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ABSTRACT The exposome concept was defined in 2005 as encompassing all environmental exposures
from conception onwards, as a new strategy to evidence environmental disease risk factors. Although very
appealing, the exposome concept is challenging in many respects. In terms of assessment, several hundreds
of time-varying exposures need to be considered, but increasing the number of exposures assessed should
not be done at the cost of increased exposure misclassification. Accurately assessing the exposome
currently requires numerous measurements, which rely on different technologies; resulting in an expensive
set of protocols. In the future, high-throughput ‘omics technologies may be a promising technique to
integrate a wide range of exposures from a small numbers of biological matrices. Assessing the association
between many exposures and health raises statistical challenges. Due to the correlation structure of the
exposome, existing statistical methods cannot fully and efficiently untangle the exposures truly affecting
the health outcome from correlated exposures. Other statistical challenges relate to accounting for exposure
misclassification or identifying synergistic effects between exposures. On-going exposome projects are
trying to overcome technical and statistical challenges. From a public health perspective, a better
understanding of the environmental risk factors should open the way to improved prevention strategies.

@ERSpublications
The exposome concept presents challenges in terms of measurement and assessment of exposome–
health relationships http://ow.ly/4nuw4Q

Introduction
The exposome concept was initiated within the field of epidemiology, and the term was coined by WILD [1]
in 2005 to encompass “the totality of human environmental exposures from conception onwards,
complementing the genome” (figure 1) [1–3]. Therefore, the exposome concept calls for providing a
description of lifelong (from the prenatal period) exposure history. It was developed to highlight the need for
more comprehensive environmental exposure data. In 2012, WILD [2] defined three overlapping domains
within the exposome that refer to different factors to be measured: 1) a general external environment
including factors such as the urban–rural environment, climate factors, social capital or education; 2) a
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specific external environment including diet, physical activity, tobacco, infection, occupation, etc.; and 3) an
internal environment to include internal biological factors, such a metabolic factors, gut microbioflora,
inflammation, oxidative stress or ageing. Therefore, this internal environment includes the biological/
toxicological manifestations of exposures in the body. More recently, MILLER and JONES [4] proposed an
alternative definition of the exposome, which explicitly incorporates behavioural risk factors, the body’s
response to environmental influences, and the endogenous metabolic processes that can alter or process the
chemicals to which humans are exposed.

The number of citations of “exposome” in PubMed has increased over recent years; from six in 2005 to
150 in 2010 and >1600 in 2015. The justification for the development of this concept is at least two-fold.
First, assessing many exposures simultaneously is expected to provide a more accurate assessment of the
impact of the environment on human health; secondly, now that genetic polymorphisms can be accurately
assessed at a relatively low cost, assessing environmental exposures with a similar degree of accuracy would
enable efficient study of the interplay between the environment and the genome. A corresponding
financial investment is needed to complement the huge investment in the genetic field in the early 2000s
(and allow well-balanced analyses of gene–environment interaction effects on health).

Motivation and promises
There is increasing evidence that genetic variants explain a limited fraction of the variability in the risk of
chronic diseases, leaving a potentially large role for environmental exposures and interaction between
environmental and genetic factors. In the context of allergic diseases, although genetic research provided
insight into the pathways and mechanisms involved in disease occurrence, the identified genetic variants
only explain a small proportion of the variability in disease risk [5]. The same applies for other chronic
diseases such as type II diabetes or obesity [6]. However, a wide range of environmental and lifestyle risk
factors have been associated with asthma and allergic diseases (e.g. viral infections, allergens, diet,
urbanisation, farm animals, pets, smoking, air pollution, occupational exposure, etc.) showing the
relevance of considering the exposome in the aetiology of these diseases [7]. Nevertheless, current
knowledge on the environmental factors that contribute to allergic diseases remains limited. This might be
due to the fact that the effect of the exposures considered to date is underestimated (i.e. due to
measurement errors, inappropriate risk model, etc.), the main environmental risk factors remain unknown
(e.g. due to our current limitation in investigating tools), or that exposures mostly impact health in synergy
with other exposures or biological or behavioural factors.
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FIGURE 1 The effects and interactions between the different domains constituting the exposome (specific and
general external environments and internal environment [2]) and health risk. Reproduced from [3] with permission.
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Simultaneously considering a large set of exposures in human environmental health studies is a major
evolution. In daily life populations are simultaneously exposed to a wide range of factors. For several of
these factors, exposures are close to existing guidance values, as shown by biomonitoring data [8]. To date,
most epidemiological studies focused on a single (or a limited number of) environmental factor(s) and,
therefore, were unable to totally understand co-exposures and account for the effect of combined exposure
to several environmental compounds. This might be an important limitation. Indeed, synergy between
different environmental factors may exist, as illustrated by a study showing that an organochlorine
pesticide and oestrogen can form a supramolecular ligand of the pregnane X receptor (a key regulator of
the body’s defence against foreign substances) and that their combination produces a cellular effect much
higher than that predicted from the individual effects of each substance considered separately [9]. In
addition, there may be confounding by co-exposures (i.e. the estimated effect of an exposure could be
masked or overestimated because of a correlation of this exposure with other environmental factors),
which can be tackled when simultaneously considering the exposures.

The exposome concept considers the lifelong exposure history, and therefore calls for changes in exposure
over time to be taken into account. To date, most environmental health studies assessed the environmental
exposure at a single time-point and, therefore, might not cover the highest risk exposure window.

Finally, a key potential benefit of considering the exposome concept is to limit the risk of selective reporting
(i.e. testing several exposures and only reporting the most significant associations) and the number of false
positives in the epidemiological literature. Indeed, in many epidemiological studies a large number of
exposures have been assessed, but their association with health is usually reported on an exposure-by-exposure
basis without correcting for multiple testing or showing the number of statistical tests performed [10].

In addition to providing insight into the relationship between environment and health, a more descriptive
benefit of the exposome concept would be to provide insights on the correlation between environmental
exposures, and also on the existence of subgroups of the population carrying a large burden in terms of
environmental exposures. This issue pertains to the concept of environmental justice [11].

Large projects related to the exposome
Several exposome-related research initiatives have been launched, in particular in Europe. The HELIX
project (www.projecthelix.eu/fr) focuses on the early-life exposome and aims to combine all environmental
hazards that mothers and children are exposed to and link this to the health, growth and development of
children (including respiratory health) [12]. The EXPOsOMICS project (www.exposomicsproject.eu/) aims
to develop a new approach to assess environmental exposures, with a specific focus on air pollution and
water contaminants, and to link these exposures to biochemical and molecular changes in the body. The
Heals project proposes “the functional integration of ‘omics derived data and biochemical biomonitoring
to create the internal exposome at the individual level” (www.heals-eu.eu/). In the USA, the Hercules
project focuses on providing key infrastructure and expertise to develop and refine new tools and
technologies for the discovery, evaluation and application of the exposome (http://emoryhercules.com/).

Challenges related to exposome measurement
Although very appealing, the exposome approach is complex, both in terms of measuring it (several hundred
exposures are to be considered over the life course) and analysing its relationship to health [10].

One obvious challenge in the implementation of the exposome approach in humans relates to the
assessment of “the totality” of environmental exposures. RAPPAPORT [13] has proposed two complementary
strategies to characterise the exposome. In the bottom-up approach, the sources of important exogenous
exposures are identified and the level of exposure is assessed through environmental measurements (i.e. air,
water or food). In the top-down approach, the circulating levels of parent compounds and/or its metabolites
and by-products are assessed individually through biological assays in blood, urine or other tissues. This
top-down approach does not directly provide information on the sources and environmental levels of
exposure (although pharmacologically based pharmacokinetic models could be used for the latter purpose).

The assessment of the exposome can rely on many different tools and technologies. These include
geographic information system-based environmental models (in particular for air pollutants and noise),
environmental sensors, personal dosimeters (i.e. for air pollutants, radiations, etc.), photos (to document
diet, cosmetic or drug use), biomarkers, etc. (figure 2). New sensors relying on information technology are
being constantly developed. For example, silicone wristbands, which were able to identify 49 compounds
(including polycyclic aromatic hydrocarbons, consumer products, personal care products, pesticides and
phtalates) among 30 volunteers, were suggested as an easy-to-use personal passive sampler [14]. In the
longer term, high-throughput ‘omics technologies (transcriptomics, epigenomics, lipidomics, metabolomics)
could help identify exposure biomarkers, and could even allow integration of a wide range of individual
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exposures in a single measurement. Until this becomes a reality, comprehensively measuring the exposome
remains expensive. The characterisation of a family of environmental exposures by biomarkers in a
population of 500 subjects typically costs €50000–€100000, excluding the costs of recruiting volunteers and
collecting and storing biospecimens. Though the costs of ‘omics techniques are decreasing, relying on them
in exposome studies remains expensive when repeated measurements (to cover the lifespan) on different
“omics” (to cover the different layers) are performed (figure 3). This is compounded by the fact that
efficiently considering many exposures in relation to health is expected to require larger sample sizes than
epidemiological studies focused on a single exposure.

The improvements of biochemical assays over the past decades should not let us forget the challenges related
to the use of exposure biomarkers when assessing the health effects of chemicals with high within-subject
temporal variability. A simulation study illustrated that the use of a single biospecimen to assess the level of
exposure biomarkers with high variability over time (intra-class coefficient of correlation of 0.2,
corresponding approximately to what is observed with Bisphenol A) might lead to an attenuation bias in the
dose–response function by ∼80% (the attenuation factor in the case of classical-type error corresponds to
one minus the intra-class coefficient of correlation) [15]. In the case of a compound that is more stable over
time, the attenuation bias will be lower (typically ∼40% for specific phthalates metabolites). Increasing the
number of exposures considered in a study without making effort to limit this type of bias in the exposure
measurements would be irrelevant. Similar bias might exist when ‘omics technologies are used as exposure
biomarkers, since the level of DNA methylation of some CpG sites or the concentration of specific proteins
or metabolites vary over time. Bias can be limited by collecting several biospecimens per subject, and
thereafter pooling them or using measurement error models [15]. This means that exposome studies in
which exposures are assessed from a single biospecimen in each subject is likely to suffer from differential
exposure misclassification between exposures [10]. Therefore, the consequence is that one may erroneously
attribute the effect of a compound varying strongly over time to another exposure, varying less strongly over
time but correlated to the average level of the first compound. Finally, the statistical power of exposome
studies is likely to be inhomogeneous across components of the exposome. All in all, managing to increase
the number of exposures considered without increasing exposure misclassification in the assessment of each
exposure is probably one of the main general challenges of exposome research.

Assessing the exposome–health relationships
Analysing the association between the exposome and health requires many exposure families to be
simultaneously considered in a single statistical approach, and not separately as it is classically done. This
allows selective reporting of the associations with the lowest p-values to be avoided, but brings additional
statistical challenges compared to former studies.
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FIGURE 2 Tools for the assessment of the exposome.
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The first study using an exposome approach has been conducted in the context of type 2 diabetes and used
the environment-wide association study (EWAS) approach; an agnostic method in which a large number of
exposures (in this study 266) were successively and independently tested for their association with the
outcome [16]. The statistical approach is analogous to that of genome-wide association studies. However, the
correlation structure of the exposome differs from the one observed in genetics. Indeed, in genetics, single
nucleotide polymorphisms (SNPs) are often only correlated with their close neighbours, i.e. with SNPs
located nearby on the gene. When a SNP is found to be significantly associated with a health outcome, it is
usually claimed that the genetic region of the SNP rather than the specific SNP identified is involved. In
contrast, the correlation structure of the exposome, as recently described in the frame of the HELIX project
[17], reveals strong levels of correlation within families of exposure (median within exposure family, r=0.45)
but also sometimes between families of exposure. Indeed, 11% of the exposures were correlated at a level
>0.5 with at least one exposure outside their family. A similar situation has been described in the context of
the National Health and Nutrition Examination Survey [18]. In this context, the EWAS approach is not able
to untangle the associations that are significant because the exposure is a causal exposure truly effecting the
health outcome from the associations that are significant because the exposure is correlated to one of the
causal exposures; this happens even if a multiple linear regression step including all potential “hits” is added
after the EWAS step [19]. This can lead to a high rate of false positives. Several statistical methods have been
proposed to cope with this issue [20] and some of them have been applied [18, 21]. However, systematic
simulation studies are needed to characterise the efficiency of these approaches in the context of the
exposome. A simulation study conducted in the frame of the HELIX and EXPOsOMICS projects showed
that, due to the correlation within the exposome, the linear regression-based statistical methods that were
investigated (one for each of the large families of variable selection approaches applied to regression-based
methods) were only moderately efficient to differentiate true predictors from correlated covariates [19].
Further issues relate to measurement error and the identification of synergistic effects between exposures, for
which it remains unclear which statistical model would perform best and which sample size would be
required in exposome studies to provide sufficient statistical power.

Conclusion
The exposome is a broad concept requiring the involvement from a wide range of disciplines (exposure
sciences, toxicology, biology, epidemiology, statistics, etc.). The exposome is in its infancy, with many technical
and statistical challenges that need to be overcome. In terms of assessment, several hundreds of time-varying
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FIGURE 3 Schematic diagram of some of the ‘omics layers and pathways of influence of the exposome on
health. Not all interactions between the various ‘omics layers are represented.
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exposures need to be accurately assessed using various technologies. Nevertheless, increasing the number of
exposures assessed should not be done at the cost of increased exposure misclassification. Estimating the
association between a large set of exposures and health leads to statistical challenges, including the difficulty to
efficiently untangle the exposures truly affecting the health outcome from correlated exposures and the
difficulty in identifying synergistic effects between exposures. These challenges should not discourage research
relying on the exposome approach and the on-going projects will hopefully allow steps forward to be made. If
the parallel between genomic and exposomic research holds, huge efforts in terms of consortium building,
development and validation of statistical tools and measurement devices will be necessary, requiring massive
financial resources. From a public health perspective, a better understanding of the environmental risk factors
will open the way to improved prevention strategies.
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