
PU38CH16-Teitelbaum ARI 17 March 2017 11:50

Toward Greater
Implementation of the
Exposome Research Paradigm
within Environmental
Epidemiology
Jeanette A. Stingone,1 Germaine M. Buck Louis,2

Shoji F. Nakayama,3 Roel C.H. Vermeulen,4

Richard K. Kwok,5 Yuxia Cui,6 David M. Balshaw,6

and Susan L. Teitelbaum1

1Department of Environmental Medicine and Public Health, Icahn School of Medicine at
Mount Sinai, New York, NY 10029; email: jeanette.stingone@mssm.edu,
susan.teitelbaum@mssm.edu
2Division of Intramural Population Health Research, Eunice Kennedy Shriver National
Institute of Child Health and Human Development, Bethesda, Maryland 20817;
email: louisg@mail.nih.gov
3National Institute for Environmental Studies, Tsukuba 305-0053, Japan;
email: fabre@nies.go.jp
4Institute for Risk Assessment Sciences, Environmental Epidemiology Division,
Utrecht University, Utrecht 3584 CM, Netherlands; email: R.C.H.Vermeulen@uu.nl
5Epidemiology Branch, National Institute of Environmental Health Sciences,
Research Triangle Park, North Carolina 27709; email: richard.kwok@nih.gov
6Exposure, Response, and Technology Branch, National Institute of Environmental Health
Sciences, Research Triangle Park, North Carolina 27709; email: yuxia.cui@nih.gov,
balshaw@niehs.nih.gov

Annu. Rev. Public Health 2017. 38:315–27

First published online as a Review in Advance on
January 6, 2017

The Annual Review of Public Health is online at
publhealth.annualreviews.org

https://doi.org/10.1146/annurev-publhealth-
082516-012750

Copyright c© 2017 Annual Reviews. This work is
licensed under a Creative Commons Attribution-
ShareAlike 4.0 (CC-BY-SA) International License,
which permits unrestricted use, distribution, and
reproduction in any medium and any derivative
work is made available under the same, similar, or
a compatible license. See credit lines of images or
other third-party material in this article for license
information.

Keywords

exposome, environmental epidemiology, life-course epidemiology,
multiple exposures

Abstract

Investigating a single environmental exposure in isolation does not reflect
the actual human exposure circumstance nor does it capture the multifacto-
rial etiology of health and disease. The exposome, defined as the totality of
environmental exposures from conception onward, may advance our under-
standing of environmental contributors to disease by more fully assessing
the multitude of human exposures across the life course. Implementation
into studies of human health has been limited, in part owing to theoret-
ical and practical challenges including a lack of infrastructure to support
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comprehensive exposure assessment, difficulty in differentiating physiologic variation from envi-
ronmentally induced changes, and the need for study designs and analytic methods that accom-
modate specific aspects of the exposome, such as high-dimensional exposure data and multiple
windows of susceptibility. Recommendations for greater data sharing and coordination, methods
development, and acknowledgment and minimization of multiple types of measurement error are
offered to encourage researchers to embark on exposome research to promote the environmental
health and well-being of all populations.

INTRODUCTION AND OBJECTIVES

In 2005, Christopher Wild championed the need for a comprehensive environmental exposure
complement to the genome to refine epidemiologic findings and public health research (49). He
referred to this new research paradigm as the “exposome” and defined it as that which “encom-
passes life-course environmental exposure (including lifestyle factors) from the prenatal period
onwards” (49, p. 1848). Multiple researchers in fields ranging from perinatal and chronic disease
epidemiology to exposure science have written commentaries and reviews that highlight the po-
tential benefits of characterizing the exposome and promoting its integration into future studies
(2, 6, 10, 24–26, 36, 38, 39, 45, 47, 49).

The exposome research paradigm is distinguished from traditional epidemiologic approaches
by three characteristics: expanded and dynamic exposure assessment across multiple exposure do-
mains (50); the integration of data on exposure and response across multiple scales of variation,
including across populations, as well as over time and space; and the use of the resulting high-
dimensional information on multiple exposure–response relationships for data-driven discovery
(9). Researchers’ views on the exposome are evolving, ranging from skepticism to enthusiasm de-
spite challenges (10, 33, 36, 40). Additionally, researchers have differing views of the domains that
should be included within the exposome research paradigm. Wild refined his original definition
to explicitly include three domains of the exposome: internal (e.g., endogenous factors such as
metabolism), specific external (e.g., environmental pollutants, chemical exposures, occupation),
and general external (e.g., broader social, economic, and/or psychological factors such as socioeco-
nomic status, mental stress, and climate) (50). Some have advocated for at least an initial focus on
the internal exposome (37), whereas others have expanded the Wild definition to include measures
of biological response to the environment (26).

This article adopts the view that there is merit to incorporating the exposome into environmen-
tal health research and applies a broad definition of the exposome that includes multiple domains
of exposure as well as biological responses to those exposures. This definition includes multilevel
exposures, for example the built environment of a neighborhood and the individual physical activ-
ity of its residents, biological markers of exposure and response, and exogenous stressors that may
or may not have an associated biomarker. This view allows for flexibility in the implementation of
the exposome within environmental health research because individual investigators can approach
this paradigm from different perspectives in light of their targeted research goals. This broad view
is inclusive of researchers who use the exposome paradigm to understand the exogenous expo-
sures, including policy and social environments, that contribute to health disparities (19), and
includes those who utilize untargeted approaches to identify metabolic profiles associated with
known environmental exposures (13).

This review addresses the potential benefits and overarching challenges surrounding the incor-
poration of the exposome into epidemiologic research. Although it does not provide step-by-step
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instructions for conducting exposome research, it summarizes the current approaches and initia-
tives aimed at implementing the exposome research paradigm within epidemiologic studies. In
addition, it provides recommendations to address both scientific and practical barriers in order
to move the field forward and encourage researchers to integrate the exposome within their own
work.

CURRENT STATE OF EXPOSOME RESEARCH WITHIN
ENVIRONMENTAL EPIDEMIOLOGY

Rationale for the Exposome Research Paradigm

The exposome paradigm marks a significant departure from traditional approaches to environ-
mental health research by promoting a more holistic view of environmental effects on human
health. Traditional epidemiologic approaches often focus on a single exposure, or a class of expo-
sures, and a single outcome or closely related outcomes. Interactions among multiple exposures
are often investigated with a focus on an individual pollutant or a related class of toxicants and
how its effects may be modified by other environmental, social, and/or genetic factors. The expo-
sure and environmental health communities have already begun to acknowledge the limitations
of a one-chemical-at-a-time approach and explore approaches to quantify the health effects of
chemical mixtures (3). The exposome adds another level of complexity and is more similar to a
mixture of mixtures because, by definition, it encompasses the totality of exposures (49). Owing to
its expansive nature, characterizing the exposome requires multiple exposure assessment method-
ologies, including biological sample analyses and measurement of one’s personal environment
using sensors, wipes, simulation modeling, and interviews/questionnaires. As a result of this more
holistic view, the exposome paradigm is more consistent with the dynamic nature of exposures
experienced by individuals across their life course. The exposome encompasses exposure from be-
fore conception onward and through its application researchers can begin to investigate acute and
cumulative exposures and their effects as well as to identify windows of susceptibility throughout
the life course.

In addition to assessing multiple exposures (and multiple outcomes), the holistic view of the
exposome promotes the inclusion of both longitudinal and hierarchical exposure measures within
epidemiologic approaches. Hierarchical data structures arise when exposure measures are nested
within each other. Examples include spatial hierarchy, where exposures can be measured at the
individual, local, and community level, and familial hierarchy, where both parental and fetal mea-
sures are assessed. Hierarchical data can also arise from within individuals, such as when both
exogenous (external) and endogenous (internal) measures of an exposure are assessed. There
are existing epidemiologic methods to assess these types of multilevel exposures (10). However,
expanded exposure assessment across the multiple domains (i.e., specific external, general exter-
nal, and internal) of exposure that are the hallmarks of the exposome would greatly facilitate
the investigation of multilevel or hierarchical data structures (38). Although the exposome does
not necessarily possess an inherent hierarchical structure, the ability to incorporate hierarchical
exposures within the exposome facilitates the statistical analysis of upstream contributors to envi-
ronmental exposures such as climate change and allows for the investigation of exposures that lack
internal biomarkers. It also allows researchers to investigate the interplay between the parental
and offspring exposome during fetal and early childhood development.

Within this holistic framework, there is active discussion about how best to conceptualize and
consider confounding in light of the totality of exposures being considered. If all environmental
factors are coexposures within the exposome paradigm, then nonenvironmental factors remain

www.annualreviews.org • Epidemiology and the Exposome 317



PU38CH16-Teitelbaum ARI 17 March 2017 11:50

as potential confounders when assessing the combined effect of the totality of the environmental
exposures (i.e., the exposome). The definition of environment used will then dictate which factors
are nonenvironmental and thus potential confounders. From a practical standpoint, the statistical
methodologies to estimate these combined effects are limited (40). Many researchers will continue
to estimate effects between a single causative agent and outcomes within the exposome paradigm,
which will require multiple confounding sets depending on the individual exposure of interest
(38). In this case, the holistic nature of the exposome can improve researchers’ ability to control
for confounders and reduce unmeasured confounding by promoting expanded and improved data
collection for a variety of environmental (i.e., nongenetic) coexposures (40).

The exposome affords epidemiologists an opportunity to utilize well-established epidemio-
logic methods aimed at minimizing measurement error and reducing bias, while looking for new
associations between environmental exposures and health or disease end points. The complexity
of the exposome underscores the need for continued vigilance and adherence to epidemiologic
principles such as accurate assessment and adjustment for confounders, consideration of selection
biases when reexamining existing populations or recruiting new study populations, and acknowl-
edgment of measurement error and the potential impacts that such errors can have on analytic
results. These can help ensure an accurate and reliable interpretation of the data that are emerging
from exposome research. Findings from exposome-related analyses have the potential to generate
signals that need to be interpreted and followed up using bioinformatics and in vivo and in vitro ex-
periments. Promising signals or pathways will need subsequent validation in independent studies,
similar to validation of genome-wide association study findings (18). Thus, the exposome repre-
sents a complement to, not a replacement for, the hypothesis-driven research that has successfully
advanced the field of environmental health.

Current Approaches to Implement the Epidemiologic Method Relative
to the Exposome

Successful implementation of the epidemiologic method relative to the exposome requires two
components: the ability to accurately characterize the exposome and the ability to relate the com-
plexity of the exposome to health-related end points. Many, but not all, of the current approaches
seeking to examine health-related end points focus specifically on fetal and early childhood devel-
opment owing to the close temporal association between exposure and effect within this window.
Although the examples detailed below often examine the exposome within similar time windows,
they illustrate the multiple, diverse avenues that researchers are taking to develop methods and
incorporate the exposome into epidemiologic research.

The three projects funded by the European Union’s Framework Program 7 (22) rep-
resent a coordinated effort to advance this field through characterization of the exposome
within multiple time windows, development of exposure assessment and analytic methods, and
examination of exposome–response relationships related to a number of health end points.
The Health and Environment-wide Associations based on Large population Surveys (HEALS;
http:/heals-eu.eu/) will develop an integrated methodology for compiling and organizing expo-
sure data across multiple domains and will relate these factors to predict health outcomes. These
methods can then be applied to conduct European-wide health assessments related to the expo-
some, with the eventual goal of improved risk assessment. The EXPOsOMICS project leverages
existing long-term European cohorts, and their stored biospecimens, to integrate external expo-
sures from personal exposure monitoring technologies and population-based measures of exposure
with internal measures resulting from -omics technologies (46). With a focus on air pollution and
water contaminants, EXPOsOMICS will examine this segment of the exposome across studies
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of populations at various points in the life course (46). Finally, the Human Early-Life Exposome
(HELIX) project supplements existing data for 32,000 mother–child pairs from 6 European birth
cohorts with new internal measures of exposure and biological response on a smaller subsam-
ple of 1,200 mother–child pairs (48). This approach effectively capitalizes on the existing study
infrastructure and past data collection to facilitate the newer, exposome-related measurements,
including personal exposure monitoring and analysis of molecular signatures within stored and
new biological samples.

Within the United States, the National Institute of Environmental Health Sciences (NIEHS)
has supported efforts to advance the technology, capacity, and infrastructure needed to imple-
ment the exposome within environmental health research (9). The Health and Exposome Re-
search Center: Understanding Lifetime Exposures (HERCULES; http://emoryhercules.com)
was funded to develop the expertise and necessary tools and methodologies to provide a more
comprehensive assessment of exposures and to advance exposome-related research. More re-
cently, the NIEHS has established an infrastructure to promote the incorporation of the exposome
within child health research studies. The Children’s Health Exposure Analysis Resource (CHEAR;
https://www.niehs.nih.gov/research/supported/exposure/chear/) includes a network of labo-
ratories with extensive analytic abilities for exposure assessment and measures of biologic response
in a variety of biological samples. CHEAR also supports a data center that serves as a central data
repository and provides methodological support for analysis of multiple environmental exposures,
as well as develops novel statistical approaches for combining data across studies and analysis of
high-dimensional exposure data.

Whereas these previous examples represent coordinated efforts to advance the incorporation
of the exposome into epidemiologic research, other examples of current epidemiologic studies
have integrated measures of the exposome within their initial study designs. One large-scale
initiative is the Japan Environment and Children’s Study ( JECS) (23). The JECS has enrolled
more than 100,000 expectant mothers and utilizes multiple exposure measurement methodologies,
including frequent questionnaire application, extensive biospecimen analyses, simulation models,
and ambient environmental measurements to prospectively follow children through age 13 years.
Having data on multiple exposures within all the exposome exposure domains across time for a large
sample of children will allow researchers to characterize the early-life and childhood exposomes
within this population. The US National Institute of Child Health and Human Development
(NICHD) Longitudinal Investigation of Fertility and the Environment (LIFE) study focuses on
the preconception period and aims to characterize the maternal and paternal exposomes and assess
their effects on fertility and birth outcomes (5). A recent publication from this study identified
reductions in couples’ fecundity associated with a number of paternal environmental exposures,
including lead, selected phthalates, and polychlorinated biphenyls (4). Although these findings
still reflect a chemical-class approach to analysis, the study’s data availability on multiple parental
exposures facilitates a later, agnostic-based, exposome approach to understanding fertility and
time to pregnancy.

One example of an approach that examines the breadth of environmental exposures at a single
time point related to disease is a data-driven analysis known as environment-wide association stud-
ies (EWAS). Using cross-sectional data from the National Health and Nutrition Examination Sur-
vey (NHANES), researchers examined 266 environmental factors collected at a single time point;
they aimed to discover nongenetic contributors to type 2 diabetes by examining each factor within
a statistical model and then simultaneously assessing the results across all models (30). The EWAS
approach has since been applied to studies of preterm birth (32), communication impairments in
nine-year-old children (42), and leukocyte telomere length (31). Individual studies have also fo-
cused on providing proof-of-principle data using agnostic techniques to identify environmental
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signals. These studies often utilize well-defined exposure scenarios such as smoking to investigate
whether specific biological signals can be traced in the biological system (16). These types of studies
will result in best practices that can be implemented in future epidemiologic studies. Together these
examples, from prospective cohorts to secondary analyses of cross-sectional data, illustrate that the
exposome research paradigm can be implemented at different scales of epidemiologic research, de-
pending on the research question and the availability and access to data and biospecimen resources.

CHALLENGES TO INCORPORATING THE EXPOSOME
INTO EPIDEMIOLOGIC RESEARCH

Investigators have encountered three primary challenges to incorporating the exposome paradigm
into epidemiologic research on a larger scale: (a) the lack of infrastructure to support the compre-
hensive exposure assessment activities that are critical to exposome research; (b) the difficulty in
differentiating normal physiologic variation from environmentally induced changes in measures
of biological response (33); and (c) the lack of analytical, bioinformatics, and statistical method-
ologies to process, integrate, and analyze high-dimensional data and the corresponding lack of
cross-trained scientific investigators who can develop and implement these approaches.

First, owing to their complexity and the requirement for a large commitment of resources,
exposome studies are well served by centralized support and coordination to ensure that potential
exposure assessment strategies are rigorously evaluated. This approach promotes valid assessment
of exposure and facilitates data sharing, replication, and validation of findings across studies. En-
couraging the increased availability of tools and methodologies could especially benefit smaller
efforts driven by investigators who could then apply the tools and approaches developed by larger-
scale initiatives within their fields of research. Existing coordinated approaches of the European
Initiative and the NIEHS CHEAR centers have already produced some discussion and develop-
ment of analytic methods for exposomic data (1, 15). Similar investments in infrastructure and
cross-study collaboration are necessary for life stages beyond pregnancy and birth, including sup-
port for linking the early-life exposome to adult disease, as suggested by the developmental origins
of health and disease hypothesis (17).

Second, as first suggested by Wild, the exposome is dynamic within and over time; thus, inves-
tigators must differentiate periods of random variation from periods of induced biologic response
(50). This observation not only translates into a need for accurate and precise measurements
for various populations in order to characterize typical biological variation, but also stresses the
importance of capturing the temporal variation in the exposome that occurs throughout an indi-
vidual’s life course. Understanding this temporal variation is especially critical for time periods,
such as development, puberty, and pregnancy, which are hypothesized to have specific patterns
of greater biological variation and may be more susceptible to disruption by environmental expo-
sures (8). Constructing a reference exposome is not feasible due to the dynamic nature of exposure
across space and time. However, we can begin to characterize the temporal interrelatedness and
variability of both exposures and responses throughout the life course.

Finally, as discussed above, investigations of the exposome are considerably different from tra-
ditional epidemiologic approaches. Practically, they require more data storage and more complex
data management than do traditional studies. Analytically, statistical and other computational
models are needed that can simultaneously accommodate heterogeneity from merging data across
populations, longitudinal measurements, and large numbers of correlated exposures. Although
genomic research also encounters a multitude of possible features coupled with their potential
interactions, the longitudinal nature of environmental exposures is an added point of complexity
for exposome research. This unique feature of the exposome needs to be considered in all phases
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of research and will stimulate the development of analytic methods that are sensitive to these fea-
tures. To develop and implement these novel approaches, current and upcoming epidemiologists
will require training in complementary disciplines such as computer science, bioinformatics, and
advanced biostatistics (27).

RECOMMENDATIONS FOR FUTURE RESEARCH
AND SOCIETAL INVESTMENT

Catalog Existing Tools and Methodologies to Facilitate Exposome Research

As discussed above, researchers require easily accessible tools and approaches that can be used
to characterize both exogenous and endogenous measures of exposure, including those exposures
that do not have known corresponding biomarkers. The creation of a database to catalog and
curate exposure assessment methods, ranging from questionnaires to assay protocols, along with
their performance characteristics, would allow for wide implementation among the research com-
munity. This step would ensure that epidemiologists have access to the most appropriate exposure
assessment tools, while fostering the development and testing of methods using collected data.
Having an easily accessible inventory of exposure assessment tools would also facilitate the sharing
of methods and data across studies. As part of the NIEHS exposome workshop in January 2015
(9), working groups began the process of cataloging available tools for assessing environmental
exposures and associated biological responses within their respective fields (11, 12, 44). Thus, this
recommendation can likely be implemented soon.

Similarly, establishing a standard methodology to examine and report findings from exposome-
focused investigations would serve as a resource to investigators who are planning studies, as well as
those who are at the publication stage. This research framework could emulate the STrengthening
the Reporting of OBservational studies in Epidemiology–Molecular Epidemiology (STROBE-
ME) guidelines (14). It could include guidance for describing biological specimen collection and
analysis, as well as for incorporating guidelines for presenting agreement (or lack thereof ) between
external and internal measures of exposure and potential sources of bias and error throughout the
exposure assessment process. Again, this recommendation can be initiated in the short term, and
the research framework can continue to evolve as research within this field progresses.

Develop New Tools and Methods to Account for the Unique Aspects
of the Exposome

As presented above, one of the primary challenges to interpreting exposome research is differen-
tiating between periods of natural variation and environmentally induced variation in measures
of the exposome and then relating these measurements to health outcomes. The key to solving
this challenge is two-pronged: First, define patterns of variation for exposures, particularly during
critical and sensitive windows of human reproduction and development, and then design studies
that examine the effect of changes in the exposome throughout the life course. Similar to how we
use NHANES to understand background levels of contaminants, defining variation in critical and
sensitive windows is an important step in allowing researchers to place into its appropriate context
the variation observed as a result of environmental exposures.

The second step is to create study designs that facilitate comparisons in the exposome over time
and in response to environmental exposures. Transgenerational, prospective life-course studies
with repeated follow-up, including multiple periods of biological sampling, are one way to explore
changes in the exposome that occur from preconception on throughout the life course. However,
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Figure 1
Framework for methodologies that integrate across individual studies to assess the exposome. Each square
represents a cohort at a specific life stage. Black arrows illustrate the potential bidirectional relationships
between measures of exposure assessment, -omics technologies, and health outcomes assessed within each
cohort. Integrating across the ages represented by the different life-stage cohorts will allow investigators to
explore the exposome across the life course.

they require lifetimes for completion and an extensive commitment of resources, even when build-
ing on existing studies. Additionally, relevant exposures may change during these expansive periods
of time. As an alternative, we recommend the development of methods that account for timing
of exposure within multiple critical and sensitive windows by merging across different cohorts
that have focused on shorter windows. This approach is being investigated by the EXPOsOMICS
research group (46). As shown in Figure 1, exposure is linked to health end points using advanced
exposure science technologies including -omics within each critical life stage, and then integrated
across life stages for a life-course view. These methods would require the ability to account for the
heterogeneity in study populations as well as the potential differences in exposure assessment and
the presence of coexposures. Developing these methods will require an investment of resources
and a commitment to increase data sharing and consortium building.

In addition to developing new epidemiologic study designs and approaches for the exposome,
the fields of exposure science and biostatistics will also need to develop approaches that can
account for the increased complexity of the exposome. New technologies such as sensors that
enable individualized measures of external exposure and advanced modeling techniques that
better estimate population-level exposures are two examples of the types of improvements
in exposure science that will benefit exposome research and minimize measurement error.
The Pediatric Research using Integrated Sensor Monitoring Systems (PRISMS; https://www.
nibib.nih.gov/research-funding/prisms) is a program to develop technologies such as smart
phone applications and wearable and home-based sensors to improve exposure assessment in
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studies of childhood asthma. It serves as a model of the types of initiatives that are needed for
other diseases and stages of life.

New statistical methods are needed specifically to handle the high-dimensional data that will
be produced by exposome studies. These methods need to accommodate the increased levels of
heterogeneity from combining data from potentially different study populations, as well as the
greater amount of uncertainty that arises from examining multiple exposures. However, these
methods must continue to account for confounding factors and provide interpretable estimates of
disease risk that can be used in risk assessment and health communication. Similarly, we will require
better data management tools and increased available storage for the products of exposome-related
research (27).

All these new tools and methodologies, whether they are exposure assessment techniques, bioas-
says, or new approaches to statistical modeling, need to be rigorously assessed in populations with
gender, racial, socioeconomic, and geographic diversity. Researchers have suggested that popu-
lations with greater susceptibility or higher levels of environmental exposures, such as migrants
and low socioeconomic groups, should be a priority for exposome research (41). The exposome
has great potential to improve our understanding of health disparities but only if measures and
methods are assessed and adapted for various health states in diverse populations. Doing so may
require additional outreach to communities that are typically underrepresented in epidemiologic
research to both improve recruitment into prospective studies and identify existing biospecimen
repositories that represent diverse populations.

Address the Multiple Sources and Types of Uncertainty Present
within Exposome Research

The multiple exposures and responses within exposome research can be measured by a variety
of methods, ranging from self-administered questionnaires to laboratory assays. Each approach
has its own potential for error or misclassification, which when considered in the context of the
exposome contributes to the overall uncertainty of the research study. Although uncertainty in the
characterization of the exposome should not stop progress, its implications on the obtained results
should be thoughtfully considered and reported by investigators. A growing body of empirical
research has focused on uncertainty and measurement error for single exposures in epidemiology
(7). However, it is not a straightforward process to translate this work to multiple exposures and
across the life course.

We caution against using exposome research to rule out exposures of interest, owing to the
potential for multiple sources of nondifferential error or misclassification. However, even when
exposure misclassification is hypothesized to be nondifferential, additional conditions need to be
met in order to conclude that the bias would be toward the null (20). Additionally, the potential
for false discovery can be heightened in the context of highly correlated exposures within the
exposome, particularly when these exposures are measured with different levels of error (51). As
discussed by Zidek et al. (51), simulation studies have illustrated that the association between
an outcome and a causal exposure with high measurement error can fail to be observed and in-
stead manifest as an association between the outcome and a highly correlated surrogate of the
causal exposure measured with less error. This situation is especially problematic when relying
solely on statistical significance to denote associations of interest. As a result, the roles of mea-
surement error and collinearity need to be considered when positive associations are observed in
exposome research. As in traditional epidemiologic studies, these findings need to be followed up
with additional targeted studies. In the long term, we encourage the development of statistical
methodologies that can combine measurement error across multiple sources within the exposome.
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Promote Data Sharing and Cross-Discipline Collaboration

To develop the methodologies needed to advance exposomic research, exposure scientists, statisti-
cians, and data scientists need access to epidemiologic data, particularly stored biological specimen
resources for diverse populations. The National Institutes of Health (NIH) has a long-standing
policy to promote data sharing among its intramural (29) and extramural research (28), although
there are obstacles and considerations, particularly when using data derived from human subjects.
In 2014, the Roundtable on Environmental Health Sciences of the National Academies of Sci-
ences, Engineering, and Medicine held a workshop on the principles of and obstacles to sharing
data from environmental research. As part of this work, researchers discussed ways to increase
data sharing, including conducting quality control prior to sharing, developing common language
and standards, and providing incentives to share beyond the minimal amount of data (34). Ef-
forts aimed at improving data sharing in the environmental health community would facilitate
the development of tools and methods needed to advance exposome research. In addition, epi-
demiologic researchers both within and external to the environmental health community need to
collaborate with researchers who are engaged in exposome methods development to ensure that
these approaches are consistent with core epidemiologic principles of study design and analysis.

Consider Causal Inference in the Context of the Exposome

Just as statistical approaches need to be adapted to accommodate unique aspects of the exposome,
the approach to causal inference may change with the increased complexity of the exposome. Epi-
demiology draws on the replication of results and/or the use of meta-analyses to create a consensus
out of individual observational research studies (43). The question arises about whether replica-
tion is possible if the exposome varies in composition across different populations. Additionally,
the exposome is composed of highly correlated exposures, both known and unknown. Within this
context, the causal agent and the avenues for intervention may not be clear. There are examples
in public health, such as the use of tobacco and exposure to diesel engine exhaust, where an in-
tervention aimed at prevention was implemented without isolating a single chemical responsible
for the adverse health effect (21, 35). However, it is possible that targeted studies of individual
chemicals/exposures, which incorporate knowledge of sources, toxicology, and other scientific
information, can inform public health in a way that might not be possible with the untargeted
approaches of the exposome.

As causal analysis methods applicable to observational research continue to advance, investiga-
tors incorporating the multiple exposure domains of the exposome will have both the data and the
tools for more comprehensive analysis and interpretation of findings from a causal perspective. For
example, mediation analyses, which can increase our understanding of the mechanistic path from
exposure to disease, will be greatly facilitated by having comprehensive data on exposures, includ-
ing those with and without biomarkers and associated biological responses for study populations.
We may be able to rely more on these investigations of mechanistic pathways to infer causality once
these diverse data are more widely available as the exposome research paradigm is implemented.

CONCLUSION

The goal of incorporating the exposome into epidemiologic research is to improve our ability to
uncover the environmental contributors to health and disease. The discovery science enabled by
the exposome presents a complement to the hypothesis-driven investigations of modern epidemi-
ology, and both are needed to move the field of environmental epidemiology forward. As discussed
in this review, many challenges have hindered the incorporation of the exposome on a larger scale
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within environmental health research. Infrastructure and coordinated support for the new tech-
nologies and approaches needed to measure multiple domains of the exposome within populations
have been limited. Characterizing the complexity of the exposome is a daunting task, and many
epidemiologists have not been trained to manage, store, or analyze the high-dimensional data that
result from exposome investigations. In addition, analytic methods that can account for the com-
plexity of multiple, highly correlated exposures measured at multiple time points have been limited.

Over the past ten years, however, the field has experienced some progression from initial discus-
sions of the paradigm to empirical examples of how the exposome could be implemented, including
proof-of-principle studies showing that environmental signals can be traced within the body (16).
Investigators have now initiated efforts, such as the HELIX (48) and JECS (23) studies, to design
epidemiologic research that capitalizes on new technologies and seeks to characterize the early-life
exposome and relate it to health end points. The infrastructure available to support these types of
studies has also expanded. To continue this progression and successfully conduct research within
the exposome paradigm, we need to adapt current methodologies and create new approaches to
handle the unique requirements of assessing the exposome. These include the high dimensional-
ity of data, the dynamic nature of exposure and response throughout the life course, the need for
greater and broader data sharing, and the demand for transdisciplinary research teams composed of
investigators with diverse skill sets. These recommendations are offered to encourage researchers
to embark on exposome research and to further develop the needed approaches and analytic meth-
ods in our collective efforts to promote the environmental health and well-being of all populations.
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