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Abstract

An individual’s health and conditions are associated with a complex interplay between the
individual’s genetics and his or her exposures to both internal and external environments. Much
attention has been placed on characterizing of the genome in the past; nevertheless, genetics

only account for about 10% of an individual’s health conditions, while the remaining appears to
be determined by environmental factors and gene-environment interactions. To comprehensively
understand the causes of diseases and prevent them, environmental exposures, especially the
external exposome, need to be systematically explored. However, the heterogeneity of the external
exposome data sources (e.g., same exposure variables using different nomenclature in different
data sources, or vice versa, two variables have the same or similar name but measure different
exposures in reality) increases the difficulty of analyzing and understanding the associations
between environmental exposures and health outcomes. To solve the issue, the development

of semantic standards using an ontology-driven approach is inevitable because ontologies can

(1) provide a unambiguous and consistent understanding of the variables in heterogeneous data
sources, and (2) explicitly express and model the context of the variables and relationships
between those variables. We conducted a review of existing ontology for the external exposome
and found only four relevant ontologies. Further, the four existing ontologies are limited: they

(1) often ignored the spatiotemporal characteristics of external exposome data, and (2) were
developed in isolation from other conceptual frameworks (e.g., the socioecological model and the
social determinants of health). Moving forward, the combination of multi-domain and multi-scale
data (i.e., genome, phenome and exposome at different granularity) and different conceptual
frameworks is the basis of health outcomes research in the future.
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1. Introduction

In 2005, the concept of the exposome was first proposed by Wild as “encompasses all
life-course environmental exposures from the prenatal period onwards, complementing

the genome.” (Wild, 2005) It was developed to draw attention to a more comprehensive
assessment of environmental exposures, although what they meant by environmental
exposure was not very clearly defined in the original paper. Later in 2008, Wild talked about
environmental exposures “/n a broader sense of all lifestyle, infections, radiation, natural and
man-made chemicals and occupational exposures’ that are not genetic driven (Wild, 2009).
In that sense, these environmental exposures not only refer to the external environment

we commonly discussed (e.g., urban—rural environment, climate, and environmental
pollutants), but also internal biologic markers of environmental exposures impacted by an
individual’s physiology and external environmental exposures such as metabolic factors and
inflammation.

In fact, an individual’s phenotypes related to their health and diseases are associated with the
complex interplay between the individual’s genetics and their exposures to both internal and
external environments (Weatherall, 1999; Raknes, 2018; The National Institute fo, 2020).
For different environmental factors, long-term vs. short-term exposures also matter on their
impact an individual’s health outcomes, especially for non-communicable diseases. For
example, when studying air pollution, short-term exposure to air pollution (i.e., particulate
matter 10-2.5, elemental carbon, nitrogen dioxide [NOZ2], nitrate, and O3) could increase the
risk of asthma exacerbation (Mann et al., 2010; Meng et al., 2010), while exposure to certain
air pollutants over a long period of time could increase the risk of heart attack, stroke, and
atrial fibrillation (DaneshYazdi et al., 2021). It is important to note that individuals’ health
determinants are the product of their individual history of exposures (especially those long-
term environmental exposures), superimposed on their underlying genetic susceptibilities
(Vineis et al., 2020). While much attention has been placed on the characterization of the
genome in the past, recent studies suggest that the contributions of environmental factors
may play an important role in determining individuals’ health outcomes (The National
Institute fo, 2020). For example, genetics has been found to account for only about 10% of
diseases, and the remaining causes appear to be determined by environmental factors and
gene-environment interactions. Further, a World Health Organization (WHO) report in 2016
estimated that 23% of all deaths and 26% of deaths among children under age 5 worldwide
were due to preventable environmental exposures such as indoor and outdoor air pollution,
cigarette smoking, and poor diet (World Health Organization, 2016). To comprehensively
understand the causes of diseases and prevent them, environmental exposures need to be
systematically explored.
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1.1. Defining the exposome

The totality of environmental exposures is diverse, dynamic, and may interact with each
other. To better study the exposome data, many frameworks have been proposed in the

last decade to model and categorize various environmental exposures. Based on a recent
scoping review of exposome studies (Haddad et al., 2019), the most commonly used
framework, proposed by Wild et al. (Wild, 2012) in 2012, categorizes the exposome into
three domains: (1) the internal exposome—exposures that impact the internal environment
of the body such as metabolic factors, hormones, and gut microbiota; (2) the general external
exposome—social, cultural and ecological contexts in which the person lives their life such
as urban-rural environment, traffic, climate factors, and social capital; and (3) the specific
external exposome—the specific external agents to which one is exposed such as specific
contaminants, poor diet, and lack of exercise. Nevertheless, Wild himself acknowledged
“the difficulty in placing a particular exposure in one domain or another; for example,

one can debate whether physical activity should be in the internal or specific external
domains.” (Wild, 2012) Such difficulty may have arisen from the non-specificity when one
describes certain exposures. For example, the exposure to education can either be a specific
external exposome factor (i.e., an individual’s own education history) or a general external
exposome factor (i.e., the education environment where an individual lives) depending on
how the exposure is measured. In fact, some recent studies (Oyana et al., 2015; Loh et

al., 2017) as well as the United States Centers for Disease Control and Prevention (CDC)
(The National Institute fo, 2020) categorized the exposome into only two domains: the
external exposome and the internal exposome, where the external exposome were studied
as a whole. Nevertheless, correctly and explicitly defining and representing each domain
of the exposome is essential, as it helps us systematically think and structure potential
environmental exposures, especially considering the multi-level and cross-domain nature
of these exposome factors from heterogenous data sources. Fig. 1 shows a conceptual
framework of the exposome integrating the definitions of Wild and CDC.

1.2. Opportunities and challenges: the blooming of exposome data and semantic

standards

In the past decade, the internal exposome has drawn significant attention, because
advancements such as the rise of “-omics” (e.g., transcriptomics, proteomics, and
metabolomics) for the development of biomarkers that have already taken place for

other purposes (e.g., the precision medicine initiative (White Hourse, 2015)), making
measurements of internal exposome factors (e.g., carcinogen metabolism and xenobiotics
(Vineis et al., 2017)) more feasible. Meanwhile, advances in technologies (e.g., remote
sensing and wearable devices) also allowed us to collect an increasing amount of external
exposome data, providing researchers great opportunities to explore the contributions of the
external exposome to health outcomes at both individual- and population-levels.

However, the increasing availability of exposome data also comes with challenges. First,
measures of environmental exposures usually come from heterogeneous data sources.
When accessing, sharing, integrating, managing, processing, reporting on, and interpreting
these exposome data, it requires significant effort to overcome unique data challenges,
especially the heterogeneous syntax, schema, and semantics of the data from different data
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domains and sources. Second, when studying health outcomes, it is essential to consider

the interplays between the individual/population and their environmental exposures and deal
with multi-domain, multi-level, and multi-scale data including the genome (e.g., genomics,
and transcriptomics), phenome (e.g., disease phenotype, behavior, and organismal traits),
and exposome (e.g., body morphology, environmental pollutants, and social capital), as well
as their interactions. To have a comprehensive view of outcomes and factors from these
different types of data, priority must be given to enabling integration and reuse of existing
data and lowering access barriers as first steps.

To tackle the data discovery, access, and integration barriers, data standards such as common
data elements (CDEs) and common data models (CDMs (National Library of Medic, 2020))
play an important role in increasing data interoperability. Nevertheless, although helpful in
addressing syntactical and schematic data heterogeneity, CDEs and CDMs are limited in
capturing the semantics of the data. On the other hand, biomedical ontologies are widely
used as artifacts to represent, manage, and share biomedical knowledge, and to support
downstream applications (Schulz and Jansen, 2013; Amith et al., 2018; Ochs et al., 2017).
Ontologies have also been widely used in computer systems for metadata representations to
facilitate semantic data integrations (SDIs), advancing beyond the traditional data integration
approaches that use CDEs and CDMs (Wache et al., 2001). For example, the use of
ontologies in the biomedical domain began with the development of Gene Ontology (GO).
The original goal of GO was to provide a set of structured vocabularies that can be used

to describe gene products in any organism (Gene Ontology Consortium., 2001). More
recently, GO has now been widely used to facilitate (1) data annotation and data integration,
and (2) sharing of biological knowledge (Blake and Bult, 2006). Another example is the
Human Phenotype Ontology (HPO) (Kohler et al., 2017), which was developed to provide
a standardized vocabulary of phenotypic abnormalities encountered in human diseases. The
HPO has now been widely used for (1) providing a standardized vocabulary for clinical
databases, (2) facilitating database searchers for clinical diagnostics, and (3) mapping

the phenotypes (rather than the genotypes provided in GO) between human and model
organism.

The definition of an ontology often varies depending on one’s viewpoint, however a
commonly accepted definition is that an ontology is a formal, computational representation
of a domain of knowledge based upon a controlled, standardized vocabulary for describing
entities and the semantic relationships between them. Another approach—that of ontological
realism—expands upon this definition to emphasize that the terms or classes in an ontology
shall represent entities truthfully and unambiguously according to the best available
scientific evidence (Smith and Ceusters, 2010). Regardless of the different modeling
approaches, the common features of an ontology make it an ideal tool to (1) establish

a shared, common understanding of the structure of information, (2) ensure that domain
assumptions are explicitly modeled, (3) be adaptive to knowledge changes, and (4) facilitate
domain knowledge/data management.

Summarized above, we first introduced the concept of “exposome” to better define and
model various environmental exposures. With the blooming of the exposome data, we
discussed the opportunities and challenges that came with it, especially those related to the
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heterogeneity of the exposome data sources, as well as a potential solution (i.e., semantic
standards via ontology) for solving those challenges. In the rest of the paper, we will discuss
the deficiency of existing efforts on unraveling the heterogeneous syntax, schema, and
semantics of the data from different exposome data domains and sources, and compare those
efforts with an ontology-based approach. We will then provide an in-depth discussion on the
challenges of developing ontologies for external exposome data and future research needs.

2. Existing works on unraveling exposome data

The booming of “-omics” studies came with advances in the development of data

standards, including semantic standards, for management and interoperability across studies
and systems. The semantic standards, more specifically, benefited internal exposome
studies (e.g., Cell Ontology and Gene Ontology) as they established shared controlled
vocabularies and made internal exposome data not only understandable across human

users but also computable across computer programs. For example, the Gene Ontology
(GO) resource aims to “provide a computational representation of our current scientific
knowledge about the functions of genes (or, more properly, the protein and non-coding
RNA molecules produced by genes) from many different organisms, from humans to
bacteria.” (Ashburner et al., 2000) To achieve that goal, it is necessary for the GO to include
important representations for classes such as metabolites, hormones, oxidative stress, and
inflammation, which are also important for representing the internal exposome.

On the external exposome side, the rising awareness of environmental exposures’
importance has also led to the blooming collections of external exposome data (Martin
Sanchez et al., 2014). For example, in our prior work (Hu et al., 2020), we integrated
external exposome data from multiple well-validated sources (see Table 1), with over

5500 variables, and spatiotemporally linked them to Florida vital statistics birth records

in order to characterize pregnant women’ exposures to their surrounding environment during
pregnancy (i.e., climate, air pollution, greenness, walkability, food access, socioeconomics,
social capital, housing, and safety). As shown in Table 1, we summarize the characteristics
of the reliable and well-validated external exposome data and data sources, grouped into
three categories:

* Natural Environment

O Air toxicants data from the National Air Toxics Assessment (NATA) includes estimates
for 181 toxicants of the Clean Air Act (Logue et al., 2011).

O The meteorological data are available from the National Centers for Environmental
Prediction (NCEP) North American Regional Reanalysis (NARR) (North American Regio,
2005), which contains extensive meteorology information such as temperature, dew point
temperature, specific humidity, relative humidity, pressure, and wind speed.

O The data on fine particulate matter and ozone are available from the US Environmental
Protection Agency (EPA) and CDC’s National Environmental Public Health Tracking
Network (ir quality dat, 2014).
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¢ Built Environment

O Walk Score assess the walkable amenities using data from geographic information
systems (GIS) that are publicly available (Carr et al., 2010, 2011).

O Data on food access are available from the US Department of Agriculture (USDA)
Food Access Research Atlas and Food Environment Atlas (United States Department of
Agriculture, 2019).

O The normalized difference vegetation index (NDV1) is derived from the US

National Aeronautics and Space Administration (NASA)’s Moderate Resolution Imaging
Spectroradiometer (MODIS) on the Terra satellite, which has been validated as a measure of
neighborhood greenness and widely used in epidemiological studies (Rhew et al., 2011).

* Social Environment

O Census block group level socio-demographic status and housing information can be
obtained from the American Community Survey (ACS) 5-year estimates (Mather et al.,
2005). ACS is the premier source for detailed population and housing information in the

US, including a variety of sociodemographic and housing information, such as age, sex,
race/ethnicity, origins, disability, migration, education, employment, income and earnings,
insurance coverage, acculturation, marital status, poverty, and housing information including
count, financial characteristics, occupancy characteristics, and physical characteristics.

O Social capital data are available from the US Census Bureau Business Patterns (CBP)
(Rupasingha et al., 2006), which provides gold-standard economic data by industry. Using
the North American Industry Classification System (NACIS) codes, we can identify

the number of the establishments at the zip-code level for entities such as religious
organizations, civic and social associations, and business associations among others.

O County-level annual crime measures can be obtained from the Uniform Crime Reporting
(UCR) program (Lynch and Addington, 2007), which has the most reliable crime data in the
us.

O Vacant land is an important predictor of health and the gold-standard data can be obtained
from the US Department of Housing and Urban Development (HUD), which provides
quarterly information on address vacancies at the census tract level since 2005 (Garvin et al.,
2013).

Many efforts have been devoted to unraveling external exposome data. Using approaches
such as an exposome-wide association study (EXWAS), broadening the concept of
environment-wide association study (EWAS) (Hu et al., 2020, 2021; Zheng et al., 2020),
we can systematically and efficiently screen the associations between thousands of
environmental exposures and health outcomes. Compared with traditional studies which
only examine a small subset of environmental exposures, the exposome framework can
generate more timely findings as it eliminates the time-consuming process to conduct
separate studies on individual exposures. In addition, the agnostic exposome approach
leads to much better controls of potential confounding by co-exposures and is less likely
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to miss potential important predictors of the specific health outcomes. Many of previous
projects have implemented EXWAS to explore the external exposome data. For example, the
Health and Environment-wide Associations based on Large population Surveys (HEALS)
project aims to advance the EXWAS methodology and provide analytical tools in support
of European Union-wide environment and health assessments (Health and Environment-
wi, 2021). The HEALS project adopted Wild’s definition (Wild, 2005) for categorizing
external exposome data, but further developed a conceptual framework to provide an
overview of how individual- and population-level external exposome are (1) combined
using physiologically based pharmacokinetic models; and (2) linked with omics data to
obtain markers of exposure, dose, or health effect and to determine underlying mechanistic
pathways between environment and health (Turner et al., 2017).

The Human Early-Life Exposome (HELIX) (Vrijheid et al., 2014) project is another
example that aims to characterize children’s exposomes as they progress through early

life and explore of the relationships between the early life exposomes with omics markers
and health in childhood. The HELIX project plans to measure external environmental
exposures for food, water, air pollution, pesticides, noise, and ultraviolet radiation of up to
32,000 mother-child pairs and measure the growth, development, and health of the children,
including birth outcomes, postnatal growth and body mass index, asthma and lung function,
and neuro-development among others. Agnostic EXWAS approaches were used to study the
impact of the early-life exposome on child health. They also reused the definition from
Wild’s but further categorized the exposome into internal and external exposome. Similarly,
the Children’s Health Exposure Analysis Resource (CHEAR) program (Balshaw et al.,
2017), supported by the National Institute for Environmental Health Sciences (NIEHS),
aims to support the analysis of the exposome data through the harmonization of studies
enabled by a CHEAR ontology for children’s health, exposures and associated data, and
metadata standards. Established in 2019, the Human Health Exposure Analysis Resource
(HHEAR) program (McGuinness et al., 2019) succeed CHEAR and expanded to promote
using the “exposome” concept to characterize of the totality of human environmental
exposures.

Other projects such as EXPOsOMICS (Turner et al., 2018) have also aimed to develop
approaches to comprehensively integrate both external and internal exposomes at the
individual level. Different from EXWAS, EXPOsOMICS took a bottom-up approach that
starts with a set of exposures or environmental compartments to determine the pathways or
networks by which such exposures lead to disease (Vineis et al., 2017).

3. The needs for semantic standards of external exposome data

It is evident that there is a wealth of external exposome data currently available;
nevertheless, these are significantly different from internal exposome data: they are more
heterogenous in terms of spatial and temporal scales, formats, and data domains. Without a
clear mental model of these data and data sources, it is difficult for researchers to formulate
their research questions, especially when these heterogenous external exposome data need
to be integrated and explored together. Researchers who are interested in conducting an
external EXWAS needs to comprehensively and carefully examine these different external
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exposome data and data sources, being mindful of the different potential data integration
scenarios and asking themselves a number of questions: (1) what are the domains of the
measures of interest? (2) what are the spatial and temporal scales of the measures (3)

how can we establish the susceptible spatial (e.g., buffer vs. administrative boundary)? and
temporal windows (e.g., short-term vs. long-term) to these external exposome measures (4)
are there similar measures (e.g., monitored vs. modelled PM, 5)? from different sources? and
then decide on (5) which ones to use, (6) whether it make senses to combine these similar
measures to a “better’ (e.g., more reliable or representative) measure or (7) how to interpret
inconsistent results for similar measures from different sources; among many other practical
considerations that are needed.

To make conscious decisions when designing an external EXWAS, understanding the
heterogeneity of the external exposome across different data sources is critical and semantics
standards such as ontologies can facilitate the data integration efforts. With the help of
ontologies, researchers can have a consistent understanding of the variables in heterogenous
data sources. Further, the context of the variables and relationships between those variables
can be explicitly expressed and modeled. For example, if we want to study how the
interaction between an individual’s education level with the average education level of the
community he lives in - a well-known social determinants of health for disease prevention
(Berger et al., 2017) - would affect certain health behavior (e.g. cancer screening), we
would like to examine both the individual-level education statuses and the community-
level education attainment rates, linked by individuals’ residential addresses, in a single
statistical model. When integrating variables (e.g., “educatior’”) with different spatial

scales (e.g., individual’s educational attainment vs. the average educational attainment of
the community at a census tract level), besides providing a standardized definition for

the variable “education’, an ontology can ensure the contextual variables (e.g., “census
tract’) are also correctly defined and the relationships among them are unambiguously
modeled. For example, as shown in Fig. 2, the individual-level (OPMI_0000111) and
census tract-level (NCIT_C171590) educational attainments are connected through the
geographic region (GEO_000000372) that a person lives in, and the differences (i.e., level
of measures) are clearly modeled. In this way, our integration strategy will be focusing on
attaching a community educational attainment rate to each individual person based on the
census tract they live in. Having such models is crucial when integrating variables from
heterogeneous data sources because the context information (e.g., what is the spatial scale of
the educational attainment variable in the source data) will impact the integration strategies
and decisions.

4. Challenges in the development of ontologies for external exposome

data

Given the amount of time and effort required to develop and maintain an ontology and
the role that they play in enabling semantic interoperability, it is common practice to
reuse ontology classes whenever possible. To facilitate this, web repositories, like the
National Center for Biomedical Ontology (NCBO) BioPortal (Whetzel et al., 2011),
have been developed to support searching and viewing ontologies and their classes. We
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conducted a systematic search of BioPortal to identify existing ontologies related to

external environmental exposures. As shown in Fig. 3, we identified 882 ontologies in
BioPortal. During our screening process, we first developed a list of keywords based on the
external exposome variables and data sources listed in Table 1 (i.e., natural environment,

air toxicants, meteorology, built environment, vacant land, walkability, food access, food
environment, green space, social environment, socio-demographic, social capital, crime, safe
and hospital bed capacity). We excluded ontologies without keywords hit. We then screened
the scope of the ontologies and only included ontologies that focus on the exposome,
encompass external environmental exposures, and are actively maintained (e.g., at least a
yearly update).

We identified only 4 ontologies that met our inclusion criteria: the Environment Ontology
(ENVO), the Human Health Exposure Analysis Resource (HHEAR) ontology, the Child
Health Exposure Analysis Resource (CHEAR) ontology, and the Environment Conditions,
Treatments, and Exposures Ontology (ECTO). In 2016, Pier et al. proposed ENVO
(Buttigieg et al., 2013, 2016) to “promote standardization and interoperability of diverse data
sets through the concise, controlled description of environment types across several levels of
granularity.” However, as the stated domain of the ontology is not environmental exposures,
the development of ENVO is not based on the established exposome framework (Wild,

2005, 2012), where the exposome framework can help ontology developers to structurally
and systematically think of all potential external exposures that is important to facilitate

the annotation and integration of external exposome data. As such, the coverage of the

terms related to external exposome is limited. For example, terms related to the social
environment are missing from ENVO. Therefore, when integrating external exposome data
containing social environment variables (e.g., crime and safety), ENVO provides little to

no support, despite having extensive representation of the built and natural environments.
Further, many of the variables defined in ENVO lack the necessary granularity. For example,
ENVO reused the classes such as “air pollutior’ and “soil pollutior”” from the Chemical
Entities of Biological Interest (ChEBI) ontology (Degtyarenko et al., 2008), should have
further classified those classes into more granular types of pollutants (e. g., Nitrogen oxide
[NO] and Carbon dioxide [CO5]) to meet the needs of the exposome community.

In 2019, McGuinness et al. developed the HHEAR and CHEAR ontologies (Balshaw

et al., 2017; McGuinness et al., 2019), which aimed to promote the characterization

of the totality of environmental exposures adult humans and children. They followed

the exposome framework and both cover a wide range of environmental exposures
including chemical, physical, and biological stressors, as well as lifestyle and social
environments, from conception through adulthood. However, exposures relevant to the
natural environment (e.g., air toxicants and meteorology) and built environment (e.g.,
food environment and walkability) are still not well captured (listed in Table 1).
Additionally, CHEAR and HHEAR make poor use of the is-a hierarchy that lends to

the utility of representing hierarchically-structured knowledge in ontologies. For example,
the term “entity’ (S10:000000) is classified in both as a subclass of “ Sciencelndicator’
(ns2:Sciencelndicator), despite having the definition “Every thing [sic] is an entity.” Doing
so can not only lead to errors in reasoning (e.g., ‘ Cement Floor [HHEAR:00269] would
inherit the properties of * Sciencelndicator [ns2:Sciencelndicator]) and contradictions,

Environ Res. Author manuscript; available in PMC 2021 November 17.



1duosnuen Joyiny 1duosnuey Joyiny 1duosnuen Joyiny

1duosnuep Joyiny

Zhang et al.

Page 10

which creates confusion for human users. The latter is further compounded when the user
finds that there are two classes with the label of “entity’ (S10:000000 and BFO:0000001)
and a third with the label “ Entity’ (prov:Entity). Issues like these, along with a lack of
documentation or publication of the methods used in the development of both ontologies,
fail to address many of the concerns that have plagued efforts for enabling semantic
interoperability.

The fourth ontology we reviewed was the Environment Conditions, Treatments, and
Exposures Ontology (ECTO) (Environmental conditions, 2021). The stated goal of ECTO,
as an Open Biological and Biomedical Ontology (OBO) Foundry (Smith et al., 2007)
library ontology, is to represent exposures to experimental treatments and environmental
exposures. With nearly 12,000 classes—many of which are imported from ontologies such
as the GO (Ashburner et al., 2000), Food Ontology (FOODON) (Dooley et al., 2018),
ChEBI (Degtyarenko et al., 2008), and ENVO—it also contains extensive coverage of the
external environment. Nevertheless, despite having a wide coverage of different factors
belonging to the natural and built environments, there is no representation for exposure to
infectious agents. There are also aspects of the social environment that are not represented
in ECTO, such as level of education, access to education, exposure to crime, and access

to social capital. Something else worth noting is ECTO’s reuse of both OBO Foundry
library ontology classes and National Cancer Institute Thesaurus (NCIt) classes in defining
its classes for exposure events. Because both sets of classes belong to disjoint parts of

the ontology, object properties, like has-exposure-stimulus (RO:0002309), that relate an
exposure stimulus to the individual experiencing the exposure are limited or prohibited
from making use of Web Ontology Language (OWL) 2 object (W3Working Group., 2012)
property range restrictions.

Further, the Exposure Ontology (ExQ), is also an OBO Foundry library ontology that

was designed for the purpose of supporting the integration of exposure data (Mattingly

et al., 2012), but was excluded during our ontology screening process, because of its
insufficient coverage of external exposome and has not been actively maintained with
spotty updates. To that end, ExO contains 151 classes divided into five categories: “assay”’
(e.g., “biological marker’, “ model”, etc. that have no apparent relationships), “exposure
Stressor”’, “exposure receptor”, *“exposure event’ (as a subclass of “process™), and “exposure
outcome”. Unfortunately, given the expansive nature of the exposome, this small number of
classes suggests insufficient coverage of this domain (i.e., external exposome). Also, ExO
does not make use of a top-level ontology (e.g., Basic Formal Ontology [BFO] (Arp et al.,
2015), an implicit requirement for an OBO Foundry ontology), thus complicating efforts to
reuse ExO classes in other ontologies, and vice versa.

In short, there is a great need to develop or further expand these semantic standards and
ontologies to alleviate the heterogeneity across different data sources and facilitate data
integration efforts. Although there are several ontologies that offer wide coverages of the
natural, built, and social environments, there are noticeable gaps in each ontology we
reviewed.
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Further, external environmental exposures are closely related to spatiotemporal information
(e.g., “Ambient concentration of QUINOLINE, during the first two trimesters”, * Soil
Temperature at0 cm subsurface level, during the first trimester’, and “ Low food access
tract at 1 mile for urban areas and 10 miles for rural areas”). However, none of the

4 included ontologies above contain enough details to represent exposures with the
necessary spatiotemporal information. Future work thus should also focus on spatiotemporal
constraints to better represent external environmental exposures.

5. Ways forward — ontology-based standardization of external exposome

data

In this paper, we organized the definition of the exposome into two categories based

on the exposome framework and revealed that no existing ontology currently provides
comprehensive representations for the exposome data, especially for the external exposome.
To fill this gap, the community needs to (1) develop new ontological resources
systematically following the exposome framework to ensure the coverage of external
environmental exposures (2) reuse and integrate existing ontologies (e.g., ENVO and
ECTO); to ensure interoperability, and (3) create new classes to represent external
environmental exposures with finer granularity in order to better model the complexity of
the external exposome data, as well as many other best practice in ontology development for
environmental health sciences (Mattingly et al., 2016).

Nevertheless, there are also challenges in creating these new ontological resources. For
example, as shown in Fig. 1, the concept of “education’ can be either a specific or general
external exposome, depending on the perspective. As the integrated conceptual framework
of the exposome (Fig. 1) looks at the problem mainly from the data collection perspective,
when creating new classes (and categorizing the new exposures), other conceptual
frameworks (e.g., the level of measure in the traditional socioecological model sense) can
help determine the category of the exposome (e.g., individual level vs. community level
education measures).

Another important goal of a comprehensive external exposome ontology should be to
alleviate the semantic interoperability among the different types of data sources when
integrating genome, phenome, and exposome data. The external exposome framework
should not be considered in isolation from other conceptual frameworks (e.g., SDoH
(Healthy People 2020. Heal, 2010), NIMHD Research Framework (Research Fra, 2019),
and the socioecological model (Bronfenbrenner, 1977)). For example, the concept of SDoH
has significant overlaps with the general external exposome, which both focus on the wider
social, economic, and psychological influences on the individual. From a data perspective,
these conceptual frameworks can help us to expand the existing exposome framework (Fig.
1) to better represent the external exposome data. For example, in the NIMHD Research
Framework (i.e., an extension to the socioecological model), an individual is embedded
within the larger social system and constrained by the physical environment they live

in, within which health outcomes are influenced by exposures from different levels (i.e.,
individual, interpersonal, community, and societal) and domains (i.e., biological, behavioral,
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physical/built environment, sociocultural environment, and healthcare system). Considering
the external environmental exposures in the NIMHD framework is helpful for building
semantic standards for the external exposome, especially when the external exposome data
need to be integrated with phenome and genome data.

We believe that the combination of multi-domain and multi-scale data (i.e., genome,
phenome and exposome at different granularity) and different conceptual frameworks is
the basis of health outcomes research in the future. But only with ontology-based semantic
standards, these conceptual frameworks can guide researchers to structurally gain a clear
mental model of possible exposome factors, facilitate formulation/formalization of research
questions, and help identify data integration needs and strategies. Nevertheless, these
semantic standards need to have community agreement on the definition and categorization
of the classes so that they can be adopted and refined under a community effort.

In conclusion, to fully consider the external exposome data in health outcomes research,
we must first overcome the unique data challenges, especially the heterogeneous syntax,
schema, and semantics of the data coming from different data domains and sources. Our
recommendations are:

. Semantic standards for external exposome data should be established, and
ontology is the current state-of-the-art for developing such standards in
biological and biomedical sciences.

. We need (1) community (from environmental sciences to biomedical informatics
to ontology development) efforts to develop ontological resources, and (2)
standardized ontology evaluation methods and guidelines for quality assurance.

. When doing so, besides following the best practice in ontology development
(e.g., reuse and integrate existing ontologies), researchers need to create new
classes for external environmental exposures with finer granularity to increase
coverages of the external exposome ontologies.

. It is important to leverage the computational (i.e., make ontology understandable
to not just human but also computers) and reasoning power of the ontology for
categorizing, querying, and integrating large amounts of exposome data.

. Not only exposome data (and their metadata) could be standardized using
ontologies; it is also important to clearly document and standardize the data
collection and data management processes (potentially using ontologies) (Zhang
et al., 2020).

. Last but not least, to increase the semantic interpretability when integrating
external exposome data with other human health data-sets (e.g., genome and
phenome), conceptual frameworks need to be considered for building these
semantic standards.
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Fig. 1.

A%onceptual framework of the exposome.

*The exposure to Education can either be a specific external exposome (i.e., the
individual’s own education history) or general external exposome (i.e., the education
environment where the individual lives)
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The ontological representation for education attainment at the individual-level and census
tract-level. Note that the blue rectangular represents the class, the circle represents the

individual of the class, and the green rectangular represents the data values (literals). (For
interpretation of the references to colour in this figure legend, the reader is referred to the

Web version of this article.)
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Fig. 3.
The screening process of ontology designed for the external exposome.
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