective carbon sinks, contributing to increased at-
mospheric carbon dioxide levels (Nazir et al., 2024). This process not only po-
tentially exacerbates the risk of water aquifer contamination due to diminished
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soil filtration capacities but can also influence nitrous oxide (N,0) emissions
(Guenet et al., 2021).

Direct human health impacts of climate change-induced exposures include
the exacerbation of respiratory, cardiovascular, renal, and mental health issues
due to increased temperatures and heatwaves, alongside injuries and diseases
triggered by extreme weather events like torrential rains and floods. Indirect ef-
fects encompass a rise in infectious diseases through shifts in vector and host
distributions, aggravated allergic reactions due to changes in allergen profiles,
and health issues associated with the toxins produced by marine organisms
affected by warming waters. Additionally, climate change is anticipated to indi-
rectly affect human health through socioeconomic factors such as worsened air
pollution, decreased availability of water and food, and the strain place on health
systems by climate-induced migrations (Marrasé et al., 2020).

Impacts from biodiversity loss-induced exposures encompass all the derived
effects of environmental degradation on the multiple pathways connecting biodi-
versity to human health. The crucial function of biodiversity in supplying medic-
inal resources and ensuring food security is at risk, increasing the likelihood of
malnutrition and the loss of prospective pharmaceutical discoveries. Further-
more, the natural filtration systems that safeguard water quality are under threat,
augmenting exposure to waterborne diseases. Urban biodiversity loss exacerbates
air and noise pollution, elevates urban temperatures, and increases exposure to
extreme heat, collectively heightening the risk of respiratory disorders, cardiovas-
cular diseases, and heat-related illnesses. Additionally, changes in wildlife popu-
lations and habitats can accelerate the spread of zoonotic diseases, altering the
dynamics of disease hosts and vectors and increasing human exposure to infec-
tious diseases. The alteration of plant and animal species compositions can also
lead to increased exposure to airborne allergens (Marselle et al., 2021).

As this report has shown, the exposome research field has developed a variety
of tools and methodologies to quantify and analyse the complex array of environ-
mental exposures individuals face. The potential integration of these technologi-
cal advances to the field of planetary health should help shed light on particular
climate change-induced or environmental degradation-driven exposures and
their potential health implications (Abdelzaher et al., 2022; Cui et al., 2016).

This scientific inquiry not only maps the myriad of exposures affecting indi-
viduals and communities but also lays the groundwork for developing strategic
interventions aimed at mitigating these environmental challenges. Thus, expo-
some knowledge and tools are key to the development of science-based policies
that can preserve public health and restore planetary health in this critical mo-
ment in our history. The narrative of interlinked impacts across life forms, conti-
nents, and populations highlights a critical truth that has yet to be fully integrated
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into policy agendas: the urgency of addressing environmental degradation. Given
the extensive damage already evident, we must continue to question the motives
for such degradation and whether the perceived benefits can ever truly outweigh
the enormous costs.






8. Summary of the cycle of conference presentations

Urban exposome assessment: Lessons learned from the EXPANSE Project
APOLLINE SAUCY

The exposome concept emerged in the early 2000s to recognise the impor-
tance of the sum of all the non-genetic factors that can affect health across the life
course. With the development of powerful computers and satellite imagery, tools
have been developed that can describe exposure to the external exposome (e.g. air
pollution, green spaces, etc.) and these are being integrated into a growing num-
ber of large-scale, population-based cohort studies. As more and more of the
world’s population live in cities, the EXPANSE Project - EXposome Powered
tools for healthy living in urbAN SEttings — aims to address one of the most per-
tinent issues for urban planners, policymakers, and European citizens: “How can
we improve our health and well-being in a modern urban environment?”.

The first task initiated by EXPANSE was to characterise the living environ-
ment across European countries using harmonised indicators with a high spatio-
temporal resolution. For example, models were developed to estimate daily NO,,
O,, PM,,, and PM, ; concentrations at 25 x 25 m resolution for the European re-
gion. Smaller-scale aspects of the living environment can also affect lifestyle and
health, including, for example, the food environment (e.g. distance to shops, fast-
food restaurants, etc.) and other neighbourhood-specific qualities (e.g. walkabil-
ity, availability of parks and green spaces).

Combining these dimensions of the external exposome helps us understand
the spatial distribution of environmental stressors across different groups of the
population. For example, by evaluating relocation trajectories of adults and fam-
ilies as they move home, we found that socioeconomic characteristics but also
household and family composition are important determinants of the choice of
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new neighbourhoods and that privileged groups are more likely to relocate to
“healthier” environments and experience positive health outcomes. Overall, de-
spite increasing evidence of the central role of social determinants and life stages
as important contributors to health, efforts and tools to integrate the social envi-
ronment as a central part of the external exposome remain scarce and insuffi-
cient. A systematic integration of these factors in large-scale cohort studies and
exposome research should gradually alleviate social inequities in health and mit-
igate the emergence of new inequalities.

The chemical context of the exposome
JOoAN GRIMALT

The exposome constitutes an inventory of the plethora of exposures to syn-
thetic chemicals, dietary components, psychosocial stressors, and physical fac-
tors, as well as their biological responses that might impact human health. This
talk outlines the main physico-chemical characteristics that determine the poten-
tial toxicity of environmental contaminants and discusses the environmental
equivalence of Paracelsus” adage: “the dose makes the poison”, considering the
effects of chronic exposure to low concentrations of contaminants over long pe-
riods or an entire lifetime. The increasing incidence of various non-infectious
diseases and their possible relationship with environmental contaminants are
also examined. The talk concludes by lending support to the proposal currently
under debate at the United Nations, as promoted by some 20 researchers and
supported by about 2,000 more, to establish an international panel on chemical
contaminants and residues.

An overview of 10 years of early-life exposome research
LEA MAITRE

Chemical pollution, characterised by the shift from traditional pollution (e.g.
wood stoves) to modern pollution (e.g. lead and air pollution), represents an
enormous burden for human health worldwide. Current technologies to monitor
pollution of this type are, however, manifestly underperforming: most organic
constituents of biological and environmental samples go unidentified and poten-
tial chemical stressors are disregarded. The exposome seeks to change the domi-
nant paradigm and shift the focus in disease aetiology to the environment,
escaping the genocentrism of the Human Genome Project.

Early-life exposome research at ISGlobal has been conducted in existing birth
cohorts. This talk examines the application of interdisciplinary research — omics,
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environmental epidemiology, and toxicology - to understand early-life environ-
mental influences on health and biological mechanisms and considers how this
understanding can improve mental health outcomes in children and in their fam-
ilies by the close monitoring of environmental influences on the disease course.
The influence of perinatal and childhood exposure to tobacco and mercury in
children’s gut microbiota is also described.

The impact of natural environments on maternal and child health
Payam DADVAND

Contact with natural environments, including green spaces, has been associat-
ed with a wide range of health benefits in humans. In this context, exposure to
greenspace has been related to reduced risks of pregnancy complications (e.g. ges-
tational diabetes and pre-eclampsia) and adverse pregnancy outcomes (e.g. low
birth weight). Greenspace also plays a critical role in the growth and development
of children, having been associated with improved neurodevelopment (e.g. cogni-
tion, behaviour, and motor) and lower risks of both neurodevelopmental (e.g.
ADHD and autism spectrum disorders) and mental health conditions (e.g. de-
pression and anxiety) in children and adolescents. Exposure to green spaces has
also been related to better physical health, including cardiometabolic health, in
these age groups. The association with respiratory and allergic outcomes remains
heterogeneous. All in all, available evidence supports the beneficial role of green-
space in maternal and child health.






9. Conclusions

The exposome represents a comprehensive framework for understanding the
myriad environmental exposures that people encounter throughout their lives
and the way in which these exposures affect their health. The term, first coined by
Dr. Christopher Wild in 2005, includes all non-genetic factors that influence
health, from physical and chemical agents to social and behavioural environ-

ments.

The exposome is typically considered to comprise three broad types of expo-

sure:

1.

General external exposures: Broader social and environmental factors
such as socioeconomic status, education, climate, and urban or rural en-
vironments.

Specific external exposures: More direct, quantifiable factors such as diet,
pollution, food additives, pesticides, radiation, infections, and lifestyles
such as smoking and physical activity.

Internal exposures: Internal biological responses to the external expo-
sures, including inflammation, oxidative stress, gut microbiota composi-
tion and metabolic processes.

The implications of the exposome paradigm can be summarised as follows:
1. Holistic perspective of health: The exposome emphasises the importance of

considering the whole spectrum of environmental influences on health,
shifting the focus from genetic determinism to a more balanced view
where the environment plays a critical role.

2. Preventive health strategies: By identifying harmful exposures and under-

standing their effects, public health initiatives can be tailored to reduce
these risks, leading to better health outcomes at both the individual and
population level.
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Personalised medicine: Integrating exposome data with genetic informa-
tion allows for more accurate and personalised health care, as treatments
and preventive measures can be customised based on a person’s unique
exposure history.

Research and policy: The exposome framework encourages interdisci-
plinary research and informs policy decisions, promoting interventions
that address environmental and lifestyle factors that contribute to disease.

In summary, the exposome represents a paradigm shift in health and life
sciences in general, highlighting the intricate and cumulative impact of environ-
mental exposures on human (and other organisms) health. It requires compre-
hensive data collection, innovative research methodologies, and integrated
approaches to improve health outcomes through informed environmental and
lifestyle modifications.

In this cycle of exposome conferences organised by the IEC and in the study
presented herein, we have focused specifically on seven aspects of the exposome,
which we list here together with a brief statement of the conclusions reached in
each case:

1.

Prenatal exposures and child health: Various prenatal exposures, such as
air pollution, tobacco smoke, and maternal diet, are associated with ad-
verse child health outcomes that include decreased birth weight and res-
piratory problems. Likewise, exposure to certain environmental pollutants
can negatively affect neurological and cognitive development, and in-
crease the risk of childhood asthma and respiratory allergies.

Impact of environmental exposures on growth and development: Environ-
mental exposures during pregnancy can alter children’s growth trajecto-
ries, especially when it comes to substances that affect the endocrine
system.

Importance of the first stages of the life course: The first stages of life, from
conception to the first years, are particularly vulnerable to environmental
influences. Prevention during this period improves not only childhood
health, but also lifelong health.

Endocrine disruptors and reproductive health: Compounds that act as en-
docrine disruptors can alter the hormonal system, especially during win-
dows of susceptibility such as pregnancy, lactation, and childhood. These
disruptors can have harmful effects at any stage of life.

Modifiable exposure: 1dentifying and understanding modifiable environ-
mental exposures provides guidance for targeted interventions. This in-
cludes individual and collective actions to reduce exposure to factors such
as air pollution and endocrine disruptors through strategies such as sus-
tainable transport and urban planning.
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6. Interventions to reduce exposure to endocrine disruptors: Intervention
studies have shown that changing the use of personal care products and
dietary modifications can effectively reduce exposure to chemicals such
as phthalates and bisphenol A (BPA).

7. Potential of machine learning tools and causal models: The use of machine
learning methods and causal models can increase the ability to predict
health outcomes by capturing complex interactions of environmental
data. This helps to prioritise environmental factors with a greater impact
on health and promote more efficient interventions.

These findings underscore the importance of considering environmental ex-

posures from the earliest stages of life for the prevention of chronic diseases and
the improvement of public health.

Josep PENUELAS REIXACH
JosEp TABERNERO CATURLA
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