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Preface

Over the last decade, advances in tools and technologies—sensor systems,
analytic methods, molecular technologies, computational tools, and bioinformat-
ics—have provided opportunities for improving the collection of exposure-
science information leading to the potential for better human health and ecosys-
tem protection. Recognizing the need for a prospective examination of exposure
science, the U.S. Environmental Protection Agency and the National Institute of
Environmental Health Sciences asked the National Research Council to perform
an independent study to develop a long-range vision and a strategy for imple-
menting the vision over the next 20 years.

In this report, the Committee on Human and Environmental Exposure Sci-
ence in the 21st Century presents a conceptual framework for exposure science
and a vision for advancing exposure science in the 21st century. The committee
describes scientific and technologic advances needed to support the vision and
concludes with a discussion of the elements needed to realize it, including re-
search and tool development, transagency coordination, education, and engage-
ment of a broader stakeholder community.

This report has been reviewed in draft form by persons chosen for their
diverse perspectives and technical expertise in accordance with procedures ap-
proved by the National Research Council Report Review Committee. The pur-
pose of the independent review is to provide candid and critical comments that
will assist the institution in making its published report as sound as possible and
to ensure that the report meets institutional standards of objectivity, evidence,
and responsiveness to the study charge. The review comments and draft manu-
script remain confidential to protect the integrity of the deliberative process. We
thank the following for their review of this report: Philip Landrigan, Mount Si-
nai School of Medicine; Jonathan Levy, Boston University School of Public
Health; Rachel Morello-Frosch, University of California, Berkeley; Michael
Newman, College of William & Mary; John Nuckols, JRN & Associates Envi-
ronmental Health Sciences; Sean Philpott, Union Graduate College; Stephen
Rappaport, University of California, Berkeley; Lawrence Reiter, U.S. Environ-
mental Protection Agency (retired); Joyce Tsuji, Exponent; Mark Utell, Univer-

ix
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sity of Rochester School of Medicine and Dentistry; Craig Williamson, Miam
University; Edward Zellers, University of Michigan.

Although the reviewers listed above have provided many constructive
comments and suggestions, they were not asked to endorse the conclusions or
recommendations, nor did they see the final draft of the report before its release.
The review of the report was overseen by the review coordinator, Joseph V.
Rodricks, ENVIRON, and the review monitor, Michael F. Goodchild, Univer-
sity of California, Santa Barbara. Appointed by the National Research Council,
they were responsible for making certain that an independent examination of the
report was carried out in accordance with institutional procedures and that all
review comments were carefully considered. Responsibility for the final content
of the report rests entirely with the committee and the institution.

The committee gratefully acknowledges the following for making presen-
tations to the committee: Steven Bradbury, Helen Dawson, Sumit Gangwal,
Elaine Cohen Hubal, Bryan Hubbell, Edward Ohanian, Lawrence Reiter (re-
tired), Rita Schoeny, and Linda Sheldon, U.S. Environmental Protection
Agency; Harry Cullings, Radiation Effects Research Foundation; Michael Del-
larco, National Institute of Child Health and Human Development; Otto Hén-
ninen and Matti Jantunen, Finland National Institute of Health and Welfare;
Aubrey Miller, National Institute of Environmental Health Sciences; Chris Por-
tier, Centers for Disease Control and Prevention; and Craig Postlewaite, U.S.
Department of Defense.

The committee is also grateful for the assistance of National Research
Council staff in preparing this report. Staff members who contributed to the effort
are Eileen Abt, project director; James Reisa, director, Board on Environmental
Studies and Toxicology; Keegan Sawyer, program officer; Keri Schaffer, research
associate; Norman Grossblatt, senior editor; Mirsada Karalic-Loncarevic, man-
ager, Technical Information Center; Radiah Rose, manager, editorial projects;
Orin Luke, senior program assistant; and Tamara Dawson, program associate.

We especially thank the members of the committee for their efforts
throughout the development of this report.

Kirk R. Smith, Chair

Paul J. Lioy, Vice Chair
Committee on Human and
Environmental Exposure
Science in the 21st Century
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Summary

We are exposed every day to agents that have the potential to affect our
health—through the personal products we use, the water we drink, the food we
eat, the soil and surfaces we touch, and the air we breathe. Exposure science
addresses the intensity and duration of contact of humans or other organisms
with those agents (defined as chemical, physical, or biologic stressors)' and their
fate in living systems. Exposure assessment, an application of this field of sci-
ence, has been instrumental in helping to forecast, prevent, and mitigate expo-
sures that lead to adverse human health or ecologic outcomes; to identify popu-
lations that have high exposures; to assess and manage human health and
ecosystem risks; and to protect vulnerable and susceptible populations.

Exposure science has applications in public health and ecosystem protec-
tion, and in commercial, military, and policy contexts. It is central to tracking
chemicals and other stressors that are introduced into global commerce and the
environment at increasing rates, often with little information on their hazard
potential. Exposure science is increasingly used in homeland security and in the
protection of deployed soldiers. Rapid detection of potentially harmful radiation
or hazardous chemicals is essential for protecting troops and the general public.
The ability to detect chemical contaminants in drinking water at low but
biologically relevant concentrations quickly can help to identify emerging health
threats, and monitoring of harmful algal blooms and airborne pollen can help to
identify health-relevant effects of a changing climate. With regard to policy and
regulatory decisions, exposure information is critical in budget-constrained
times for assessing the value of proposed public-health actions.

Exposure science has a long history, having evolved from such disciplines
as industrial hygiene, radiation protection, and environmental toxicology into a
theoretical and practical science that includes development of mathematical
models and other tools for examining how individuals and populations come
into contact with environmental stressors. Exposure science has played a
fundamental role in the development and application of many fields related to

'Examples include chemical (toluene), biologic (Mycobacterium tuberculosis), and
physical (noise) stressors.
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environmental health, including toxicology, epidemiology, and risk assessment.
For example, exposure information is critical in the design and interpretation of
toxicology studies and is needed in epidemiology studies to compare outcomes
in populations that have different exposure levels. Collection of better exposure
data can provide more precise information regarding risk estimates and lead to
improved public-health and ecosystem protection. For example, exposure
science can improve characterization of populationwide exposure distributions,
aggregate and cumulative exposures, and high-risk populations. Advancing and
promoting exposure science will allow it to have a more effective role in toxi-
cology, epidemiology, and risk assessment and to meet growing needs in
environmental regulation, urban and ecosystem planning, and disaster manage-
ment.

The committee identified emerging needs for exposure information. A
central example is the knowledge gap resulting from the introduction of thou-
sands of new chemicals into the market each year. Another example is the in-
creasing need to address health effects of low-level exposures to chemical, bio-
logic, and physical stressors over years or decades. Market demands also require
the identification and control of exposures resulting from the manufacture, dis-
tribution, and sale of products. Societal demands for exposure data arise from
the aspirations of individuals and communities—relying on an array of health,
safety, and sustainability information—for example, to maintain local environ-
ments, personal health, the health of workers, and the global environment.

Recently, a number of activities have highlighted new opportunities for
exposure science. For example, increasing collection and evaluation of bio-
marker data through the Centers for Disease Control and Prevention National
Health and Nutrition Examination Survey and other government efforts offer a
potential for improving the evaluation of source—exposure and exposure—disease
relationships. The development of the “exposome”, which conceptualizes that
the totality of environmental exposures (including such factors as diet, stress,
drug use, and infection) throughout a person’s life can be identified, offers an
intriguing direction for exposure science. And the publication of two recent Na-
tional Research Council reports—Toxicity Testing in the 21st Century: A Vision
and a Strategy (2007) and Science and Decisions: Advancing Risk Assessment
(2009)—have substantially advanced conceptual and experimental approaches
in companion fields of toxicology and risk assessment while presenting tremen-
dous opportunities for the growth and development of exposure science.

The above activities have been made possible largely by advances in tools
and technologies—sensor systems, analytic methods, molecular technologies,
computational tools, and bioinformatics—over the last decade, which are pro-
viding the potential for exposure data to be more accurate and more comprehen-
sive than was possible in the past. The scientific and technologic advances also
provide the potential for the development of an integrated systems approach to
exposure science that is more fully coordinated with other fields of environ-
mental health; can address scientific, regulatory, and societal challenges better;
can provide exposure information to a larger swath of the population; and can
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embrace both human health and ecosystem protection. The availability of the
massive quantities of individualized exposure data that will be generated might
create ethical challenges and raise issues of privacy protection.

Recognizing the challenges and the need for a prospective examination of
exposure science, the U.S. Environmental Protection Agency (EPA) and the
National Institute of Environmental Health Sciences (NIEHS) asked the Na-
tional Research Council to develop a long-range vision and a strategy for im-
plementing the vision over the next 20 years, including development of a unify-
ing conceptual framework for the advancement of exposure science.” In
response to the request, the National Research Council convened the Committee
on Human and Environmental Exposure Science in the 21st Century, which pre-
pared this report.

In this summary, the committee presents a roadmap of how technologic
innovations and strategic collaborations can move exposure science into the
future. It begins with a discussion of a new conceptual framework for exposure
science that is broadly applicable and relevant to all exposure media and routes,
reflecting the current and expected needs of the field. It then describes scientific
and technologic advances in exposure science. The committee next presents its
vision for advancing exposure science in the 21st century. Finally, it discusses
more broadly the elements needed to realize the vision, including research and
tool development, transagency coordination, education, and engagement of a
broad stakeholder community that includes government, industry, nongovern-
ment organizations, and communities.

CONCEPTUAL FRAMEWORK

Exposure science can be thought of most simply as the study of stressors,
receptors, and their contacts in the context of space and time. For example, eco-
systems are receptors for such stressors as mercury, which may cascade from the
ecosystem to populations to individuals in the ecosystem because of concentra-
tion and accumulation in the food web, which lead to exposure of humans and
other species. As the stressor (mercury in this case) is absorbed into the bodies
of organisms, it comes into contact with tissues and organs. It is important to
recognize that exposure science applies to any level of biologic organization—
ecologic, community, or individual—and, at the individual level, encompasses
external exposure (outside the person or organism), internal exposure (inside the
person or organism), and dose.

To illustrate the scope of exposure science and to embrace a broader view
of the role that it plays in human health and ecosystem protection, the committee
developed the conceptual framework shown in Figure S-1.

’Given the committee’s statement of task, it addressed primarily exposure-science
issues related to the U.S. and other developed countries.
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FIGURE S-1 Conceptual framework showing the core elements of exposure science as
related to humans and ecosystems.

Figure S-1 identifies and links the core elements of exposure science:
sources of stressors, environmental intensity’ (such as pollutant concentrations),
time—activity and behavior, contact of stressors and receptors, and outcomes of
the contact. The figure shows the role of upstream human and natural factors in
determining which stressors are mobilized and transported to key receptors.
(Examples of those factors are choosing whether to use natural gas or diesel
buses and choosing whether to pay more for gasoline and drive a car or to take a
bus—the choices influence the sources and can influence behavior.) The figure
indicates the role of the behavior of receptors and time in modifying contact,
depending on environmental intensities that influence exposure. Figure S-1 en-
capsulates both external and internal environments within the “exposure” box,
but indicates that exposure is measured at some boundary between source and
receptor. Dose is the amount of material that passes or otherwise has influence
across the boundary; comes into contact with the target system, organ, or cell;
and produces an outcome. For example, a dose in one tissue, such as the blood,
can serve as the exposure of another tissue that the blood perfuses.

SCIENTIFIC AND TECHNOLOGIC ADVANCES

Innovations in science and technology enable advances to be made in ex-
posure science. Numerous state-of-the-art methods and technologies measure
exposures, from external concentrations to personal exposures to internal expo-
sures. (Selected technologies considered in relation to the conceptual framework

3Intensity is the preferred term because some stressors, such as temperature excesses,
cannot be easily measured as concentrations.
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are included in Figure S-2.) For example, developments in geographic informa-
tion science and technologies are leading to rapid adoption of new information
from satellites via remote sensing and providing immediate access to data on
potential environmental threats. Improved information on physical activity and
locations of humans and other species obtained with global positioning systems
and related geolocation technologies is increasingly combined with cellular-
telephone technologies. Biologic monitoring and sensing increasingly offer the
potential to assess internal exposures. In addition, models and information-
management tools are needed to manage the massive quantities of data that will
be generated and to interpret the complex interactions among receptors and en-
vironmental stressors. The convergence of those scientific methods and tech-
nologies raises the possibility that in the near future integrated sensing systems
will facilitate individual-level exposure assessments in large populations of hu-
mans or other species. The various technologies are discussed below.

Tracking Sources, Concentrations, and Receptors with
Geographic Information Technologies

Geographic information technologies—remote sensing, global positioning
and related locational technologies, and geographic information systems
(GIS)—are motivating an emphasis on spatial information in exposure science.
They can be used to characterize sources and concentrations and can improve
understanding of stressors and receptors when used in concert with other meth-
ods and data.

e Remote sensing involves the capture, retrieval, analysis, and display of
information on subsurface, surface, and atmospheric conditions that is collected
by using satellite, aircraft, or other technologies. Remote sensing is an important
method for improving our capacity to assess human and ecologic exposures as it
provides global information on the earth’s surface, water, and atmosphere, and it
can provide exposure estimates in regions where available ground observation
systems are sparse. For example, data collected with remote sensing over
“Ground Zero” was used initially to assess the potential asbestos hazards related
to the dust that settled over lower Manhattan after the collapse of the World
Trade Center towers. Remote sensing of vegetation combined with GIS has been
used to assess potential exposure of wildlife to pesticides and metals.

o Global positioning system (GPS) and geolocation technologies—which
are now embedded into many cellular telephones, vehicle navigation systems,
and other instruments—provide a means of tracking the geographic position of a
person or other species. Geolocation technologies have been used extensively in
exposure-assessment studies, are important for providing accurate information
on the location of an individual or species in space and time, and offer precise
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FIGURE S-2 Selected scientific and technologic advances for measuring and monitoring
considered in relation to the conceptual framework shown in Figure S-1.

exposure estimates. When geolocation data (with information on air or water
quality) are used with activity measurements readily available through portable
accelerometers, additional information can be inferred about potential uptake of
stressors.

e @IS allows storage and integration of data from different sources (for
example, exposure information and health characteristics of populations) by
geographic location. It also provides quantitative information on the topologic
relationship between an exposure source and a receptor, which allows research-
ers to characterize proximity to roadways, factories, water bodies, and other land
uses. For example, GIS used with modeling data has provided information on
exposure exceedances of threatened and endangered species associated with
environmental contaminants. Web-based GIS increasingly serves as a tool for
educating and empowering communities to understand and manage environ-
mental exposures.

The increasing use of geographic information technologies (for example,
through cellular telephones, GPS, or Web-based systems), many of which are
operated by the private sector, raises important issues about privacy protection
and the use of the resulting data by exposure-science researchers for improving
public health.

Ubiquitous Sensing

Over the last 20 years, there have been substantial advances in personal
environmental-monitoring technologies. The advances have been made possible
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in part by cellular telephones, which are carried routinely by billions of people
throughout the world and may be equipped with motion, audio, visual, and loca-
tion sensors that can be manipulated with cellular or wireless networks. Pollu-
tion-monitoring devices can be integrated into the telephones (for example, for
measuring particulate matter and volatile organic chemicals). In this context,
cellular telephones, supporting software, and expanding networks (cellular and
WiFi) can be used to form “ubiquitous” sensing networks to collect personal
exposure information on millions of people and large ecosystems. People can
then act as “citizen—scientists”, collecting their own exposure data to inform
themselves about what they might be exposed to, and this can lead to more
comprehensive application of exposure-science tools for health and environ-
mental protection. However, validation of ubiquitous sensing networks to ensure
the accuracy and precision of the data collected is an important consideration.

Developing ubiquitous monitoring for personal exposure assessment will
depend on rapid advances in sensor technologies. Despite recent advances, per-
sonal sensors still have only modest capacity to obtain highly selective, multis-
tressor measurements. There is a need for a wearable sensor that is capable of
monitoring multiple analytes in real time. Such a device would allow more rapid
identification of “highly exposed” people to help to identify sources and means
of reducing exposures. Recent advances in nanoscience and in nanotechnology
offer an unprecedented opportunity to develop very small, integrated sensors
that can overcome current limitations.

With regard specifically to environmental exposure, advances in electronic
miniaturization of sensors and data management are motivating the development
of environmental sensor networks that can provide long-term real-time expo-
sure-monitoring data on our ecosystem. Much of the interest in network sensors
has been motivated by national-security concerns, including concerns about
monitoring drinking-water or air quality.

Biomonitoring for Assessing Internal Exposures

With advances in genomic techniques and informatics, exposure science is
moving from collection of external exposure information on a small number of
stressors, locations, times, and individuals to a more systematic assemblage of
internal exposures to multiple stressors in individuals in human populations and
multiple species in our environment.

The committee considered three broad topics in biomonitoring: measures
of internal exposure, biosignatures of exposure, and measurement of biochemi-
cal modifiers of internal exposure.

o Measures of internal exposure to stressors are closer to the target site of
action for biologic effects than are external measures of exposure and so im-
prove the correlation of exposure with effects. Analytic methods enable the de-
tection of low concentrations of multiple stressors. The measurement of thou-
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sands of small organic molecules in biologic samples with metabolomics is now
being applied to biomonitoring of chemicals in humans and in wildlife. Such
approaches are not limited to a chemical or class of chemicals selected in ad-
vance but rather provide broader, agnostic assessment that can identify expo-
sures and potentially improve surveillance and elucidate emerging stressors.
Proteomics and adductomics expand the types of internal measures of exposure
that can be analyzed, including the analysis of compounds in the blood that have
short half-lives, such as oxidants in cigarette smoke and acrylamide. Rapidly
evolving sensor platforms linked to physiologically based pharmacokinetic
(PBPK)* models are expected to enable field measurements of chemical samples
in blood, urine, or saliva from human and nonhuman populations and rapid in-
terpretation of the concentrations in the samples. However, inferring the sources
and routes of these internal exposures remains a research challenge.

o Biosignatures of exposure reflect the net biologic effect of internal ex-
posure to stressors that act on specific biologic pathways. For example, oxida-
tive modifications of DNA or protein can be used to represent the net internal
exposure to oxidants and antioxidants. Biosignatures provide better assessment
of exposure—disease correlations, but they are still limited in their ability to tar-
get reduction in any specific compound or source.

o Measurement of biochemical modifiers of internal exposure can be
used qualitatively to identify populations that are expected to have greater inter-
nal exposures to a given stressor (for example, because of differences in metabo-
lism or higher absorption) or quantitatively by inclusion in PBPK-
pharmacodynamic models used for exposure assessment and prediction of doses.
Transcriptomics, proteomics, and to a smaller extent metabolomics offer the
ability to measure the status of key biologic processes that affect the pharma-
cokinetics (that is the absorption, distribution, metabolism, or elimination) of
chemical stressors.

With regard to ecologic exposure assessment, the use of molecular tech-
niques as biomarkers to assess ecologic exposure to stressors is limited in that
most of these techniques cannot be linked quantitatively to the level of exposure
and are not highly selective. There is a need to develop rapid-response, quantita-
tive exposure-assessment tools that can provide useful information for exposure
assessment in ecologic risk assessments.

Models and Information-Management Tools

Models and information-management tools are critical for interpreting and
managing the quantities of data being generated with the expanding technolo-
gies. For example, satellite imaging and personal monitoring techniques are

*A mathematical modeling technique for predicting the absorption, distribution,
metabolism, and excretion of a compound in humans or other animal species.
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generating enormous quantities of spatiotemporal data and information on peo-
ple’s movements and activities, and biologic assays are capable of monitoring
millions of genetic variants, metabolites, or gene-expression or epigenetic
changes in thousands of subjects. The ability of models to provide a repository
for exposure information, to help in interpreting data and observations, and to
provide tools for predicting trends will continue to be a cornerstone of exposure
science.

Many types of models will continue to be important in exposure science—
for example, activity-based models for tracking the history of individuals or
populations and process-based models for tracking the movement of stressors
from source to receptor—but there is a growing need for structure—activity mod-
els that can classify chemicals with regard to exposure and potential health ef-
fects.

The key to the future of exposure models is how they incorporate the in-
creasing number of observations that are being collected. Although observations
alone are important, it is their analysis, through application of models, that elu-
cidates the value of the measurements. It is also important to quantify the uncer-
tainty in the exposure estimates provided by models. However, to fully address
environmental health concerns, exposure models need to be systematically inte-
grated into source to dose modeling systems.

Informatics encompasses tools for managing, exploring, and integrating
massive amounts of information from diverse sources and in widely different
formats. Informatics relies on model algorithms, databases and information sys-
tems, and Web technologies. Although it is highly developed in biology and
medicine, its application in exposure science is in its infancy; informatics offers
great promise for improving the linkages of exposure science to related envi-
ronmental-health fields.

A number of informatics efforts are under way. For example, ExpoCast
Database, developed as part of EPA’s Expocast program to advance the charac-
terization of exposure to address the new toxicity-testing paradigm, is designed
to house measurements from human exposure studies and to support standard-
ized reporting of observational exposure information. Recently, a pilot Envi-
ronment-Wide Association Study was conducted in which exposure—biomarker
and disease-status data were systematically interpreted in a manner analogous to
that in a Genome-Wide Association Study.’ In addition, the exposure field has
developed and designed an exposure ontology® to facilitate centralization and
integration of exposure data with data in other fields of environmental health,
including toxicology, epidemiology, and disease surveillance.

SGenome-Wide Association Studies are epidemiologic studies that examine the
associations between particular genetic variants and specific disease outcomes.

®0Ontologies, specifications of the terms and their logical relationships used in a
particular field, are used to improve search capabilities and allow mapping of
relationships among different databases and informatics systems.
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A VISION FOR EXPOSURE SCIENCE IN THE 21st CENTURY

New challenges and new scientific advances impel us to an expanded vi-
sion of exposure science. The vision is intended to move the field from its his-
torical origins—where it has typically addressed discrete exposures with a focus
on either external or internal environments and a focus on either effects of
sources or effects on biologic systems, one stressor at a time—to an integrated
approach that considers exposures from source to dose, on multiple levels of
integration (including time, space, and biologic scale), to multiple stressors, and
scaled from molecular systems to individuals, populations, and ecosystems.

The vision, the “eco-exposome”, is defined as the extension of exposure
science from the point of contact between stressor and receptor inward into the
organism and outward to the general environment, including the ecosphere.
Adoption and validation of the eco-exposome concept should lead to the devel-
opment of a universal exposure-tracking framework that allows the creation of
an exposure narrative, the prediction of biologically relevant human and ecolo-
gic exposures, and the generation of improved exposure information for making
informed decisions on human and ecosystem health protection. The vision is
premised on the scientific developments of the last decade.

To advance this broader vision, exposure science needs to deliver knowl-
edge that is effective, timely, and relevant to current and future environmental-
health challenges. To do so, exposure science needs to continue to build capacity
to

o Assess and mitigate exposures quickly in the face of emerging environ-
mental-health threats and natural and human-caused disasters. For example,
this requires expanding techniques for rapid measurement of single and multiple
stressors on diverse geographic, temporal, and biologic scales. That includes
developing more portable instruments and new techniques in biologic and envi-
ronmental monitoring to enable faster identification of chemical, biologic, and
physical stressors that are affecting humans or ecosystems.

o Predict and anticipate human and ecologic exposures related to exist-
ing and emerging threats. Development of models or modeling systems will
enable us to anticipate exposures and characterize exposures that had not been
previously considered. For example, predictive tools will enable development of
exposure information on thousands of chemicals that are now in widespread use
and enable informed safety assessments of existing and new applications for
them. In addition, strategic use of such diverse information as structural proper-
ties of chemicals, nontargeted environmental surveillance, biomonitoring, and
modeling tools are needed for identification and quantification of relevant expo-
sures that may pose a threat to ecosystems or human health.

o Customize solutions that are scaled to identified problems. As stated in
Science and Decisions: Advancing Risk Assessment (2009), the first step in a
risk assessment should involve defining the scope of the assessment in the con-
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text of the decision that needs to be made. Adaptive exposure assessments could
facilitate that approach by tailoring the level of detail to the problem that needs
to be addressed. Such an assessment may take various forms, including very
narrowly focused studies, assessments that evaluate exposures to multiple
stressors to facilitate cumulative risk assessment, or assessments that focus on
vulnerable or susceptible populations.

o FEngage stakeholders associated with the development, review, and use
of exposure-science information, including regulatory and health agencies and
groups that might be disproportionately affected by exposures—that is, engage
broader audiences in ways that contribute to problem formulation, monitoring
and data collection, access to data, and development of decision-making tools.
Ultimately, the scientific results derived from the research will empower indi-
viduals, communities, and agencies to prevent and reduce exposures and to ad-
dress environmental disparities.

For the committee’s vision to be realized in light of resource constraints,
priorities need to be set among research and resource needs that focus on the
problems or issues that are critically important for addressing human and ecolo-
gic health. For example, screening-level exposure information may be adequate
to address some questions, targeted data may be useful for others, and extensive
data may be required in some circumstances. Health-protective default assump-
tions can provide incentives for data generation and can allow timely decisions
despite inevitable data gaps.

REALIZING THE VISION

The demand for exposure information, coupled with the development of
tools and approaches for collecting and analyzing such data, has created an op-
portunity to transform exposure science to advance human and ecosystem
health. The transformation will require an investment of resources and a sub-
stantial shift in how exposure-science research is conducted and its results im-
plemented. In the near term exposure science needs to develop strategies to ex-
pand exposure information rapidly to improve our understanding of where,
when, and how exposures occur and their health significance. Data generated
and collected should be used to evaluate and improve models for use in generat-
ing hypotheses and developing policies. New exposure infrastructure (for exam-
ple, sensor networks, environmental monitoring, activity tracking, and data stor-
age and distribution systems) will help to identify the largest knowledge gaps
and reveal where gathering more exposure information would contribute the
most to reducing uncertainty.

For example, more exposure data needs to be collected to populate emerg-
ing exposure databases (for example EPA’s ExpoCast Database) and to develop
tools to systematically mine various sources of exposure information, so as to
bridge the gap between exposure science and other environmental-health disci-
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plines. New and improved surveillance systems can be designed to increase our
knowledge of environmental stressors and provide information for estimation
and characterization of exposures. Targeted exposure studies will be essential
for gathering detailed information on hot spots or places of highest potential
impact to vulnerable and susceptible populations. Surveillance programs to-
gether with targeted exposure-measurement programs will help build a predic-
tive exposure network that can address environmental-health questions.

Research Needs

To implement its vision, the committee identified research needs that call
for further development of existing and emerging methods and approaches, vali-
dation of methods and their enhancement for application on different scales and
in broader circumstances, and improved linkages to research in other sectors of
the environmental-health sciences. The research needs are organized into several
broad categories addressed below, and they are organized by priority within
each category on the basis of the time that will be required for their development
and implementation: short term denotes less than 5 years, intermediate term 5-
10 years, and long term 10-20 years.

Providing effective responses to immediate or short-term public-health or
ecologic risks requires research on observational methods, data manage-
ment, and models:

Short term

e Identify, improve, and test instruments that can provide real-time track-
ing of biologic, chemical, and physical stressors to monitor community and oc-
cupational exposures to multiple stressors during natural, accidental, or terrorist
events or during combat and acts of war.

e Explore, evaluate, and promote the types of targeted population-based
exposure studies that can provide information needed to infer the time course of
internal and external exposures to high-priority chemicals.

Intermediate term

e Develop informatics technologies (software and hardware) that can
transform exposure and environmental databases that address different levels of
integration (time scales, geographic scales, and population types) into formats
that can be easily and routinely linked with populationwide outcome databases
(for humans and ecosystems) and linked to source-to-dose modeling platforms
to facilitate rapid discovery of new hazards and to enhance preparedness and
timely response.
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o Identify, test, and deploy extant remote sensing, personal monitoring
techniques, and source to dose model-integration tools that can quantify multiple
routes of exposure (inhalation, ingestion, and dermal uptake) and obtain results
that can, for example, be integrated with emerging methods (such as —omics
technologies)’ for tracking internal exposures.

Long term

e Enhance tracking of human exposures to pathogens on the basis of a
holistic ecosystem perspective from source through receptor.

Supporting research on health and ecologic effects that addresses past, cur-
rent, and emerging outcomes:

Short term

e Coordinate research with human-health and ecologic-health scientists
to identify, collect, and evaluate data that capture internal and external markers
of exposure in a format that improves the analysis and modeling of exposure—
response relationships and links to high-throughput toxicity testing.

e Explore options for using data obtained on individuals and populations
through market-based and product-use research to improve exposure informa-
tion used in epidemiologic studies and in risk assessments.

Intermediate term

e Develop methods for addressing data and model uncertainty and evalu-
ate model performance to achieve parsimony in describing and predicting the
complex pathways that link sources and stressors to outcomes.

e Improve integration of information on human behavior and activities
for predicting, mitigating, and preventing adverse exposures.

Long term

o Adapt hybrid designs for field studies to combine individual-level and
group-level measurements for single and multiple routes of exposure to provide
exposure data of greater resolution in space and time.

Addressing demands for exposure information among communities, gov-
ernments, and industries with research that is focused, solution-based, and
responsive to a broad array of audiences:

"Technologies used to identify and quantify all members of particular cellular
constituents, for example, proteins (proteomics), metabolites (metabolomics), or lipids
(lipomics).
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Short term

e Develop methods to test consumer products and chemicals in premar-
keting controlled studies to identify stressors that have a high potential for expo-
sure combined with a potential for toxicity to humans or ecologic receptors.

e Develop and evaluate cost-effective, standardized, non-targeted, and
ubiquitous methods for obtaining exposure information to assess trends, dispari-
ties among populations (human and ecologic), geographic hot spots, cumulative
exposures, and predictors of vulnerability.

Intermediate term

e Apply adaptive environmental-management approaches to understand
the linkages between adverse exposures in humans and ecosystems better.

o Implement strategies to engage communities, particularly vulnerable or
hot-spot communities, in a collaborative process to identify, evaluate, and miti-
gate exposures.

Long term

e Expand research in ways to use exposure science to more effectively
regulate environmental risks in natural and human systems, including the built
environment.

Transagency Coordination

Exposure science is relevant to the mission of many federal agencies, and
transagency collaboration for exposure science in the 21st century would accel-
erate progress in and transform the field. Tox21—a collaboration among EPA,
the National Institutes of Health (NIH), and the Food and Drug Administra-
tion—that was established to leverage resources to advance the recommenda-
tions in the 2007 National Research Council report Toxicity Testing in the 21st
Century: A Vision and a Strategy serves as a relevant model. The present com-
mittee considers that the model used in establishing Tox21 could be extended to
exposure science and lead to the creation of Exposure21. Exposure21, in addi-
tion to engaging the stakeholders (government, industry, and nongovernment
organizations) involved in Tox21, would need to be extended to other federal
agencies—such as the U.S. Geological Survey, the Centers for Disease Control
and Prevention, the National Oceanic and Atmospheric Administration, the Na-
tional Science Foundation (NSF), and the National Aeronautics and Space Ad-
ministration—to promote greater access to and sharing of data and resources on
a broader scale. Including them would provide access to resources for transfor-
mative technology innovations, for example, in nanosensors.
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Enabling Resources

As the collaborative partnerships among agencies are expanded, there will
be opportunities to share research results, to demonstrate the value of exposure-
science research to other agencies and decision-makers, and to generate addi-
tional resources. The committee recommends that intramural and extramural
programs in EPA, NIEHS, the Department of Defense, and other agencies that
advance exposure-science research be supported as the value of the research and
the need for exposure information become more apparent.

Much of the human-based research in environmental-health sciences is
funded by NIH. However, none of the existing study sections that review grant
applications has substantial expertise in exposure science, and most study sec-
tions are organized around disease processes. In light of that and the role that an
understanding of environmental exposures can play in disease prevention, a re-
thinking of how NIH study sections are organized that incorporates a greater
focus on exposure science would allow a core group of experts to foster the ob-
jectives of exposure-science research. In addition, an increase in collaborations
between agencies should be explored; for example, collaborations between EPA,
NIEHS, and NSF could support integrative research between ecosystem and
human-health approaches in exposure science. However, many other agencies
engaged in exposure-science research could be included in the collaborations.

Because of the need to understand and prevent harmful exposures and
risks in our society, EPA and NIEHS need to be able to work with the academic
community to conduct exposure studies in all populations, particularly among
the most vulnerable (for example, the elderly, children, and the infirm), under
appropriate ethical guidelines.

The effective implementation of the committee’s vision will depend on
development and cultivation of scientists, engineers, and technical experts with
experience in multiple fields to educate the next generation of exposure scien-
tists and to provide opportunities for members of other fields to cross-train in the
techniques and models used to analyze and collect exposure data. Exposure sci-
entists will need the skills to collaborate closely with other fields of expertise,
including engineers, epidemiologists, molecular and system biologists, clini-
cians, statisticians, and social scientists. To achieve that, the committee consid-
ers that the following are needed:

e An increase in the number of academic predoctoral and postdoctoral
training programs in exposure science throughout the U.S. supported by training
grants. NIEHS currently funds one training grant in exposure science; additional
grants are needed.

e Short-term training and certification programs in exposure science for
midcareer scientists in related fields.
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e Development, by federal agencies that support human and environ-
mental exposure science, of educational programs to improve public understand-
ing of exposure-assessment research, including ethical considerations involved
in the research. The programs would need to engage members of the general
public, specialists in research oversight, and specific communities that are dis-
proportionately exposed to environmental stressors.

Participatory and Community-Based Research Programs

To engage broader audiences, including the public, the committee sug-
gests the development of more user-friendly and less expensive monitoring
equipment to allow trained people in communities to collect and upload their
own data in partnership with researchers. Such partnerships would improve the
value of the data collected and make more data available for purposes of prior-
ity-setting and informing policy. One approach might include implementing a
system of ubiquitous sensors (for example, through the use of cellular tele-
phones, GPS, or other technologies) in two American cities to evaluate the fea-
sibility of such systems to develop community-based exposure data that are reli-
able. Potential issues of privacy protection would need to be considered.

CONCLUDING REMARKS

Exposure information is crucial for predicting, preventing, and reducing
human health and ecosystem risks. Exposure science has historically been lim-
ited by the availability of methods, technologies, and resources, but recent ad-
vances present an unprecedented opportunity to develop more rapid, cost-
effective, and relevant exposure assessments. Research supported by such fed-
eral agencies as EPA and NIEHS has provided valuable partnership opportuni-
ties for building capacity to develop the technologies, resources, and educational
structure that will be needed to achieve the committee’s vision for exposure sci-
ence in the 21st century.

Copyright © National Academy of Sciences. All rights reserved.



Exposure Science in the 21st Century: A Vision and a Strategy

Introduction

BACKGROUND

Exposure science is essential for the protection of public health and the
environment. However, the challenges and opportunities for exposure science
are considerable. The ability to address them will influence advances in human
health and ecosystem protection. Exposure science also will play a role in deci-
sion-making in other arenas, including consumer-product safety, environmental
planning, climate-change mitigation, and energy development. This report pro-
vides a roadmap to navigate the future of exposure science to achieve greater
integration and maximize its utility in the environmental and occupational health
sciences, environmental-systems science, risk assessment, sustainability science,
and industrial ecology.

Exposure science addresses the contact of humans and other organisms
with chemical, physical, or biologic (CBP) stressors' (EPA 2003; EPA 2011b)
over space and time and the fate of these stressors within the ecosystem and
organisms—including humans. Although methods of assessment will depend on
the situation, exposure science has two primary goals: to understand how stress-
ors affect human and ecosystem health and to prevent or reduce contact with
harmful stressors or to promote contact with beneficial stressors to improve pub-
lic and ecosystem health. The impact of environmental stressors on human and
ecologic health is enormous.

For example, the World Health Organization estimates that 24-40% of
global disease burden (healthy life-years lost) can be attributed to environmental
factors (Smith et al. 1999; WHO 2004; Priiss-Ustiin and Corvalan 2006). How-
ever, it is not possible to be exact in such calculations, partly because what is
“environmental” is not defined consistently (see Box 1-1 for use of the term
environmental in this report). In a burden-of-disease context, environmental

'The Environmental Protection Agency defines a stressor as “any physical, chemical,
or biological entity that can induce an adverse response” (EPA 2011a).
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factors play a role in nearly all diseases, even ones that are not caused directly
by environmental risk factors, by altering the course of disease initiated by other
causes. In addition, if the total burden of disease is simply decomposed into “na-
ture” or “nurture”, it fails to account directly for the possibly large proportion
that could be due to the interplay between the two (gene—environment interac-
tions). Improving our understanding of environmental factors and their relation-
ships with disease is critical for preventing illness and death.

With respect to ecosystems, the 1999 National Research Council report
Our Common Journey: A Transition Toward Sustainability (NRC1999) reported
that the rising losses of wild nature, species number, species diversity, and eco-
system integrity were associated with exposures to environmental stressors, in-
cluding those related to urban and agricultural land conversion and climate
change.

Figure 1-1 illustrates the relationship of exposure to other key elements
along the environmental-health continuum from the source of a stressor to an
outcome. This figure has evolved from previous diagrams (for example, Smith
1988a; Lioy 1990; NRC 1998; EPA 2009a). For more than 20 years, this
framework has demonstrated the central role of exposure science in environ-
mental health science in that exposure sits midway between the sources of pollu-
tion (and other stressors) on the left—elements that typically can be con-
trolled—and adverse health outcomes on the right, which need to be prevented.
Exposure is strategically located upstream of dose and yet provides information
and metrics that inform source control and health risk.

BOX 1-1 Definition and Scope of Exposure Science

Exposure science is defined by this committee as the collection and
analysis of quantitative and qualitative information needed to understand the
nature of contact between receptors (such as people or ecosystems) and
physical, chemical, or biologic stressors. Exposure science strives to create a
narrative that captures the spatial and temporal dimensions of exposure
events with respect to acute and long-term effects on human populations and
ecosystems.

For the purposes of this report, the committee focuses on environmental
risk factors and excludes behavioral or lifestyle factors—such as diet, alcohol,
and smoking—although it includes contaminants in food, water, and environ-
mental tobacco smoke. It also excludes social risk factors (for example, crime
and child abuse) but does consider them as modifying influences on expo-
sures to stressors (Smith et al. 1999). The influence of social factors on envi-
ronmental exposures is an area of active research. Natural hazards (for ex-
ample, weather and arsenic contamination) are included here.

A central theme of this report is the interplay between the external and in-
ternal environments and the opportunity for exposure science to exploit novel
technologies for assessing biologically active internal exposures from external
sources.
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Receptor

Environmental
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Condition

FIGURE 1-1 The classic environmental-health continuum. Figure 1-2 illustrates the
revised version discussed in the present report. Source: Adapted from EPA 2009a.

There are many notable examples of the roles that exposure science can
play in protecting public health. Consider how measurements of childhood
blood lead concentrations since the 1970s reveal the dramatic efficacy of lead
removal from gasoline in reducing exposure to this neurotoxicant in children
(Muntner et al. 2005; Jones et al. 2009). Population-scale measurements of co-
tinine in urine document the reduction of exposure to second-hand tobacco
smoke that resulted from control of tobacco-smoking in the workplace and pub-
lic areas (EPA SAB 1992). Exposure modeling from the U.S. Environmental
Protection Agency’s (EPA) National-Scale Air Toxics Assessment program has
provided valuable information for communities on their exposure sources, con-
centrations, and risks and has helped to shed light on exposure disparities and
environmental-justice issues (for example, Pastor et al. 2005).

Exposure science has played a critical role in understanding the influence
of stressors on ecologic systems. For example, extensive exposure assessments
of polycyclic aromatic hydrocarbons (PAHs) have been linked to liver damage
in bottom-dwelling fish in Puget Sound, and field studies have demonstrated that
containment of PAH sources has led to declines in PAH concentrations and a
resulting decline in liver damage in fish (Myers et al. 2003).

Exposure science has applications in industrial, military, commercial, and
global contexts. It is central to tracking chemicals and other agents that are in-
troduced into global commerce at increasing rates, often with little information
on their hazard potential (GAO 2005). Increasingly, exposure science is used for
homeland security and the protection of deployed soldiers. Rapid detection of
potentially harmful radiation or toxic chemicals is essential for protecting troops
and the general public (IOM 2000). The ability to detect chemical contaminants
in drinking water at low, biologically relevant concentrations quickly can help to
identify emerging health threats, and monitoring of harmful algal blooms and
airborne pollen can help to identify health-relevant effects of a changing climate.

As described in more detail in Chapter 3, applications of exposure science
are critical for toxicology, epidemiology, risk assessment, and risk management.
For example, toxicology provides information about how different chemical
concentrations may affect public or ecologic health in laboratory studies or
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computer models, but the value of information is greatly increased when it is
combined with comprehensive and reliable exposure information. Similarly,
epidemiology requires exposure information to compare outcomes in popula-
tions that have different exposures. Collection of better exposure data can also
provide more precise information regarding alternative control or regulatory
measures and lead to more efficient and cost-effective protection of public and
ecologic health.

In addition to its applications to other fields, exposure science data can be
used independently to define trends, assess spatial or population variability, pro-
vide information on prevention and intervention, identify populations or ecosys-
tems that have disproportionate exposures, and evaluate regulatory effective-
ness.’

Exposure science is also poised to play a critical role in improving the
ability to understand and address increasingly important human health and eco-
logic challenges and to support the development of sustainable industrial, agri-
cultural, and energy technologies. Recognizing the need for a prospective ex-
amination of exposure science, EPA and the National Institute of Environmental
Health Sciences asked the National Research Council to develop a long-range
vision for exposure science and a strategy for implementing the vision over the
next 20 years (see Appendix B for statement of task). In response to this request,
the National Research Council convened the Committee on Human and Envi-
ronmental Exposure Science in the 21st Century. The committee—which com-
prised experts in monitoring, modeling, environmental transport and transforma-
tion, geographic information science and related technologies, measurement and
analytic techniques, risk assessment and risk management, epidemiology, occu-
pational health, risk communication, ethics, informatics, and ecologic services—
prepared this report.

DEFINING THE SCOPE OF EXPOSURE SCIENCE

Exposure science—sometimes defined as the study of the contact between
receptors (such as humans or ecosystems) and physical, chemical, or biologic
stressors—can be thought of most simply as the study of stressors, receptors,
and their contact, including the roles of space and time. For example, ecosys-
tems are receptors for such stressors as mercury, which may cascade from the
ecosystem to populations to individuals within the ecosystem because of con-
centration and accumulation in the food web, which leads to exposure of hu-
mans and other species. As the stressor (mercury in this case) is absorbed into

’In 2011, the International Society of Exposure Science and the Journal of Exposure
Science and Environmental Epidemiology published a compendium of digests (Graham
2011) that illustrate situations in which application of exposure science resulted in sub-
stantial health or policy benefits and situations in which lack of exposure information
resulted in adverse consequences.
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the bodies of individuals, it may come into contact with other receptors, such as
tissues and organs.

As the scientific communities generating and using exposure data have
evolved, so have the terms and definitions used to characterize exposures. Some
refer to dose (exposure dose, target dose, or external dose), others to exposure
(for example, external or internal exposure), and yet others to an amalgam (ex-
posure is external, dose is internal). A consistent language for the field of expo-
sure science is important for communicating within the field and among disci-
plines and for developing exposure-science metrics for source monitoring and
exposure prevention and reduction. The evolution of the field over the past 15
years has included a greater emphasis on the use of internal markers of exposure
to assist in defining exposure-response relationships. As such, the conceptual
basis of the field includes both external and internal exposures, using external
measurement and modeling methods and internal markers as tools for character-
izing past or current exposures. Appendix C provides more detailed discussion
on the application of this terminology.

To reflect the definition of exposure science and to embrace a broader
view of the role that exposure science plays in human-health and ecosystem-
health protection, the committee developed the conceptual framework in Figure
1-2.

The conceptual framework identifies and links the core elements of expo-
sure science: sources of stressors, environmental intensity (such as pollutant
concentrations®), time—activity and behavior, contact of stressors and receptors,
and outcomes of contact. Figure 1-2 shows the role of upstream human and
natural factors in determining which stressors are mobilized and transported to
key receptors. (Examples of factors include choosing to use natural gas vs diesel
buses, or choosing to pay more for gasoline to drive a car vs taking the bus,
where the choice influences the source and can also influence behavior.) It indi-
cates the role of behavior of receptors and time in modifying the contact that
results from environmental intensities that influence exposure. It brings both
external and internal environments within exposure but retains the idea that ex-
posure is measured at some boundary between the source and receptor and that
dose is the amount of material that passes or otherwise has influence across the
boundary to come into contact with the target system, organ, or cell and pro-
duces an outcome. For example, a dose in one tissue, such as the blood, can
serve as an exposure of another tissue that the blood perfuses. Figure 1-2 recog-
nizes the feedbacks inherent in exposure science. Consider, for example, how
behavior changes in a diseased person or organism and influences exposure. The
outcome can also affect the source, as when a person who has an environmen-
tally mediated infectious disease becomes a source of pathogens in water sup-
plies (Eisenberg et al. 2005).

3Intensity is the preferred term because some stressors, such as temperature excesses,
cannot be easily measured as concentrations.
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FIGURE 1-2 Core elements of exposure science.

Figure 1-3 frames an exposure narrative that plays out in space and time,
and is intended to elucidate the stressor-receptor linkages at different levels of
intergation. As a human (or fish, bird, or other organism) has changing contacts
with different habitats, the intensity of a stressor changes, as do the number and
duration of contacts. Here, exposure amounts to a multidimensional description
of the location, time, and intensity of the target—stressor contacts. The exposure
narrative covers relationships between receptors and locations and between loca-
tions and stressors; it provides a basis for drawing inferences about receptor—
outcome relationships. That often requires recognition that any receptor can be
associated with multiple environments (locations) and that locations can be as-
sociated with multiple stressors. Exposure science can be applied at any level of
biologic organization—ecologic, community, or individual—and, within the
individual, at the level of external exposure, internal exposure, or dose.

THE PAST MILLENNIA

To appreciate the vision for exposure science in the 21st century
(discussed in Chapter 2), it is important to understand its historical context.
Exposure science arose from such disciplines as industrial hygiene, radiation
protection, and environmental toxicology, in which the importance of assessing
exposure has been demonstrated. In one of the earliest efforts to address expo-
sure, the ancient Greek physician Hippocrates (about 400 BC) demonstrated in
his treatise Air, Water, and Places that the appearance of disease in human
populations is influenced by the quality of air, water, and food; the topography
of the land; and general living habits (Wasserstein 1982). In the 1500s, the
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physician and alchemist Paracelsus framed the widely cited toxicologic concept
that “dose makes the poison” (Binswanger and Smith 2000). Ramazzini, in his
1703 treatise Diseases of the Workers, identified workplace exposures to single
and multiple agents and the migration of contaminants into the community envi-
ronment as causing disease (Ramazzini 1703). Percivall Pott first demonstrated
the association between cancer and exposure to soot with his studies of scrotal
cancer in chimney sweeps (Pott 1775). John Snow’s study of water-use patterns
and their relation to disease in London allowed him to link a source of water
contamination to cholera (Snow 1885). The avoidance of potentially harmful
exposures through the separation of land use between human residences and
industrial facilities was proposed in the latter part of the 19th century (Howard
1898).

Use of exposure assessment in radiation health protection can be traced
back to roughly 1900 after the discovery of x rays. During the 1920s, Alice
Hamilton established the formal study of industrial medicine in the United
States. The metrics for and applications of exposure science to radiation protec-
tion have grown in sophistication and reliability over the last century (NRC
2006; ICRP 2007; EPA 2011c). Many of the basic principles for measuring,
monitoring, and modeling exposures to airborne contaminants, including the
earliest use of exposure biology, come from the field of industrial hygiene. The
publication of Silent Spring (Carson 1962) and its focus on the transfer and
magnification of persistent pollutants through food webs fostered the growth of
environmental toxicology and chemistry, which address chemical fate and trans-
port through multiple media and multiple pathways.

By the middle 1980s, exposure evaluations had evolved into an estab-
lished scientific discipline that moved beyond single routes, single chemicals,
and single pathways toward an understanding of “total” exposure. The 1991
National Research Council report Human Exposure Assessment for Airborne
Pollutants (NRC 1991a) laid the foundation for further development of the field
by defining the core principles of exposure assessment. Between 1980 and 1985,
the Total Exposure Assessment Methodology (TEAM) study was conducted to
assess personal exposures of 600 residents in seven US cities to chemical expo-
sures by one or more routes of entry into the body and to estimate the exposures
and body burdens of urban populations in several cities (EPA 1987). The TEAM
studies established a framework for examining total human exposure covering
multiple routes of entry into the body (Wallace 1987).

By promoting the concept that it is important to “measure where the peo-
ple are” (Wallace 1977), the TEAM studies revealed new source categories and
control options to reduce or prevent exposures. For example, application of the
concept resulted in increasing attention to exposures indoors, where people
spend a substantial portion of their lives (Smith 1988a). Globally, it pointed to
the importance of indoor pollution in rural areas of developing countries, where
a large portion of the world’s breathing is done but relatively little research or
monitoring was being conducted (Smith 1988b).
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Control measures revealed by a total-exposure framework include meas-
ures to increase the time that doors are closed between a house and its garage in
the United States and thereby reduce human exposure to tailpipe emissions in
the home, even though this has no effect on vehicle emissions or ambient con-
centrations in the garage. The exposure control included a simple spring on the
door to allow it to stay open a shorter time.

Two major advances that helped to establish the credibility of exposure
science as a discipline were the formation of the International Society of Expo-
sure Analysis in 1989 (now the International Society of Exposure Science) and
the publication of the Journal of Exposure Science and Environmental Epidemi-
ology in 1990.

A number of important milestones followed. In 1992, EPA published its
Guidelines for Exposure Assessment, which served as a companion to its toxi-
cology and risk-assessment guidelines. That was followed in 1993 by the initia-
tion of the National Human Exposure Assessment Survey (NHEXAS), which
evaluated human exposure to multiple chemicals on a community and regional
scale (EPA 2009b). NHEXAS monitored chemicals in blood and urine; incorpo-
rated environmental sampling of air, water, soil, and dust; and conducted per-
sonal monitoring of air, food, and beverages (NRC 1991b; EPA 2009b). It
brought attention to the role of the proximity of emissions as opposed to the
magnitude of emissions in determining overall exposure—low-level emissions
near human receptors, such as those from indoor environments, need to receive
at least as much attention as outdoor stack emissions (Sexton et al. 1995). In
1997, EPA’s Exposure Factors Handbook was published that presents data and
evaluation of allometric and behavioral factors that affect exposures. It became
an international resource for risk assessors who use these factors to estimate
exposures for various pathways.*

Over the last 20 years, exposure science has evolved as a theoretical and
practical science to include the development of mathematical models and other
tools for examining how individuals and populations come into contact with
environmental stressors of concern. For example, the discovery that airborne
lead from gasoline combustion is deposited on soil, is tracked into homes, and
enters children via hand-to-mouth activities greatly expanded the focus on mul-
tipathway exposure assessments and the development of exposure models that
are validated through biomonitoring. Ott and others introduced time-activity
models that were applied to air pollutants (Ott 1995). In the 1990s, exposure
models addressed multimedia and multipathway exposures, tracking pollutants
from multiple sources through air, water, soil, food, and indoor environments
(McKone and Daniels 1991).

4A 2011 version has been released (EPA 2011b).
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Borrowing from the concept of “dose commitment™ in radiation protec-

tion, researchers elaborated the concept of “exposure efficiency” in the 1980s
and 1990s (for example, Smith 1993). Early in the 21st century, the term intake
fraction was adopted to describe that concept (Bennett et al. 2002). It is defined
as the amount of material crossing the body’s barriers per unit emitted and thus
is dimensionless. For air pollution, population intake fraction is the amount in-
haled by the population divided by the amount emitted per unit activity or time.
It directly connects the source and environmental-intensity boxes in Figure 1-2
with the exposure box, effectively incorporating the pathways in between with-
out needing to specify them. A striking characteristic of intake fraction is that it
varies by orders of magnitude among standard source categories—for example,
in the case of air pollution, from 10 for such remote sources as power plants to
10 for urban outdoor sources, roughly 5 x 10™ for such indoor sources as un-
vented stoves, and 1.0 for active smoking. Not only does “dose make the poi-
son”, therefore, but because proximity makes the dose, ultimately “place makes
the poison” (NRC 2003). However, the biologically-relevant time and intensity
of contact with an agent for each route of exposure needs to be considered (Lioy
1999).

OPPORTUNITIES AND CHALLENGES: THE NEW MILLENNIUM

Since 2000, a number of activities have benefited from advances in expo-
sure science, and new challenges and opportunities have emerged. The Chil-
dren’s Health Act of 2000 authorized the establishment of the National Chil-
dren’s Study, a large-scale multiyear prospective study of children’s health and
exposures intended to identify and characterize environmental influences (in-
cluding physical, chemical, biologic, and psychosocial) on children from birth to
adulthood. The study is under way, after the completion of the Vanguard Center
pilot programs and the incorporation of new tools and approaches to streamline
data collection at the household level and to capitalize on existing data for con-
structing community exposure baselines (IOM 2008; Trasande et al. 2011).

The increasing collection and evaluation of biomarkers of exposure and
effect also is providing growing opportunities for exposure science. The Centers
for Disease Control and Prevention’s National Health and Nutrition Examina-
tion Survey (NHANES) published the first National Human Exposure Report in
2001, which used a subset of its subjects to assess the US population’s exposure
to environmental chemicals on the basis of biomonitoring data. The reports have
been updated with publications released in 2003, 2005, and 2009, and annual
reports are expected. The NHANES data provide a unique and growing potential

Dose commitment is the dose that will accumulate in an individual or population
over a given period (for example, 50 years) from releases of radioactivity from a given
source.
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for evaluating source—exposure and exposure—disease relationships in a national
population-based representative sample. California has started its own biomoni-
toring program (OEHHA 2007), and other states and cities are working on bio-
monitoring efforts (CDC 2010). The emerging biomonitoring data sets will al-
low improved tracking of exposures over time, space, and across populations for
an increasingly larger number of chemicals. This information will be essential
for evaluating the efficacy of exposure reduction policies, and for prioritizing
and assessing chemical risks.

A prime example of the benefits of improved methods of exposure as-
sessment is their use in environmental epidemiology, in which more accurate
estimates of the health effects of important stressors have been achieved by re-
ducing exposure misclassification, for example, in air pollution (Jerrett et al.
2005) and ionizing radiation (NRC 2006). There are many opportunities for con-
tinued improvements in this arena.

The Exposome

Rapid advances in methods
of sampling and analysis, ge-
nomics, systems biology, bioin-
formatics, and toxicology have
laid the groundwork for major
advances in the applications of
exposure science. One such development is the concept of the “exposome”,
which theoretically can capture the totality of environmental exposures (includ-
ing lifestyle factors, such as diet, stress, drug use, and infection) from the prena-
tal period on, using a combination of biomarkers, genomic technologies, and
informatics (Wild 2005; Rappaport and Smith 2010). Understanding how expo-
sures from occupation, environment, diet, lifestyle, and the like interact with
unique individual characteristics—such as genetics, physiology, and epigenetic
makeup resulting in disease—is the fundamental challenge implicit in the expo-
some. The exposome in concert with the human genome holds promise for elu-
cidating the etiology of chronic diseases (Rappaport and Smith 2010; Wild
2012).

The concept of the exposome offers an intriguing and promising direction
for exposure science that will continue to spur developments in the field, espe-
cially in biomarkers, data-sharing, and informatic approaches to large datasets.
By encompassing many biomarkers and stressors at once, exposome analysis
can be the source of important new hypotheses of relationships between internal
markers of stress and the external environment. Within the conception of expo-
sure science proposed here (see Figure 1-2), the committee, in Chapter 2, broad-
ens the exposome concept to the “eco-exposome”, that is the extension of expo-
sure science from the point of contact between stressor and receptor inward into
the organism and outward to the general environment, including the ecosphere.

The exposome is defined as the record
of all exposures both internal and exter-
nal that people receive throughout their
lifetime (Rappaport and Smith 2010).
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Links to Toxicology and Risk Assessment

In recent years, the National Research Council has released two ground-
breaking reports—7Toxicity Testing in the 21st Century (NRC 2007) and Science
and Decisions: Advancing Risk Assessment (NRC 2009)—that substantially
advance conceptual and experimental approaches in the companion fields of
toxicology and risk assessment. Those reports emphasize the importance of im-
proving the assessment of early biologic markers of effects, individual suscepti-
bility, life-stage and population vulnerability, and cumulative exposures and
risks. Toxicity Testing in the 21st Century laid the foundation for a paradigm
shift toward the use of new scientific tools to expand in vitro pathway-based
toxicity testing. A key component of that report is the generation and use of
population-based and individual human exposure data for interpreting test re-
sults and using toxicity biomarker data with exposure data for biomonitoring,
surveillance, and epidemiologic studies. The focus of the report on systems ap-
proaches to understanding human biology, coupled with information about sys-
tems-level perturbations resulting from human—environment interactions, is
critical for understanding biologically relevant exposures (Cohen Hubal 2009;
Farland 2010). By emphasizing early perturbations of biologic pathways that
can lead to disease, the report moved the focus of risk assessment along the ex-
posure—disease spectrum toward exposure, especially the role of prior and cur-
rent exposures in altering vulnerability of individuals and communities to addi-
tional environmental exposures. The resulting toxicology focus has essentially
been on early biomarkers of effects in the population. At the same time, such
concepts as the exposome have moved the focus of exposure science along the
exposure—disease spectrum toward the health-effects side, especially biologic
perturbations that correlate with exposure and are predictive of disease. The
“meeting in the middle” carries promise for closer connections in the fields of
exposure science and toxicology and for better linkages between exposure and
disease (Cohen Hubal et al. 2010).

Science and Decisions: Advancing Risk Assessment, which examined
ways to improve risk assessment, identified the need for better tools to address
exposures in cumulative risk assessments. Its themes include the need for more
and better exposure data for understanding dose—effect relationships, the need
for investment in biomarkers of exposure, the importance of understanding both
chemical and nonchemical stressors and their interactions, the need to use ap-
propriate defaults to account for individual susceptibility and population vulner-
ability when stressor-specific data are not available, and better characterization
of exposures in the context of cumulative risk assessment. The focus of Science
and Decisions: Advancing Risk Assessment on capturing vulnerability better, on
improving dose—response models, and on the observation that vulnerability
arises from both prior and concurrent exposures creates important opportunities
for exposure science.
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Use of Exposure Science

The potential benefits of exposure science have not yet been fully realized.
Among the important lags has been the slow incorporation of exposure science
into policy and regulation. For example, EPA has focused on control of radon in
drinking water whereas population radon exposure is actually dominated by
other unregulated sources (NRC 1994; EPA 2008). Another example is the poor
monitoring and control of indoor sources (for example, volatile organic com-
pounds) even though air-pollution exposures clearly are dominated by them, as
first definitively shown by the TEAM studies in the 1980s (Wallace 1991;
Myers and Maynard 2005). Finally, even though occupational settings still
dominate exposures to many important stressors in some populations, no effort
to integrate them into population exposure-reduction strategies is under way.
Political and economic barriers may help to explain those lapses, but they con-
stitute lost opportunities to protect more people at lower cost by using exposure
science (Smith 1995; Ott et al. 2007).

Integration of Human and Ecologic Exposure Science

There has been a gap been between the application of exposure science to
human health and its application to ecosystem health, which is due in part to the
lack of recognition of the connection between human and ecosystem health—in
reality, they are inextricably linked. The connection between human health and
ecosystem health is explored in the context of ecosystem services; as seen in
Figure 1-4, human welfare depends on ecosystem health.

A better integration of ecologic and human exposure science is critical be-
cause ecologic conditions strongly mediate exposures and their consequences
for humans and ecosystems. Not only do ecosystems contain multiple stressors
that can act synergistically but organisms’ environments are seldom optimal and
may heighten their sensitivity to stressors. As illustrated by the examples in Box
1-2, degradation of ecosystems due to human activities increases exposure to or
consequences of chemical and biologic stressors in both humans and ecosys-
tems. Elucidating relationships between exposure and key abiotic and biotic
ecologic factors is necessary if we are to understand risk.

ROADMAP

The present report builds on the concepts presented in the National Re-
search Council reports Toxicity Testing in the 21st Century and Science and De-
cisions: Advancing Risk Assessment to develop a framework for bringing expo-
sure science to a point where it fully complements toxicology and risk
assessment and can be used to protect human health and the environment better.
The committee also addresses a set of emerging needs, such as the need to
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FIGURE 1-4 Connections between ecosystem services and human well-being. The
framework of ecosystem services makes explicit the linkages between human and ecolo-
gic health. The strength of the linkages and the potential for mediation differ in different
ecosystems and regions. Adverse exposures can indirectly affect human health and well-
being by influencing a range of services provided by ecosystems. Source: Millenium
Ecosystem Assessment 2005. Reprinted with permission; copyright 2005, World Re-
sources Institute.

provide rapid assessment protocols and technologies to respond to natural and
human-caused disasters and the needs for community participation and envi-
ronmental justice. The report describes new technologies and opportunities to
make exposure science even more effective in its traditional roles of evaluating
environmental control measures, improving understanding of the link between
environmental stressors and disease, and designing more cost-effective ways to
reduce and prevent health risks. Finally, where possible, the committee offers
ideas for integrating the applications of exposure science to human health and
ecosystem health.

In Chapter 2, the committee presents a vision for exposure science. Chap-
ter 3 describes the opportunities and challenges for applying exposure science to
toxicology, epidemiology, and risk assessment and how exposure science can
play a more effective role in other fields, such as environmental regulation, ur-
ban planning, ecosystem management, and disaster management. Chapter 4 ad-
dresses emerging demands for exposure-science information. Chapter 5 identi-
fies scientific and technologic advances that are shaping the field and that
support the committee’s vision. Chapter 6 discusses promoting and sustaining
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public trust in exposure science including the management of personal and envi-
ronmental exposure data. Chapter 7 describes the path forward for exposure
science in the 21st century.’

BOX 1-2 lllustrations Demonstrating How the
Degradation of Ecosystems Due to Human Activities
Increases Exposures to Chemical and Biologic Stressors

Rising temperatures. Whether caused by shifts in climate or land uses (for ex-
ample, deforestation, reduced vegetative cover, and urban heat islands),
changes in temperature can directly prompt health-threatening exposures (for
example, extreme heat events) or indirectly influence exposure to other sub-
stances. In aquatic ecosystems, degraded riparian zones, loss of forest cover,
runoff from impervious surfaces, and discharges from industry can lead to rising
water temperatures and increased toxicity. Above-normal temperatures com-
promise function and integrity of aquatic ecosystems. In addition, high tempera-
tures can increase sensitivity of aquatic animals to heavy metals, including
cadmium (Lannig et al. 2006; Cherkasov et al. 2006, 2007), mercury (Slotsbo et
al. 2009), copper (Gupta et al.1981; Boeckman and Bidwell 2006; Khan et al.
2006), and lead (Khan et al. 2006). High temperatures also may amplify effects
of pesticides—such as diazinon (Osterauer and Kohler 2008), terbufos, and
trichlorfon (Brecken-Folse et al. 1994; Howe et al. 1994)—on fish.

Anthropogenic nutrient enrichment. Agricultural runoff and untreated sewage
effluent are two important causes of eutrophication, in which aquatic ecosys-
tems accumulate high concentrations of nutrients (for example, phosphates
and nitrates) that promote plant growth. Algal growth can become excessive
and sometimes lead to harmful algal blooms (Paerl 1997; Cloern 2001;
Anderson et al. 2002; Kemp et al. 2005) and anoxic (low-oxygen) conditions
that directly kill organisms and that can increase sensitivity to chemical
stressors. For example, low dissolved oxygen prompted higher mortality in
daphnids exposed to carbendazim (Ferreira et al. 2008), in crabs exposed to
copper (Depledge 1987), and in fish exposed to alkylphenols (Gupta et al.
1983).

Reduced access to water. Human-associated changes in hydrologic re-
gimes—including construction of dams and levees, depletion of groundwater
supplies, drainage of wetlands, and removal of vegetation— profoundly affect
water availability for humans and ecologic communities alike. Aside from the
direct effects on ecosystem goods and services related to water, these an-

(Continued)

SGiven its terms of reference, the committee addresses primarily exposure-science is-
sues related to the United States and other developed countries. In addition, the commit-
tee does not focus on uses of exposure principles in regulation and policy.
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BOX 1-2 Continued

thropogenic stressors can promote dehydration, which can increase concen-
tration of toxicants and thereby increase risk of damage. Chemicals also can
reduce drought tolerance of organisms by interfering with physiologic adapta-
tions, as has been demonstrated in earthworms exposed to copper (Holm-
strup 1997) and in springtails exposed to polyclic aromatic hydrocarbons
(Sjursen et al. 2001), lidane (Demon and Eijsackers 1985), and surfactants
(Holmstrup 1997; Skovlund et al. 2006). Diminishing access to safe water can
increase risk of some diseases as wildlife, livestock, and humans are brought
into closer contact.

Invasive species. Biotic invasion is one of the top drivers of biodiversity loss
and species endangerment. Invasive species can alter species interactions
and disrupt ecologic processes in ways that elicit serious ecologic, economic,
and health consequences. Even seemingly benign species can provoke un-
expected exposures. For example, a recent experiment suggested that Amur
honeysuckle (Lonicera maackii), a widespread invasive shrub in North Amer-
ica, increases human risk of exposure to ehrlichiosis, an emerging infectious
disease transmitted by ticks (Allan et al. 2010). The high risk would result
from a preference of a key tick and pathogen reservoir, white-tailed deer
(Odocaoileus virginianus), for areas of dense honeysuckle. In aquatic systems,
the invasive round goby (Neogobius melanostomus) is thought to facilitate
mobilization of contaminants in food webs and to increase exposure to hu-
mans because its persistence in contaminated environments draws predatory
fish, which also are popular game species, into polluted habitats (Marentette
et al. 2010).

Shifts in species composition. Because species differ in bioaccumulation ki-
netics, changes in the structure of animal communities can influence bioac-
cumulation and human exposure. Indeed, mercury accumulation rates differ
among bivalve species according to feeding strategies and assimilation effi-
ciencies (Cardoso et al. 2009). At the terrestrial-aquatic interface, spiders
had more of the highly bioavailable methylmercury than other invertebrates
(such as lepidopterans and orthopterans) and, therefore were thought to be
responsible for transporting aquatic mercury into terrestrial food webs (Cristol
et al. 2008). The presence of particular species can provide buffers to expo-
sure in some cases; for example, some algal blooms are known to reduce
uptake of methylmercury into freshwater food webs (Pickhardt et al. 2002).

Habitat degradation. Habitat degradation can facilitate transport of contami-
nants into aquatic systems, transmission of diseases by promoting high den-
sities of vectors, and increases in the sensitivity of animals to exposures.
Changes in food availability in degraded habitats also can affect nutritional
status in ways that can mediate toxicity (Holmstrup et al. 2010). Conse-
quences of habitat degradation can be surprising. For example, erosion of

(Continued)
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BOX 1-2 Continued

European saltmarshes dominated by cord grasses has resulted in massive
cadmium release from sediments in areas of cord-grass dieback (Hubner et
al. 2010); this shows how habitat degradation or sea-level rise, for example,
can increase exposure to heavy metals.

Emerging contaminants. A number of new compounds with novel chemistries
are rapidly expanding in commerce and are now appearing, or are expected
to occur, as widespread environmental contaminants. Important examples
include brominated and chlorinated organic compounds used as flame retar-
dants and a large and growing array of diverse organic and metal-based
nanomaterials (Lorber 2008; Stapleton et al. 2006, 2009; Wiesner et al.
2009). Little is known about human health or ecologic effects of most of these
materials. Similarly, little is known about fates and exposures; it is difficult to
measure most of them at environmentally relevant concentrations in media
and in organisms. The situation is particularly problematic with nanomaterials.
It is likely that as their abundance increases in the environment, they will con-
tribute to the sum of multiple stressors to which humans and ecosystems are
exposed. And their fates and effects will be influenced by the environmental
variables described above. It is timely for exposure science to be rapidly de-
veloping concomitantly with these new chemistries.

Greenhouse-gas emissions. Increased concentrations of atmospheric carbon
dioxide stimulate growth of poison ivy (Toxicodendron radicans) and causes
plants to produce a more allergenic form of urushiol (Mohan et al., 2006).
Anthropogenic changes in the atmosphere thus are expected to lead to more
abundant and more toxic poison ivy.
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A Vision for Exposure Science
in the 21st Century

Understanding the contact between a stressor and a receptor is at the heart
of exposure science—and the starting point for the committee’s expanded vision
for exposure science in the 21st century. Federal, state, and municipal agency
use of the concept of exposure to control environmental risks has contributed to
major improvements in environmental protection in the United States and else-
where. For example, the concept of exposure was instrumental in efforts to con-
trol secondhand tobacco smoke, a major source of exposure, but a minor con-
tributor to emissions or ambient air pollution where measurement and regulation
had focused previously.

New challenges and new scientific advances, documented in Chapters 4
and 5, impel us to an expanded vision of exposure science. Understanding ag-
gregate or cumulative exposures in their full environmental context will require
new approaches to exposure assessment—moving both inward and outward
from the core point of contact.

We modify the exposome concept described in Chapter 1 in this broader
vision of exposure science:

e Vision: exposure science extends from the point of contact between
stressor and receptor inward into the organism and outward to the general envi-
ronment, including the ecosphere.

We suggest the term “eco-exposome” to encapsulate the concept of this
expanded vision.

In light of the new concept, we foresee, among other developments, the
evolution of a universal exposure-tracking framework that allows the creation of

an exposure narrative and the prediction of virtually all biologically relevant
human and ecologic exposures with sensitivity, specificity, and wide coverage.
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To retain its value, the principal goal of exposure science must continue to be
the prevention and mitigation of adverse exposures to protect human and eco-
system health with a focus on the routes by which environmental stressors reach
humans and ecosystems.

Given that vision, exposure science can maintain and augment its rele-
vance to the everyday lives of citizens as they seek measures to protect their
health and the health of the ecosystems on which they depend. Exposure science
also will continue to contribute to understanding of exposures in numerous set-
tings—outdoors, indoors, and in the occupational environment—and of how
those exposures internalize in an organism.

Implicit in the eco-exposome concept is the recognition that humans live
in and are part of an ecosphere and that human exposures are intimately linked
to exposures flowing through ecosystems. Efforts to understand ecosystem ex-
posures will improve our knowledge of how exposures affect human populations
and individuals. Narrating the flow and pulse of exposures through the eco-
sphere, of which humans are part, also promotes a more thorough investigation
of the potential sources of exposure and how these sources can be controlled to
protect public and ecosystem health. Because the life courses of humans and
ecosystems are dynamic, the eco-exposome will have to evolve scientifically to
define what constitutes a biologically relevant exposure.

The committee’s vision is premised on scientific developments of the last
decade. Advances in local sensor systems, remote sensing, analytic methods,
molecular technologies, computational modeling systems, and bioinformatics
have provided opportunities to develop systems approaches that can be inte-
grated into exposure science. There is now an unprecedented opportunity to con-
sider exposures from source to dose, on multiple levels of integration within the
ecosphere (including time, space, and biologic scales), to multiple stressors, and
scaled from molecular systems to individuals, populations, and ecosystems.

Many of the scientific innovations have been in fields outside traditional
exposure science, and achieving the vision will require higher levels of transdis-
ciplinary and interagency cooperation than have occurred in the field of expo-
sure science in the past. In addition, collaborative approaches will be needed to
engage communities and stakeholders from problem formulation through data
collection to development of responsive solutions and to improve communica-
tion among and participation by stakeholders. Such engagement strategies in
field studies can lead to more comprehensive application of exposure-science
tools to health and environmental protection, including issues of environmental
justice.

In this report, the committee presents a roadmap of how technologic inno-
vations and strategic collaborations can advance exposure science in the 21st
century. The committee believes that exposure science needs to deliver knowl-
edge that is effective, timely, and relevant to current and future environmental-
health challenges. To do so, exposure science needs to continue to build capac-
1ty to
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e Assess and mitigate exposures quickly in the face of emerging envi-
ronmental-health threats and natural and human-caused disasters.

e Predict and anticipate human and ecologic exposures related to exist-
ing and emerging threats.

o Customize solutions that are scaled to identified problems.

o Engage stakeholders associated with the development, review, and
use of exposure-science information, including regulatory and health agencies
and groups that might be disproportionately affected by exposures.

The committee recognizes the complex interdependence of human and
ecologic systems and adopts an integrated definition of environmental health. In
the context of the vision statement, exposure science addresses chemical, physi-
cal, and biologic stressors and associated behavioral and societal factors that
affect human and ecologic health, including protection of vulnerable populations
and susceptible individuals.

The following sections elaborate on core elements of the vision. Later
chapters provide specific components of the roadmap for realizing the vision of
exposure science in the 21st century.

Assess and Mitigate

Assessing and mitigating exposures effectively require techniques for
rapid measurement of single and multiple stressors on diverse geographic, tem-
poral, and biologic scales and an enhanced infrastructure for rapid deployment
of resources to address imminent threats, such as the Deepwater Horizon oil
spill, Hurricane Katrina, and the tragedy of 9/11. In those three cases, there was
a need to evaluate the status of the environment and the exposure of populations
via a variety of pathways (such as air, water, soil, and food) while anticipating
potential health effects. In the immediate aftermath of Hurricane Katrina, for
example, there was an urgent need to evaluate drinking-water safety; a wide
array of potential microbiologic and chemical contaminants in sediment, soil,
and fish; and air-quality threats posed by mold, endotoxins, and other contami-
nants in indoor and outdoor environments. It is important that such assessments
be handled quickly and effectively to inform and protect first responders,
cleanup workers, and affected populations and to respond to stakeholder con-
cerns about the potential for short-term and long-term health effects.

The use of more portable instruments and new techniques in biologic and
environmental monitoring will enable faster identification of chemical, biologic,
or physical stressors that are affecting humans or ecosystems. Testing of stress-
ors of potential concern in targeted studies would allow rapid responses and
deployment of exposure-mitigation measures.
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Predict and Anticipate

Enhancing our predictive capabilities through the development of models
or modeling systems will enable us to anticipate exposures and characterize ex-
posures that had not been previously considered. For example, modeling will
improve our ability to reconstruct external exposures on the basis of the increas-
ing number of internal markers of exposures that are being collected. In addi-
tion, exposure models and controlled simulation studies will enable sustainable
innovation in developing benign nanomaterials and less toxic chemical alterna-
tives. Predictive tools will also allow us to develop exposure information on
thousands of chemicals that are now in widespread use and will enable informed
safety assessments of existing and new applications for these chemicals. Finally,
predictive tools will allow us to forecast, prevent, and mitigate the potential ef-
fects of major societal problems, such as climate change, security threats, and
urbanization. Innovative and expedient exposure-assessment approaches that
strategically use diverse information such as structural properties of chemicals,
nontargeted environmental surveillance, biomonitoring, and modeling and re-
lated data-integration tools are needed for the identification and quantification of
relevant exposures that may pose a threat to ecosystems or human health.

Using such tools, especially in parallel with pathway-based toxicity
screening, in the evaluation of new and emerging environmental stressors can
help to ensure that substances in the marketplace are safer. The tools are likely
to require broader access to data that now are commonly proprietary, including
manufacturing, import, sales, and use data and chemical properties. New data-
generation requirements also may be needed; for example, systematic toxicity
screening and screening-level exposure assessments would provide a more ro-
bust basis for modeling. Exposure-based predictive screening could identify and
predict introduction of chemicals that pose potentially serious environmental or
health concerns. For example, thoughtful application of predictive tools would
have prevented hasty promotion of methyl tertiary butyl ether as a replacement
for lead in gasoline, which resulted in widespread contamination of groundwa-
ter, or universal application of polybrominated diphenyl ethers as flame retar-
dants, which are now ubiquitous in trace amounts in human breast milk (Gold-
stein 2010; LaKind and Birnbaum 2010). Such prevention strategies could re-
duce the risk of disease in exposed populations, substantially reduce future
mitigation costs occasioned by widespread environmental contamination, and
encourage benign design and green-chemistry approaches to product develop-
ment and waste disposal. Given that it will take many years to develop compre-
hensive toxicologic assessments for chemicals in commerce, exposure monitor-
ing can help to ensure against unintended health and environmental conse-
quences.
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Customize Solutions

As stated in a 2009 National Research Council report (NRC 2009), the
first step in a risk assessment should involve defining the scope of the assess-
ment in the context of the decision that needs to be made. Adaptive exposure
assessments could facilitate that approach by tailoring the level of detail to the
problem that needs to be addressed. Such an assessment may take various forms,
including very narrowly focused studies, assessments that evaluate exposures to
multiple stressors to facilitate cumulative risk assessment, or assessments that
focus on vulnerable or susceptible populations. Health-protective default values
for exposure can be used in the absence of alternative information to expedite
decision-making and to encourage generation of more chemical-specific data
that are needed for risk assessment.

For example, a tiered approach that is customized according to expected
future land uses and standardized health-protective default assumptions is incor-
porated into EPA’s supplemental soil screening guidance (SSG) (EPA 2002).
The SSG is a tool used to standardize and speed the assessment and cleanup of
contaminated soil at sites on the National Priorities List (Superfund). The origi-
nal 1996 EPA SSG (EPA 1996) focused exclusively on residential land use and
did not incorporate alternative scenarios, such as future commercial or industrial
land use (which would require less thorough cleanup), risks to workers, dermal
exposure pathways, or inhalation from indoor vapor intrusion. The 2002 revi-
sions allowed greater customization of the solutions according to the populations
that would probably be exposed (for example, children and workers), anticipated
exposure pathways, and future use of the land. The SSG is designed to be used
only as a first-tier approach to evaluating a site, and more detailed and fully cus-
tomized exposure assessments should be done if the SSG indicates a potential
concern. This example illustrates that it is possible for agencies to develop stan-
dardized approaches to exposure assessment that can allow rapid assessment and
conservation of resources while incorporating an increasingly customized and
site-specific approach where needed.

Engage Stakeholders

Engaging broader audiences, including involving scientists in the concerns
and needs of the public, will make the field more responsive and can improve
problem formulation, monitoring and collection of data, access to data, and de-
velopment of decision-making tools. Ultimately, the scientific results derived
from the research will empower individuals, communities, and agencies in pre-
venting and reducing exposures and in addressing environmental disparities.
Engaging stakeholders will also mean moving beyond the science of inquiry to
the science of engagement and the science of application (Boyer 1996). (Addi-
tional discussion on engaging the community to respond to health concerns is
addressed in Chapter 6.)
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Exposure science has played and will continue to play an important role in
providing scientific data for use in assessing whether socially disadvantaged
groups suffer disproportionate adverse exposures. Disadvantaged groups often
have less access than other groups to beneficial or health-promoting exposures
(such as access to parks and green spaces), an important consideration for popu-
lation health (Sister et al. 2010; WHO 2010). And known interactions between
psychosocial stressors and environmental exposures need to be considered and
quantified for exposure science to be responsive (Shankardass et al. 2009).

Any effort to identify and quantify exposures in a way that fully addresses
environmental disparities and that is capable of capturing the complex interac-
tions between stressors in communities will need to use current measurement
strategies and deploy new tools in exposure science broadly. Widespread im-
plementation of biomonitoring of many chemicals in varied populations (on the
basis of internal markers of exposure) will be useful in identifying exposure
distributions and disparities. Key however is the need for exposure information
to be accessible to community members and for them to have input in decisions
involving exposure prevention or intervention. The committee maintains that it
will be critically important to use such approaches as coupling of biomonitoring
with collection of relevant environmental exposure data, source data, and health
data to allow interpretation of the implications of exposures to facilitate preven-
tion and intervention.

Participatory sensing techniques, which allow people to collect data on
their own activities and on their communities, can be enabled for specific pollut-
ants and exposure routes. However, people who are to be active in such pro-
grams need training, in both how to collect such data, and in its utility and limi-
tations. Additionally the results need to be quality-assured and validated by
trained professionals. For example, ubiquitous sensing technologies, such as
those of smart cellular telephones, can facilitate collection of data on time—
activity relationships that can provide information to support the need for meas-
urements of pollutant exposures in many poorly characterized microenviron-
ments. The development of user-friendly and less expensive monitoring equip-
ment can allow trained people in communities to collect and upload their own
data in partnership with researchers. Such partnerships would improve the value
of the data collected and make more data available when setting priorities for
exposure-control options. The collection and interpretation of such data raises
many scientific questions and underscores the efforts needed to validate meas-
urements and to determine how to integrate the information into models that
support effective stakeholder engagement and decision-making.

Enhancing Exposure Science
Human and ecologic systems are inextricably linked. As part of the eco-

system, humans affect and are affected by interactions with the other organisms
and nonliving components of the environment. At the most fundamental level,
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human health and well-being depend on the goods (for example, clean air and
water) and services (for example, groundwater recharge, carbon sequestration,
pollination, and seed dispersal) that are provided by ecosystems. Ecosystem
health protection will require an expansion of problem-solving approaches that
recognize that humans are an integral part of complex ecosystems that operate
on wide spatiotemporal scales and varying levels of biologic organization, with
consideration of exposures occurring both outside and inside exposed organ-
isms.

The better we understand the complex interactions and feedbacks among
the various human and nonhuman components of ecosystems, the better we will
understand the spatial and temporal variability in risk and magnitude of expo-
sure. Incorporating ecologic information into exposure assessments will allow us
to identify how ecosystems cause, buffer, or magnify exposures. By broadening
the view of receptors to include both ecologic and human receptors through the
eco-exposome concept, exposure science will be able to connect stressors to
changes in ecosystem function and in the ecologic goods and services on which
society depends. From an operational perspective, the first step toward that inte-
gration will occur during the problem-formulation stage, where the human—
ecology linkages can be articulated explicitly. In broadening their view of recep-
tors, researchers and regulators will consider not only human health outcomes
but, when it is feasible, ecosystem attributes and their interdependences.

Major challenges in exposure science, combined with the opportunities
presented by new technologies, suggest the need for a transformation in expo-
sure science. Strategic investments in this transformation are crucial for devel-
opment of health-protective strategies in the 21st century. The investments must
address strategies for research, education and training, and outreach for the de-
velopment of collaborative and responsive frameworks for implementing these
strategies in a resource-constrained environment. Moving forward with such a
vision will provide a strong scientific basis for policy decisions that are respon-
sive to a broad array of stakeholders.
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Applications of Exposure Science

INTRODUCTION

Exposure science plays a fundamental role in the development and appli-
cation of epidemiology, toxicology, and risk assessment. It provides critical in-
formation for protecting human and ecosystem health. Exposure science also has
the ability to play an effective role in other fields, including environmental regu-
lation, urban and ecosystem planning, and disaster management; in many cases
these are untapped opportunities. Exposure science links human and ecologic
behavior to environmental processes in such a way that the information gener-
ated can be used to mitigate or prevent future adverse exposures. This chapter
discusses current and future opportunities for and challenges to applying expo-
sure science to those fields and frames some of the needs for further develop-
ment of exposure science. Text boxes are intended to illustrate specific examples
of the role of exposure science.

EPIDEMIOLOGY

Exposure assessment is a major component of environmental epidemiol-
ogy; it is equal in importance to outcome assessment. Historically, the main fo-
cus of many environmental epidemiology studies has been on single chemical,
biologic, and physical stressors (for example, individual pesticides, air pollut-
ants, ionizing radiation, or water contaminants). But human populations are ex-
posed to a multitude of potentially hazardous stressors simultaneously, often
with highly correlated patterns of spatial and temporal variation, and are affected
by human activities and behaviors, so it is difficult to pinpoint the specific
stressor associated with a particular outcome. New high-throughput genomic
and biomonitoring technologies (discussed in Chapter 5) are providing for a
greater number of potential biomarkers that can be used to assess multiple expo-
sures simultaneously. In addition to chemical, biologic, or physical stressors,
epidemiologists may be concerned with psychosocial stressors that influence

50

Copyright © National Academy of Sciences. All rights reserved.



Exposure Science in the 21st Century: A Vision and a Strategy

Applications of Exposure Science

51

disease risks directly or modify a person’s susceptibility to the effects of other
agents (Shankardass et al. 2009). The direct effects of psychosocial risk factors
on health outcomes are beyond the scope of this report, but their role as modifi-
ers of exposures is within the committee’s charge. Figure 3-1 provides a general
schema for thinking about the components of exposure assessment in environ-
mental epidemiology. Each of the components shown in solid boxes represent

areas where exposure science can contribute, providing data on determinants of

people’s exposures (the intensity of the spatio-temporal exposure fields they are
moving through and their personal time/activity patterns in that field) and direct
measurements of individuals’ external exposures or internal doses, along with
relevant modifying factors. The hypothesized (but not directly observable) his-
tory of doses to the relevant target organs are then used by epidemiologists to

relate to the health outcomes.

Psychosocial
factors

E,XPOSU re ,’ Personal
spatio/temporal

> external
field (stressor) exposure

monitoring

Personal
exposure
(stressor/receptor
interaction)

Personal
time/activity
factors (receptor) 1

7" Internal

SN

Biomarkers
of exposure

Health
outcomes

Metabolic genes,
age, gender, other
modifying factors

Susceptibility genes
and other risk factors
(for example, age,
comorbidity conditions)

FIGURE 3-1 General schema of exposure assessment in environmental epidemiology.
Items in gray, related to health outcomes and their determinants other than environmental
exposures, are included to place exposure assessment in context but are outside the
charge of this committee. Boxes represent measurable quantities, and ovals denote hypo-
thetical intermediate variables that can be assessed only indirectly. Solid arrows denote
direct effects, and dashed arrows indicate modifying effects. For example, the oval
marked “personal exposure” represents the entire history of an individual’s true biologi-
cally-relevant exposure, which is not directly observable. The boxes labeled “personal
external exposure monitoring” and “biomarkers of exposure” represent the data that are

potentially observable.
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Traditional exposure assessment for epidemiology combines the use of
measurements and models to characterize the spatio-temporal field of environ-
mental concentrations of a stressor with individual data on interactions of recep-
tors (people) with their environment (for example, derived from questionnaires
on time—activity patterns) to estimate personal exposures. In some studies, direct
measurements of personal exposures (for example, film-badge measurements of
occupational radiation exposures) and novel methods of tracking individual ac-
tivities (for example, Global Positioning System (GPS) monitoring of locations
and accelerometers for physical activity rates and videotaping of activities) have
been used, either on an entire study population or on some sample for calibration
or validation of model predictions. The emerging field of molecular epidemiol-
ogy, based on the use of biomarkers of exposure (as well as of susceptibility or
early signs of disease), offers potentially transformative advances in exposure
science, particularly if combined with novel genomic, transcriptomic, me-
tabolomic, and other “—omic” technologies and bioinformatic tools for organiz-
ing and integrating the massive, often disparate, data sets (see Chapter 5). Box
3-1 illustrates some of the complexities of exposure assessment for the National
Children’s Study, with longitudinal measurements of a broad array of environ-
mental and personal (external and internal) exposures and health outcomes.

Historically, comprehensive measurement of environmental exposures has
not been possible, requiring statistical models to interpolate among relatively
sparse measurements. The models can be purely statistical, such as geostatistical
models for air pollution, or can be based on mathematical models for tracking
agents from sources through intake by receptors (see NCRP 2010a for a discus-
sion of the general principles of environmental dose reconstruction for radiation
exposures and NCRP 2008, 2010b for recommended approaches to uncertainty
analysis for external and internal exposures respectively). Box 3-2 provides an
example of environmental pathway analysis applied to evaluate radionuclide
exposures from the Hanford nuclear plant in Hanford, WA, and illustrates the
value of involving the affected communities in all stages of the planning of an
epidemiology project.

As novel sensing technologies, such as satellite imaging, become more
widely available and more accurate, the need for models will remain, but the
focus will shift from interpolation to exploitation of massive datasets. A key
function of models is not just to provide point estimates of individual exposures
but to quantify the uncertainty in exposure estimates, to understand measure-
ment error in health analyses.

Environmental exposures typically occur over extended periods of time at
varying intensities, requiring a shift in thinking from simple exposure-response
to exposure-time-response relationships (Thomas 1988). These can be quite
complex, involving modifying effects of age-at-exposure (for example, at par-
ticularly sensitive developmental stages), time-since-exposure, duration-of-
exposure, or other time-related factors. In addition, for most conditions, little is
known about whether short intense exposures have larger or smaller effects than
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BOX 3-1 Case Study of Exposure Assessment for
the National Children’s Study

The National Children’s Study (NCS) is a nationwide cohort study of
pregnancy outcomes and child development through the age of 21 years. The
study aims to investigate the separate and combined effects of environmental
exposures on pregnancy outcomes, child health and development, and ori-
gins of adult disease. Environmental exposures in the NCS are broadly de-
fined to include chemical, biologic, physical, psychosocial, and genomic fac-
tors. The study also aims to examine determinants of child, maternal, and
developmental health disparities, such as prenatal exposures, geography,
social status, race, ethnicity, neighborhood characteristics, and quality of so-
cial networks, and the impact of various disparities on health outcomes. The
current study has about 100 study locations, but the number, size, and selec-
tion process for these study locations may evolve (Hirschfeld et al. 2011).

A complex exposure assessment is planned, entailing a combination of
techniqgues—questionnaires on diet and product use; environmental sampling
of house dusts; and collection, storage, and assays of biologic specimens (for
example, blood, urine, saliva, hair, breast milk, and adipose tissue) (Barr et al.
2005; Needham et al. 2005). Depending on the particular agent, exposure
assessments will be conducted at various life stages, for example, in utero,
postnatal, and peripubertal (Bradman and Whyatt 2005; Wang et al. 2005;
Landrigan et al. 2006). In addition, data from national and state agencies are
being used to profile areas within a county and locations of the study partici-
pants (Lioy et al. 2009; Downs et al. 2010); a test case is being conducted in
Queens County, NY (Lioy et al. 2009). Sophisticated modeling will be needed
to combine the various data sources.

Given the size, scope, and complexity of the NCS, there have been chal-
lenges to identify exposure assessment approaches and methods that are
feasible, acceptable, and limited in both cost and participant burden. Valida-
tion sub-studies have been investigated (Strauss et al. 2010), extant data will
be relied on, and choices will have to be made about which chemicals to
measure in stored environmental or biologic samples (Ozkaynak et al. 2005;
Gilliland et al. 2005; NRC/IOM 2008).

The development of the exposure assessment component of the NCS
study highlights the challenges for exposure science to meet the demands for
exposure information across time scales for large populations.

In 2010, EPA, NIEHS, and the NCS organized a workshop to engage
scientists from the exposure, epidemiology, and health effects disciplines with
the goal of identifying the most promising and practical exposure metrics to
use in a study the size and scope of the NCS (Tulve et al. 2010). For the most
part, the workshop participants agreed that questionnaires and diaries provide
inadequate and unreliable exposure information; that more effective exposure
metrics are needed that will provide better information on exposures and their
inter- and intra-individual variabilities, and that high quality samples should be
collected (in particular in the perinatal period) and archived for future analyses
as new analytic methods are developed.
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BOX 3-2 Case Study of the Hanford Environmental
Dose-Reconstruction Project

As part of the Manhattan Project and continuing into the 1960s, all the
plutonium for the U.S. nuclear-weapons program was produced at the Han-
ford Nuclear Reservation in the southeastern part of Washington State. Dur-
ing the early years, considerable quantities of radionuclides were released
into the environment, notably iodine-131, which tends to accumulate in the
thyroid gland of exposed people and can lead to thyroid cancers and other
thyroid abnormalities. To address concerns of the downwind population, two
projects were launched by the Centers for Disease Control and Prevention:
the Hanford Environmental Dose Reconstruction (HEDR) Project and the
Hanford Thyroid Disease Study (HTDS). The latter was an epidemiologic co-
hort study that made use of dose estimates produced by the HEDR Project.
The HEDR Project is an important illustration of how exposure science in-
forms epidemiologic research.

The HEDR Project began by reviewing over 38,000 pages of environ-
mental-monitoring documents. Technical panels of experts in nuclear engi-
neering, radiation dosimetry, environmental transport, meteorology, hydrol-
ogy, statistics, and other fields developed an environmental-pathway model.
The model reconstructed the releases from the plant and modeled their
transport through air, soil, and water contamination; uptake by vegetation;
intake by dairy cows and goats; milk production and distribution and ingestion
by individual study participants and their mothers while pregnant; and ulti-
mately dose delivery to the thyroid gland. Some parts of the complex model
were informed by measurements, others by expert judgment; each step en-
tailed careful consideration of the relevant uncertainties. The entire model
was incarnated in a Monte Carlo computer program that yielded multiple re-
alizations of possible doses to each individual, with variability among the re-
alizations reflecting the uncertainties in the final dose assignments (Shipler et
al. 1996). Although much concern had been expressed about contamination
of the Columbia River, the analysis found the contribution to human expo-
sures by that pathway to be negligible. The distribution of final dose estimates
used by the HTDS had a range that was shown to provide adequate power to
test for dose—response relationships with various thyroid outcomes (Kopecky
et al. 2004). The null results for all types of thyroid abnormalities provided
evidence that most cases in the region were unlikely to be due to radioactive
releases from the Hanford plant (Kopecky et al. 2005), although this interpre-
tation remains somewhat controversial (Hoffman et al. 2007).

A major lesson yielded by the HEDR Project and HTDS was the impor-
tance of community involvement, particularly in light of a concurrent class
action lawsuit and suspicions that the U.S. Department of Energy (the owner
and operator of the site) was influencing the study. Public, state, and Ameri-
can Indian representation in the independent Technical Steering Panel (TSP)
that oversaw the project was viewed as essential from the beginning (Shipler
1995). The TSP adopted a commendable policy of openness in all aspects of

(Continued)
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BOX 3-2 Continued

the project, including definition of scope, budget, and priorities. The investiga-
tors commented that the open approach required more time and energy but
concluded that “if these issues and concerns are addressed early and if scop-
ing of the project with an advisory panel is completed before major work is
initiated, cost-effective planning and management can be achieved and ‘sci-
ence in a fishbowl’ can be successful” (Shipler 1995, p. 108).

long low-intensity exposures or other patterns of temporal variation. While such
issues are amenable to epidemiologic analysis, this is possible only if detailed
histories of exposure are available, requiring exposure scientists to develop
novel ways of reconstructing the entire history of past exposures or for monitor-
ing time-varying exposures prospectively for extended periods.

The “exposome” concept (see Chapter 1) may provide a framework for
representing a person’s lifetime of exposure to all potentially hazardous or bene-
ficial agents. Although the concept is generally interpreted as relating to the to-
tality of biologically-relevant exposures of either external or endogenous ori-
gins, the current enthusiasm is driven largely by the rapid advances of various
—omics technologies (reviewed in Chapter 5) that permit agnostic assessment of
a broad swath of internal biomarkers of exposure. For example, two recent pub-
lications illustrate its potential utility with “Environment-Wide Association
Studies (EWAS),” agnostic scans for associations using a panel of a few hun-
dred metabolite measurements (Box 3-3). These illustrations are analogous—
albeit on a smaller scale—to genome-wide association studies that test the asso-
ciation of a disease or trait with hundreds of thousands to millions of genetic
variants, but provide a “proof of concept” for an approach that could in principle
be extended to a much broader range of exposures, monitored longitudinally.
Novel approaches are needed to mine such data (Thomas 2010), together with
internal and external markers of exposure to improve assessment of exposure-
response relationships and, more importantly, to find ways to intervene before
an adverse outcome is observed in an individual or population. That is a long-
term goal that will require new approaches for conducting research, including
capitalizing on future advances in individualized medicine and understanding
the effects of changes in lifestyle and human behaviors.

Exposure assessment is usually constrained by cost or other feasibility
considerations. It is seldom possible to measure everything that one would like
to measure over the lifetime of an entire epidemiologic cohort. Hence, various
sub-study designs are needed to devise a cost-efficient method of exposure as-
sessment. That typically entails statistical modeling to combine the substudy
data with the main-study data (Breslow et al. 2009). The study-design challenge
involves trying to optimize the various tradeoffs—for example, between num
bers of subjects and locations and breadth and duration of measurements—to
yield the most precise estimates of the exposure—response relationship of inter-
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est. Key to the optimization challenge is the measurement-error distribution ex-
pected with alternative designs and the use of statistical methods for adjusting
for measurement errors (Carroll et al. 2006). Another type of hybrid design en-
tails combining individual and group measurements. For example, one might
correlate disease rates in large populations with estimates of the joint distribu-
tion of exposure, confounders, and modifiers obtained from sample surveys
within each population (Sheppard et al. 1996). Box 3-4 illustrates the value of
improved exposure estimates for epidemiologic studies.

The availability of various population-wide outcome databases—such as
databases of mortality, hospitalization, and cancer incidence—is unfortunately
not matched by population-wide exposure databases. The availability of a na-
tional dose registry for radiation workers in Canada, however, has made it pos-
sible to use record-linkage techniques to conduct large-scale studies of dose—
response relationships for cancer (Zablotska et al. 2004). Establishing such reg-
istries and extending them to include medical-radiation doses, perhaps in the
form of an electronic personal dose history, would be a boon for the field of
radiation epidemiology. Ultimately, it would be desirable to have some life-
course exposure registry for the entire population, or a periodic census of a large
sample of the population that would inquire about a broad spectrum of environ-
mental exposures for research purposes.

BOX 3-3 Environment-Wide Association Study (EWAS)

Patel et al. (2010) conducted an agnostic scan for associations of many
measurements of internal exposures with type 2 diabetes; this was similar in
spirit to Genome-Wide Association Studies (GWAS) that test the association
of a disease or trait with hundreds of thousands to millions of genetic variants.
Rather than using traditional methods of characterizing external exposures,
the investigators used the “exposome” concept to assess potentially biologi-
cally effective exposures with a panel of 266 metabolite measurements ob-
tained from the National Health and Nutrition Examination Survey of 503—
3,318 people. They found statistically significant associations (after adjusting
for multiple comparisons) with heptachlor epoxide (a pesticide derived me-
tabolite), vitamin y tocopherol, and some PCBs and found protective effects of
B carotenes. A similar EWAS (Patel and Butte 2010) looked at associations
with gene expression levels. Because it was not a longitudinal study, there is
the potential for “reverse causation” bias, a tendency for disease or its treat-
ment to affect biologic measurements rather than for the exposure to be a
cause of the disease. Cohort studies would avoid that difficulty by relating
biomarker measurements in unaffected people to their later onset of new dis-
ease. The Patel et al. study should be considered as a “proof of concept” for
an approach that shows great promise for application of far more extensive
panels of biomarkers from the various biobanks being assembled or already
in existence that have stored biologic specimens from hundreds of thousands
or millions of subjects with followup for disease incidence.
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BOX 3-4 Value of Improved Exposure Estimates for Epidemiologic Studies

Reducing exposure error is critical for epidemiologic investigations. Pre-
vious air-pollution health-effects studies have underlined the importance of
capturing spatial variability, particularly in urban areas (Logue et al. 2010; Bell
et al. 2011). Accurate assessment of human exposures to atmospheric pollu-
tion requires knowledge of the spatial distribution of pollutants over cities on
scales of 1-100 m (Chow et al. 2002). The improved resolution is expected
not only to reduce exposure-assessment error but generally to result in larger
health-effects estimates. For example, Jerrett et al. (2005) applied kriging
techniques to study the association between within-city PM2 s exposure gradi-
ents and mortality and found a substantially larger effect than previously re-
ported with the city-average exposures (Liu et al. 2009, p. 886). The Women’s
Health Initiative found a larger pollution effect on mortality when within-city
exposure estimates were used (Miller et al. 2007). Nevertheless, although it is
generally true that reductions in exposure measurement error can lead to
improvements in health-effect estimates, it is not always true, and it depends
on the specifics of the measurement error and the true exposure distributions
(Szpiro et al. 2011). (See discussion in Chapter 5.)

The goal of a truly population-based exposure registry may be less feasi-
ble in the United States than in countries that have national health systems and
population registries, at least in the foreseeable future. However, health-
maintenance organizations (HMOs) may provide unique opportunities to build
large-scale databases that, when combined with biomarkers of exposure assayed
from routinely collected biospecimens and systematically collected exposure
information (from clinic visits or questionnaires), could form the basis of long-
term cohort studies. Outcome data reflecting clinic visits, hospitalizations, diag-
noses, medication prescriptions, and mortality would be routinely available
through followup data collection. Although not strictly random, the coverage of
the larger HMOs is extensive enough to represent a broad spectrum of the popu-
lation. Exposure science could also take advantage of data obtained on individu-
als and populations through market-based and product-use research to improve
questions on exposures in epidemiologic studies.

TOXICOLOGY

Toxicology, whether focused on mechanisms or hazards, has historically
been conducted outside the context of actual human exposures. Two major haz-
ard evaluation programs, the U.S. Environmental Protection Agency (EPA)
ToxCast and the National Institute of Environmental Health Sciences National
Toxicology Program select chemicals and other materials (such as nanomateri-
als) for evaluation and use exposure as one qualitative selection criterion (Dix et
al. 2007). But exposure context is for more than selection of chemicals for test-
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ing. The biology of systems perturbed by exposures to stressors is highly sensi-
tive to the magnitude of exposure (Slikker et al. 2004; Andersen et al. 2010).
Mechanistic studies and hazard assessments conducted at concentrations that far
exceed actual human exposures may produce results that are misleading because
the observed effects are not likely to occur at lower doses or because low-dose
effects may be masked by more overt toxicity at high doses. The availability of
more exposure data could guide dose concentrations in toxicity studies.

The interdependence of toxicology and exposure science is recognized in
these two communities, but exposure science is typically underemphasized as a
principle in toxicology. The committee responsible for Toxicity Testing in the
21st Century: A Vision and A Strategy (NRC 2007) recognized the need for bet-
ter integration and use of exposure science in toxicity assessment and called for
its greater use in each step of the vision. The report spurred the rapid develop-
ment of toxicity testing, in particular in in vitro, high-throughput methods, but
its use of exposure science has seen little growth over the same period. That is
unfortunate in light of the fundamental interdependence of the two fields, in-
cluding the importance of exposure information in the design and interpretation
of toxicity testing (Cohen Hubal et al. 2010; 2011). In place of current practice,
the present committee envisions a shift toward a toxicologic assessment program
that has an interface with exposure science and is influenced by and responsive
to human and environmental exposure data. Such a program would strengthen
the current toxicology-driven paradigm by focusing on the four activities de-
scribed below.

o Select and set priorities among chemicals for toxicity testing. As EPA
implements the recommendations of the 2007 National Research Council report,
exposure science will become even more important for priority-setting (Cohen
Hubal et al. 2010). As described in Chapter 2, that report envisioned a process
for screening chemicals in commerce for hazard potential with rapid toxicity-
pathway screens informed by and with priorities set through screening-level
exposure assessments. The EPA ToxCast program is one example of such an
implementation effort. In addition, efforts to reform the Toxic Substances Con-
trol Act (TSCA) will probably rely on priority-setting strategies that consider
both exposure and toxicity potential. For those reasons, the present committee’s
vision of enhancing the publicly available information on chemicals in com-
merce, improving screening for chemicals in the environment and in people (via
biomonitoring and microsensor networks), and improving exposure modeling
will form a solid foundation for priority-setting in relation to toxicity-pathway
screening studies.

o Provide internal and external exposure information to inform selection
of relevant concentrations of stressors for high-throughput toxicity testing. Ex-
posure science needs to develop strategies to provide the information required to
enable testing of stressors in animals. However, statistical-power considerations
may make it infeasible or inadvisable to use only environmentally relevant doses
in whole-animal studies. Newer in vitro toxicity-pathway studies can be con-
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ducted at a wide range of doses, and these studies can be informed by exposure-
related information, especially as it relates to internal dose. Reaching that goal
will require a shift in exposure science toward collection of internal measures of
exposure, as discussed in Chapter 5.

o Provide quantitative pharmacokinetic data (on absorption, distribution,
metabolism, and excretion) derived from human-exposure studies. Targeted ex-
posure studies need to include collection of exposure information to allow infer-
ence about human pharmacokinetic measures, such as the time course of expo-
sure, for some high-priority chemicals. Exposure-characterization protocols
should include measurements of external and internal markers of exposure to
assess bioavailability, especially when exposures are predominantly via a single
route. Greater use of longitudinal internal exposure studies that include periods
of high and low or no exposures (such as those in occupational environments
during and after work) could provide concentration time-course data similar to
repeated-dose pharmacokinetic studies. For example, absorption rates, half-
lives, and other pharmacokinetic measures and their variability within and be-
tween individuals could be derived from those data and would provide a wealth
of critical human pharmacokinetic data for setting exposure concentrations for
toxicity testing and for use in risk assessment (Teeguarden et al. 2011).

e Link exposure data with in vivo data on perturbations of toxicity
pathways in human or wildlife populations to identify exposure-response rela-
tionships directly. The conventional hazard-assessment paradigm uses cell-
culture systems or animal models to identify hazards. In the future, the present
committee expects collection of higher-resolution and larger quantities of expo-
sure data in a broader swath of the population to allow epidemiologists to iden-
tify potential hazards in human populations or ecosystems. The characterization
of the hazards could then be explored by using more focused, efficient toxi-
cologic studies at relevant exposure concentrations and durations or measure-
ments of perturbations of toxicity pathways (that is, as seen in genetic or other
biomarkers of effect) in exposed human or wildlife populations. Although these
studies might be expected initially to focus on individual stressors, they would
evolve with advances in exposure technologies to identify and characterize
combinations of stressors.

There are also opportunities for epidemiology and toxicology to be more
closely tied to the process of exposure assessment. For example, cell lines de-
rived from epidemiologic study subjects could be exposed in culture to mixtures
derived from samples from the specific environments to which the subjects were
exposed, to identify measures of biologic activity of these complex mixtures.
The measures of biologic activity would then represent more relevant, more
specific measures of response for use as variables in subsequent epidemiologic
studies. Exposure of experimental animal models to environmental mixtures
associated with specific epidemiologic studies would provide additional infor-
mation on exposure-response relationships, the time-course of development of
disease, and the role of genetics as modifiers of exposure and response. In vivo
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challenge studies in humans or experimental animal models can also provide
much information on intermediate biologic responses to agents (for example,
diesel-exhaust particles or second-hand smoke) and on genetic modifiers of
these responses to exposures (Gilliland et al. 2004). That information could in-
form exposure—response or gene—environment interaction analyses of epidemi-
ologic data. Finally, epidemiology and toxicology would benefit from a more
sophisticated approach to modeling that takes advantage of the source-to-effect
continuum and reduces uncertainties in study design and misinterpretation of
results for use in mitigation and prevention (Georgopoulos et al. 2009).

ENVIRONMENTAL REGULATION
Risk Assessment

Exposure assessment is one of the core components of regulatory quantita-
tive risk assessment; therefore, the quality of exposure information and the state
of exposure science are paramount in the quality and utility of risk assessment.
The National Research Council and EPA have previously described the major
steps in risk assessment, including hazard identification, dose-response assess-
ment, exposure assessment, and risk characterization (NRC 1983, 1994, 2009).
Although exposure assessment is often described as perhaps the most challeng-
ing component of risk assessment, prior National Research Council reports on
risk assessment have made limited recommendations for improving the quality
of exposure data or the utility of exposure assessment for quantitative risk as-
sessment. Although those steps are important, a strategy for improving the qual-
ity and quantity of exposure data is needed to reduce uncertainties stemming
from the exposure-assessment component of risk assessment.

A recent EPA Science Advisory Board panel provided nearly 100 recom-
mendations for improving guidance in ecologic risk assessment (EPA SAB
2007; Dale et al. 2008) and suggested that further consideration was needed for
assessing simultaneous exposure to multiple stressors, assessing spatial and
temporal variation in exposures, and addressing uncertainties in exposure mod-
els.

Exposure assessment poses numerous challenges for risk assessment. Ex-
posures change, so a risk assessment that uses data that are available today may
no longer be valid months or years from now; this is especially true for chemi-
cals newly entering the market, for which use and exposure patterns have not yet
fully emerged. Important exposure pathways may be missed, and this can lead to
underestimation of overall exposure or neglect of highly exposed populations.
Risk assessments and exposure assessments tend to focus on one chemical at a
time and potentially miss interactive effects that could influence both exposure
and risk. Data needed for exposure assessment, such as data on chemical sales
and product ingredients, may be proprietary and not publicly available because
of trade-secrecy protections.

Copyright © National Academy of Sciences. All rights reserved.



Exposure Science in the 21st Century: A Vision and a Strategy

Applications of Exposure Science 61

To be useful for risk assessment, an exposure assessment needs to be ca-
pable of identifying and quantifying the exposure of the populations that are
most highly exposed and populations that are most vulnerable. The assessment
should strive to include all relevant exposure pathways and allow the pathways
to be identified and defined individually (for example, to allow for quantifica-
tion of exposure from water or from food as well as total exposure). Exposure
assessment also needs to consider background exposures to chemical or
nonchemical hazards that could influence cumulative exposure or risk within a
population. A mechanism for tracking and updating exposure estimates is
needed to ensure that they continue to reflect real-world conditions. Finally,
uncertainty, which is inherent in an exposure assessment, needs to be quantified
to determine the level of confidence in the overall risk assessment.

The 2009 National Research Council report Science and Decisions: Ad-
vancing Risk Assessment, which focused on improving human-health risk as-
sessment but also considered ecologic risk assessment, contains several recom-
mendations related to exposure assessment. It describes major challenges that
risk assessment is facing and concludes that regulatory risk assessment has be-
come bogged down and that many assessments take a decade or longer to com-
plete. Strategies that the present committee believes may improve the efficiency,
quality, and utility of the exposure-assessment component of risk assessment
include the following:

o Determine in advance the level of detail and type of exposure informa-
tion needed to address the risk-management question at hand. Risk assessment
should be viewed as a method for evaluating the relative merits of various op-
tions for managing risk rather than as an end in itself (NRC 2009). It is impor-
tant to pose the policy question first and then gather the information needed to
answer it. In the case of exposure assessment, screening-level information may
be adequate to address some questions, targeted data may be useful for others,
and extensive data may be needed in some circumstances, particularly for devel-
oping scientifically sound policies and regulations.

o Use health-protective exposure default assumptions when adequate
data are not available and define the criteria needed to depart from them. De-
fault assumptions are typically used in risk assessments when measured or mod-
eled data are unavailable or to allow extrapolation from existing data. Defaults
are intended for a risk assessment to move forward in a timely fashion despite
inevitable data gaps and to be health-protective. For example, one standard de-
fault assumption in exposure assessment is the choice of a cutoff for estimating
exposure in a population (for example, the 90th or 99th percentile) (EPA 1992;
NRC 2009). An exposure assessment used for risk assessment should select a
cutoff that is as health-protective as the data allow and should explain the choice
of the cutoff in the context of EPA’s default assumptions and the existing data.

o Quantify population vulnerability better. An important purpose of ex-
posure assessment is to identify populations that are at greater risk than the ma-
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jority of the population because of their exposure patterns or susceptibility to
health effects. For example, for a risk assessment of methylmercury, it is essen-
tial to gather data on people who fish for subsistence, because these people are
expected to face the highest exposures (EPA 2000). In the example above, in-
stead of selecting a population cutoff (such as the 99th percentile), a better ap-
proach would involve identifying the subpopulation in the upper end of the ex-
posure distribution, measuring exposure in that subpopulation, and identifying
strategies to reduce the upper-end exposures.

o Assess and quantify cumulative and aggregate exposures. Exposures
may involve aggregate exposures to a given chemical via a variety of exposure
pathways or may involve cumulative exposures to various chemical or
nonchemical stressors that influence human exposure and health risk by influ-
encing metabolism or excretion of a chemical and acting on the same biologic
pathway or affecting the same organ system. There is a need to include multiple
chemical, physical, or biologic stressors but also to consider other vulnerability
and susceptibility factors that influence the effects of these stressors, such as
nutritional and psychosocial status, including stress. Exposure assessments may
therefore need to collect information about exposure to a variety of chemical and
nonchemical stressors that may interact to influence health risk.

o Improve stakeholder involvement and make the process more accessi-
ble to the general public. Exposure information used as the basis of a risk as-
sessment needs to be made available to the public and presented to enhance un-
derstanding, particularly regarding the assumptions used and the uncertainties
and limitations of the data. Efforts should be made to make all models used to
estimate human exposure for risk-assessment purposes nonproprietary and open
to public scrutiny so that the basis of modeled data is clear and transparent. In
addition, an open-source strategy for modeling software and algorithms could
ensure an ongoing process of peer review and improvements in model specifica-
tions while ensuring transparency (for example, PLOTS 2012). Information on
chemical use and product ingredients also needs to be made publicly available to
the greatest extent possible to allow the public to understand exposure pathways
and to ensure that important exposure information is not hidden by trade-secrecy
provisions.

Box 3-5 illustrates the role that exposure data and risk assessment have
played in the establishment of a drinking-water standard for perchlorate.

Risk Management

Exposure science can inform public policy in a broad array of scenarios.
Exposure information, even with minimal or no data on chemical hazard, can
provide important information about trends, disparities in population, geo-
graphic “hotspots,” cumulative exposures, and predictors of vulnerability. Fur-
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BOX 3-5 Case Study of Perchlorate in Drinking Water

In 1997, perchlorate, a chemical component of rocket fuel was detected
in several drinking water wells in Sacramento County, CA, near a large indus-
trial facility. In response, the California Department of Public Health laboratory
developed a new analytic method for detecting perchlorate at lower concen-
trations than was previously feasible—down to 4 ppb. The method was later
used to conduct a survey of multiple drinking water and agricultural wells in
California, including in densely populated Los Angeles, Riverside, and San
Bernardino Counties, where perchlorate was detected in numerous wells and
nearby pollution sources were identified. Sampling also showed perchlorate
at low concentrations (5-9 ppb) in Colorado River water, an important source
of drinking water and water for agriculture in southern California (CDPH
2010a).

The widespread detection of perchlorate in drinking water catapulted it to
public attention and drove action in numerous states to develop enforceable
drinking water standards. Further discoveries of the chemical in agricultural
wells spurred extensive investigations of perchlorate uptake into food by the
Food and Drug Administration and by independent scientists, and the result-
ing information was used in exposure assessments by the California Envi-
ronmental Protection Agency and others to derive risk based standards. De-
velopment of a more sensitive analytic method for detecting perchlorate in
water supplies ultimately drove the cleanup of numerous industrial and mili-
tary sites and the creation of a National Research Council committee that
reviewed the U.S. EPA’s risk assessment for perchlorate. EPA cited the
widespread exposure to this chemical as a major justification for their recent
decision to promulgate a national drinking water standard for perchlorate.

It is apparent from this case study that environmental monitoring of expo-
sure sources can identify significant public health issues, inform science and
risk assessment, and drive risk management.

thermore, the very existence of exposure data creates an imperative to generate
information about hazard so that the importance of the exposure can be better
understood. Several important existing and potential applications of exposure
science in public policy are described below.

Exposure-based prevention. A screening-level exposure assessment can
inform decisions before new chemicals enter the market. Currently, that is done
in the context of a formal risk assessment of pesticides. For new industrial
chemicals on which exposure data are not available, EPA considers projected
use and predicted chemical properties in making a decision about whether to
request testing under TSCA, although in reality this is rarely done (GAO 2009).
Screening exposure assessments could be used much more aggressively. For
example, consideration could be given to keeping chemicals that are highly
likely to persist and bioaccumulate off the market, so as to avoid the potential to
contaminate the environment at increasing concentrations over time and poten-
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tially result in human and environmental hazard. Another example of exposure-
based prevention would involve identification of chemicals that are predicted to
contaminate water because of their persistence and solubility and restriction of
uses that could threaten surface water or groundwater. Finally, testing of con-
sumer products in premarket controlled studies can be used to prevent toxic ma-
terials from reaching humans, and causing harmful exposures.

Exposure-based control. Post-marketing surveillance of chemical expo-
sures can be used to ensure safety with respect to chemicals used or distributed
in large quantities. About 200 chemicals were included in the most recent Na-
tional Report on Human Exposure to Environmental Chemicals (CDC 2011).
Other chemicals are studied by individual researchers or in state programs.
There is no requirement that companies conduct post-marketing surveillance,
and the Centers for Disease Control and Prevention does not have the resources
to screen routinely for the thousands of chemicals that are used and distributed
in large quantities or to which people may be exposed. Broad exposure surveil-
lance of a longer list of high-priority chemicals would provide important infor-
mation about trends, exposure variability, and magnitudes of exposure. Such
surveillance would help evaluate whether regulatory actions designed to control
exposure are effective, would allow priority-setting among chemical exposures
to which are increasing, and would target at-risk populations for exposure reduc-
tion. For chemicals that can be biomonitored, surveillance could initially focus
on worker populations and ecosystems near manufacturing or processing facili-
ties. For widely dispersed chemicals (for example, those in consumer products),
exposure of the general public or specific populations could be monitored. For
chemicals that cannot be biomonitored (for example, because they have short
biologic half-lives), near-source environmental monitoring or modeling of expo-
sure could be possible. If exposure of any population is above a screening level
of concern or if exposures are shown to be increasing, policy action could re-
duce exposure to prevent potential health problems from developing. Examining
product-use patterns and the release of contaminant residual from products can
keep highly toxic contaminants from coming into contact with consumers or can
help to reduce the effects of such exposures.

Exposure justice and equity. The reduction of disparities in exposure to
chemical and nonchemical stressors is an important goal of public policy. That
principle is reflected in Presidential Executive Order 12898 (February 11, 1994),
which calls on federal agencies to “improve research and data collection relating
to the health of and environment of minority populations and low-income popu-
lations (p. 2)”, including “multiple and cumulative exposures” (p. 3). The Ex-
ecutive Order expects, furthermore, that “each Federal agency shall make
achieving environmental justice part of its mission” (p. 1).

For agents on which there are population exposure data, exposure dispari-
ties can be tracked by evaluating the distribution of the exposure concentrations
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over time (for example, the median, mean, standard deviation, or range).l It is
important that exposure science focus on identifying the segments of the popula-
tion that are in the top end of the exposure range for any given stressor. These
“high-end” exposed populations need to be explicitly assessed so that the expo-
sure pathways can be understood and addressed. Policy actions could appropri-
ately include engagement of the affected communities in a collaborative process
to identify and reduce the sources of exposure (for example, Brown et al. 2012).
Community participation can help ensure that the research questions that are
being asked are relevant to the needs and concerns of both the researchers and
the affected community, increasing the likelihood that the project will contribute
to improving public health (O’Fallon and Dearry 2002). Progress toward that
goal will be seen in a reduction in the skewness of the population exposure data
or through followup assessment in targeted populations.

In addition to population-based surveillance to reduce exposure dispari-
ties, exposure science has an important role in performing rapid on-site assess-
ments of the relationship between potential exposure and potential health out-
comes in communities. Such assessments have been done around hazardous
waste sites and in other settings where contaminants have already been intro-
duced into the environment, but can also be used more consistently as a rapid
exposure screening tool before contaminants are inadvertently introduced into
communities or the personal environment.

Box 3-6 illustrates the role that exposure science played in managing po-
tential risks posed by polybrominated diphenyl ethers (PBDEs), including spur-
ring the creation of the California biomonitoring program and encouraging a
broad strategy for identifying emerging chemicals of concern in consumer prod-
ucts.

Compensation Policy

Exposure science plays an important role in policy decisions regarding
compensation of people who may have been harmed by exposure to hazardous
substances. Many government programs have been established to provide com-
pensation to veterans exposed to various deployment-related or combat-related
exposures (for example, Agent Orange exposure of Vietnam veterans), to work-
ers (for example, uranium miners), or to members of the general public (for ex-
ample, people downwind of the Nevada nuclear test site). In addition, state
workers’ compensation programs often have substantial difficulty addressing
questions of causation of potential occupational illness due—at least in signifi-
cant part—to a lack of exposure data for workers.

'Extremely skewed data can be identified easily because the mean is significantly
higher than the median, and the standard deviation is large. Although most exposure data
do exhibit a log-normal (skewed) pattern, the degree of skewness varies.
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BOX 3-6 Case Study of Chemicals in Breast Milk:
Policy Action Based on Exposure Data

In 1999, researchers in Sweden discovered a previously unknown group
of chemicals in women’s breast milk. When the researchers tested stored
breast-milk samples from the 1970s and 1980s, they discovered that the
chemicals had increased dramatically over the decades, doubling every 5
years (Meironyte et al. 1999). Soon after the Swedish discovery, U.S. scien-
tists reported the same chemicals in breast fat and breast milk in Indiana,
Texas, and California (Schecter et al. 2003). The U.S. levels were much
higher than those reported in Europe; the California samples had concentra-
tions 40 times higher than those in Sweden. The chemicals, polybrominated
diphenylethers (PBDEs), were flame retardants commonly used in consumer
products. At that time, the PBDEs were essentially untested for toxicity to
humans or ecosystems, but they were in widespread use in foam cushions,
fabrics, and electronics. PBDEs are structurally similar to polychlorinated bi-
phenyls and dioxins, and they share environmental chemical characteristics
of persistence and bioaccumulation.

Those discoveries led to numerous policy actions: PBDEs immediately
had high environmental-health research priority, sparking numerous expo-
sure, toxicology, and epidemiology studies; the European Union banned most
of the PBDEs in 2004; California and other states passed legislation to phase
out some of or all the PBDEs; and EPA reached an agreement with the U.S.
manufacturer to cease production of the most bioaccumulative PBDE volun-
tarily, and other PBDEs were later phased out of U.S. production. Although
these chemicals are still being produced in China and other countries. The
California statewide biomonitoring program was created by the legislature in
large part because of the discovery of PBDEs in breast milk and breast tis-
sue. The legislation identifies one of the priorities of the program as “the need
to assess the efficacy of public health actions to reduce exposure to a chemi-
cal” (CDPH 2010b, p. 32). The California Scientific Guidance Panel added an
additional criterion that was based on the need for early identification of
emerging chemicals of potential concern (CDPH 2010b). One of the first ac-
tions of the program was to list as priority chemicals “chlorinated and bromi-
nated organic chemicals used as flame retardants” (CDPH 2010b, p. 6). The
broad language of the listing was designed to address the chemicals of con-
cern that were increasing in market share to replace the PBDEs.

Some instances of determination of compensation, such as “presumptive
disability policies” for some classes of veterans intended to give the veterans the
“benefit of the doubt”, require no individual exposure assessment; the mere fact
of having developed a particular disease deemed potentially service-connected
and having had the potential for exposure is sufficient. The need for presump-
tions often arises because of a lack of exposure data (IOM 2008). In other situa-
tions, extensive “dose-reconstruction” investigations may be required for a per-
son, such as an “atomic veteran,” to qualify for compensation. For radiation-
related exposures, Congress enacted the Radiation Exposure Compensation Act
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after a provision in the Orphan Drug Act that directed the National Institutes of
Health to establish a set of “radio-epidemiologic tables” of estimates of prob-
ability of causation (PC), the probability that a given cancer was caused by a
particular radiation dose (NIH 1985).

A key feature of that and many other compensation programs and toxic
tort litigations is the uncertainty about a person’s contact with the toxicant of
concern that resulted in exposure. For radiation in particular, determining expo-
sure has been facilitated by a Monte Carlo program from the National Institute
for Occupational Safety and Health, the Integrated RadioEpidemiologic Pro-
gram (NIOSH 2011), which provides a nuclear worker with not only a best es-
timate of his or her radiation dose but also an estimate of its uncertainty and
carries this uncertainty through to the calculation of PC. Although the validity of
the PC concept has been called into question (NRC 1984; Greenland and Robins
2000), there is no doubt that exposure information and its uncertainty—at either
the individual or the population level—are central to establishing fair compensa-
tion policies. For example, IOM (2008) pointed out that policies aimed at erring
on the side of avoiding false-negative decisions (failing to give compensation
when it is due) in favor of false-positive decisions (excessively liberal policies
that compensate people who do not deserve it), such as certain presumptive-
disability provisions for veterans, would have the effect of rewarding igno-
rance—people with highly uncertain exposures (or with rare diseases for which
the dose—response relationship is highly uncertain) are more likely to be com-
pensated than those with more precise information. Such policies need further
consideration to ensure an appropriate balance between fairness and societal
burden. Overall, better assessment and characterization of worker exposures are
needed to develop more accurate and protective exposure limits for the work-
place. Better monitoring of workers can help to assure that current exposures are
not harmful and improved exposure data can help to clarify compensation issues
when people do become ill.

ENVIRONMENTAL PLANNING

Exposure assessment has contributed to urban and environmental plan-
ning, informing our understanding of how different patterns of land use can
change the magnitudes of emissions and exposures of humans and ecosystems.
Exposure science is increasingly used in health impact assessments.” Box 3-7
illustrates the application of exposure science to health impact assessment in San
Francisco.

A 2011 National Research Council report defined health impact assessment as a
structured process that uses scientific data, professional expertise, and stakeholder input
to identify and evaluate public-health consequences of proposals and suggests actions
that could be taken to minimize adverse health impacts and optimize beneficial ones
(NRC 2011).
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BOX 3-7 Health Impact Assessment of Mobile Sources in San Francisco

Several health impact assessments conducted in 2004—2006 on land-use
plans in Oakland and San Francisco identified conflicts between roadway
proximity and sensitive land use. The conflicts resulted from placement of
new high-density infill developments on land parcels along major highways
(Bhatia 2007). Such conflicts were not addressed by federal, state, or local
environmental standards, nor by local planning codes. The California Air Re-
sources Board recommended not building housing within 500 ft of highways,
but land-use planners typically did not follow this guidance.

In 2007, the San Francisco Department of Public Health (SFDPH), in its
role as the environmental-health authority for the city, participated in an envi-
ronmental review—required under the California Environmental Quality Act
(CEQA)—of four neighborhood rezoning plans (Bhatia and Wernham 2008).
The plans proposed large-scale industrial-to-residential rezoning in areas of
the city near highways and busy arterial roads. SFDPH identified several im-
portant environmental impacts (air and noise pollution and traffic collisions)
and proposed mitigations. To create a mitigation program compatible with the
needs of local planners and CEQA regarding environmental impact assess-
ment, SFDPH needed to identify an assessment method for each develop-
ment project, a quantitative action level that triggered mitigation, and alterna-
tive engineering approaches for mitigation. To meet those needs, SFDPH
proposed using a threshold concentration of fine particulate matter (PM..5) of
0.2 pg/m® from nearby roadway sources within 500 ft of a sensitive receptor
as a proxy for important roadway hazards. The CALINE dispersion model
(Benson 1989) was used to predict traffic-attributable PM,5, and a series of
ventilation and filtration standards were proposed for new buildings within the
500-ft zone of roadways as a performance-based mitigation measure (Bhatia
and Rivard 2008).

The approach was accepted by planners and the development commu-
nity and adopted as mitigation for the four neighborhood plans (Bhatia and
Wernham 2008). Later, SFDPH and the Department of Planning successfully
sought the adoption of the approach as a public-health law applicable to all
projects citywide. It remains the only local law in the United States that re-
quires the assessment and mitigation of air pollution hazards from nearby
roadways.

The current statute applies only to new residential development, but ini-
tiatives are underway to address existing development and a wider array of
impacts, including noise pollution and dangers to pedestrians and bicyclists
from traffic collisions. A key strategy for addressing hazards from nearby
roadways is to develop metrics and modeling tools that can account for re-
fined spatial characterizations of exposure and allow for assessments of at-
tributable disease burden or other health-effect estimates (Wier et al. 20093,
2009b; Bhatia and Seto 2011). The new law and associated policies rely
heavily on information generated by exposure science and environmental
epidemiology.
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Urban Planning

Major economic and urban transformation over the last 30 years has led to
a shift from large stationary emitters to larger concentrations of mobile sources
and small manufacturing facilities, and more complex commuting and mobility
patterns among workers. Those changes have accentuated small-area variations
in pollution due to traffic and localized manufacturing. The restructuring has
generally increased the amount of traffic and created spatial mismatches in resi-
dential and employment locations, lengthening commuting times and in-transit
exposures of many workers (HEI 2010). As a consequence, environmental expo-
sures affecting health have become more spatially heterogeneous and more de-
pendent on human mobility and activities within and between places.

Exposures associated with urban transportation systems display variation
over small areas that is difficult to quantify because of its spatial heterogeneity.
Those exposures are pervasive in that they affect large populations. Recent stud-
ies by the Health Effects Institute (HEI 2010; Jerrett et al. 2011) have docu-
mented the proportion of the population that experiences high exposures from
traffic, resulting in increased risks of accidents and exposures to air pollution
and noise. In Toronto and Los Angeles, 43-45% of the population were in the
“high-exposure zones” (that is, 500 meters from a major highway and 100 me-
ters from a major road) (HEI 2010, p. 3-13). In the denser cities of Asia, 55-77%
of the population were “highly exposed” (Jerrett et al. 2011, p. 35). Exposure
science in urban areas faces the challenge of assessing spatially heterogeneous
exposures that are pervasive throughout the urban structure. There is an increas-
ing urgency to link exposure science to urban planning because of increasing
population densities in cities, particularly through infill development, intended
to reduce pressure from vehicle miles traveled to achieve climate change mitiga-
tion and other environmental goals. Often such “densification” efforts puts resi-
dents in greater proximity to transportation corridors, leading to increased expo-
sures from traffic emissions and other related risks (for example, noise
pollution) (Melia et al. 2011; Hankey et al. 2012). At the same time there will be
continual stress on the water supply and the quality of tap water available.

Exposure science helps to inform urban planning, often providing insights
into inherent trade-offs (Kiinzli et al. 2003). In many countries, for example,
physical inactivity is a major threat to public health, and some of the inactivity is
due to an urban environment that discourages active travel by foot or bicycle.
However, active travel involves other exposures and potential health risks, in-
cluding air pollution, accidents, and noise (de Nazelle et al. 2011). Exposure
studies are being conducted to understand the effects of active travel. They
require integration of ambient-pollutant concentration data with information on
physical activity to assess potential inhalation and dose of air pollutants.’

3Information on ambient-pollutant concentrations combined with data on physical ac-
tivity can inform potential dose, inasmuch as physically active people have inhalation
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de Hartog et al. (2010) conducted an integrated health impact assessment that
compared the likely effects of physical activity in bicycling with the risks posed
by increased air-pollution exposure. The benefits of increased exercise far out-
weighed the increased risks from air pollution, but ideally urban planners can
use exposure science to devise bicycling and walking routes that minimize the
risks faced by active commuters, and exposure science can have a critical role in
identifying the environments that are associated with the highest exposures
(Marshall et al. 2010; de Nazelle et al. 2011).

Salutogenic (beneficial) exposures may generate health benefits. Many of
the attributes (for example, parks) that promote human health also support eco-
system health and ecologic services. For example, urban forests contribute to
carbon sequestration and protect water and air quality (Dwyer et al. 1992,
McPherson et al. 1997) while encouraging behaviors positively associated with
mental and physical health (Maas et al. 2006; Maller et al. 2006). Access to
green space, parks, and recreational programming has been associated with in-
creased physical activity or reduced obesity in large epidemiologic studies
(Wolch et al. 2011). Studies in England have shown that in areas with greater
access to green space, the socioeconomic group differences in cardiovascular
risk is reduced (Mitchell and Popham 2008). In a study conducted in southern
California, children equipped with GPSs and accelerometers were shown to
have significant increases in physical activity while exposed to green space
(Almanza et al. 2011). Recent studies also suggest that access to such resources
may follow socioeconomic group differences, in that minority groups and socio-
economically disadvantaged groups have fewer options to access these resources
(Dahmann et al. 2009). Also parks in poor and minority-group neighborhoods
tend to be more polluted than those in neighborhoods of wealthier people and
higher proportions of white people (Su et al. 2011). Exposure science can help
urban planners to identify areas that lack salutogenic exposures that may buffer
adverse exposures or produce direct health benefits. Salutogenic exposures also
illustrate the link between healthy ecosystems and human health.

Ecosystem Planning

Although exposure assessments can include a diverse suite of ecologic re-
ceptors (for example, fish, aquatic plants, amphibians, birds), integrating ecolo-
gic information in a way that captures risk for the whole ecosystem has been
difficult. In practice, a true ecosystem perspective may be restricted to the initial
development of site conceptual models that identify potential exposure path-
ways, after which the focus may be on specific and limited receptors. Exposure
science and risk assessment could benefit from adopting a holistic, systems-level
perspective, similar to that embodied in ecosystem planning and management.
Already, exposure assessments are beginning to integrate and apply information

rates that are 25 times greater than those of persons in public transit or in private vehi-
cles, and that also may be higher because of the proximity to car traffic.
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from the ecologic, socioeconomic, and political realms as does ecosystem plan-
ning (Grumbine 1994; Brussard et al. 1998; Szaro et al. 1998). Like ecosystem
management (Grumbine 1994), exposure assessments also consider the hierar-
chic context of the process or problem, work collaboratively across ecologic
boundaries, use diverse data from research and monitoring efforts, and, to some
extent, recognize that humans are part of the ecosystem. However, one piece of
ecosystem planning and management that is largely absent from current expo-
sure assessments is the emphasis on adaptive management, whereby managers
and planners treat management as a learning process (an experiment) and adjust
actions as understanding improves. (Box 3-8 illustrates how exposure science
has contributed to our understanding of the environmental impacts of stressors
on Lake Tahoe.)

An ecosystem-based focus on land-use practices might be especially use-
ful for exposure science. For example, regional changes in land-use practices
can result in high levels of agricultural runoff and untreated sewage effluent that
lead to eutrophication, in which aquatic ecosystems accumulate high concentra-
tions of nutrients (such as phosphates and nitrates) that promote plant growth.
Algal growth can become excessive and sometimes lead to harmful algal blooms
(Paerl 1997; Cloern 2001; Anderson et al. 2002; Kemp et al. 2005). Likewise,
land uses that reduce vegetative cover, especially trees, may result in changes in
temperature that can directly prompt health-threatening exposures (for example,
extreme heat events) or indirectly influence exposure to other substances. In
aquatic ecosystems, degraded riparian zones, loss of forest cover, runoff from
impervious surfaces, and discharges from industry can lead to rising water tem-
peratures and increased toxicity. Above-normal temperatures compromise the
function and integrity of aquatic ecosystems. They can also increase the sensitiv-
ity of aquatic animals to heavy metals and pesticides, including cadmium (Cher-
kasov et al. 2006, 2007), copper (Gupta et al. 1981, Khan et al. 2006), diazinon
(Osterauer and Kohler 2008), and trichlorfon (Brecken-Folse et al. 1994).

An ecosystem approach to planning requires recognition that exposures
may result from a series of diffuse and indirect interactions among humans and
nonhuman species. Exposure to emerging infectious diseases, many of which
originate in wildlife hosts or reservoirs, is an excellent illustration of this com-
plexity. Human activities, particularly those related to habitat modification and
resource subsidization, not only influence ecologic health but mediate wildlife—
pathogen interactions through changes in host density, behavior, and spatial dis-
tribution (Dobson and Foufopoulos 2001; Gehrt 2010). Urban development, for
instance, promotes high densities of some wildlife species (such as raccoon,
Procyon lotor) that serve as hosts of many pathogens of public-health impor-
tance (such as rabies and leptospirosis: Bradley and Altizer 2006; Gehrt 2010)
and can profoundly alter trophic interactions in ways that can result in loss of
biodiversity (Faeth et al. 2005). Socioeconomic factors can exacerbate exposure
if people lack the financial and educational resources that support preventive
behaviors, such as vaccinating pets, excluding or removing wildlife from homes,
and securing refuse and other potential wildlife attractants.
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BOX 3-8 Exposure to Multiple Stressors in a Large Lake Ecosystem

Lake Tahoe is a large (19 x 35 km) and deep (501 m), ultraoligotrophic,
montane lake in the Sierra Nevada of California and Nevada. It is known for
its cobalt blue waters that are due, in part, to its small watershed area in
comparison with its large lake volume. The economy of Lake Tahoe is inti-
mately linked with its ecology—the economic value of the lake and surround-
ing basin is closely related to the perceived scenic and pristine character of
the region's water, air, and forest resources (for example, Kearney et al.
2008). Recreation is the main industry of the region, with an economic impact
from visitors of about $320 million per year, which supports nearly 10,000
jobs (Eiswerth et al. 2000; Dean Runyan Associates 2009). The intense pres-
sure from local recreational activities, atmospheric deposition of nutrients and
toxicants, intentional and unintentional introduction of nonnative species (for
example, Eiswerth et al. 2000; Kamerath et al. 2008; Chandra et al. 2009),
and climate change result in the simultaneous exposure of the ecosystem to
multiple stressors (see Figure 3-2). Assessment of multiple stressor exposure
in large, complex ecosystems is not easy, and the outcomes of the exposures
are often unpredictable. However, Lake Tahoe presents a good case study of
the ecologic and potential economic impacts of multiple stressor exposures.

Within the last 40 years, scientists have documented a steady decline in
lake clarity and an increase in primary production (Jassby et al. 1996; Gold-
man 2000). That is especially the case with respect to ultraviolet (UV) radia-
tion attenuation in the nearshore areas of the lake that are close to human
developments and activities (Rose et al. 2009). Several factors play a role in
the decrease in clarity, including the introduction of fine inorganic particles
from the watershed; resuspension of fine particles due to wind, currents, and
boats; and the settling of particles on the lake bottom (Jassby et al. 1996;
Swift et al. 2006). Those changes have been accompanied by an increase in
water temperature facilitated by increased absorption of solar radiation in
turbid waters and due to climate change (Tucker et al. 2010). The combined
and interactive effects of exposure to those stressors have had substantial
adverse effects on the ecology of the watershed.

The role of interaction of water temperature, UV radiation, and resident
nonnative species in the establishment of novel nonnative species, altered
food-web structure, and increased exposure to toxic pollutants illustrates the
effects of multiple stressor exposures. Nonnative crayfish became established
in the lake in the 1930s (Chandra et al. 2009) and are widespread throughout
the lake, Eurasian watermilfoil (an aquatic plant) was first discovered in the
southern portion of the lake in the 1960s (Eiswerth et al. 2000), and warm-
water centrachid fishes (largemouth bass and bluegill) were introduced by
anglers in the middle to late 1990s (Kamerath et al. 2008; Chandra et al.
2009). By the middle 1990s, milfoil had spread to nearly all low-energy near-
shore areas; by 2007, bass and bluegill were observed in marinas and near-
shore areas containing milfoil and crayfish around the lake (Kamerath et al.
2008). Bass and bluegill are aggressive and can have predator-related and

(Continued)
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BOX 3-8 Continued

competition-related effects on the native fishes in the nearshore areas
(Gevertz et al. 2012). Their establishment has been possible only through the
combined effects of increased water temperature, decreased UV radiation
and water clarity, habitat alteration (milfoil), and abundant prey (crayfish and
native fishes) (Kamerath et al. 2008; Tucker et al. 2010; Gevertz et al. 2012).
Recently, water-quality thresholds for temperature, UV radiation, and water
clarity required to prevent the establishment and spread of bass and bluegill
have been suggested (Tucker et al. in press).

Ecologic and physiologic research has predicted that exposure to multi-
ple stressors would facilitate the establishment of warm-water fish in Lake
Tahoe, but an unpredicted outcome of the interactions may be an increase in
exposure to toxic pollutants in the ecosystem. Mercury is an important toxic
pollutant globally and in Lake Tahoe (Drevnick et al. 2010). Methylmercury
(MeHg) biomagnifies in food webs, with the highest rates of transfer occurring
in lower trophic levels (for example, water to algae) (Hammerschmidt and
Fitzgerald 2006) and with top-predator fish and birds accumulating the most
(Wiener et al. 2002). Crayfish can accumulate large amounts of MeHg as a
benthic organism eating primarily periphyton and macrophytes (Momot et al.
1978) and largemouth bass commonly supplement their diets with crayfish
(Garcia-Berthou 2002). In addition to its primarily plant-based diet, crayfish
are facultative omnivores and will feed on fish carcasses (Minckley and
Craddock 1961). The biomagnification of persistent bioaccumulative toxi-
cants, such as MeHg, may be increased by a trophic feedback cycle in which
bass eat crayfish, which eat bass, and so on. Laboratory experiments and
modeling demonstrate that such a trophic feedback cycle substantially in-
creases MeHg accumulation in bass and crayfish (Bowling et al. 2011). The
results are supported by anecdotal evidence that another, native species
(brown trout) has higher tissue concentrations of MeHg in lakes that have
crayfish than in lakes that do not (Oris et al. 2004). Thus, it is possible that
exposure to multiple stressors that have facilitated the establishment of
largemouth bass in Lake Tahoe can result in large increases in MeHg expo-
sure of both native and nonnative species and affect the ecologic resources
of the region. These native and non-native species are also direct vectors of
MeHg exposure of humans and could decrease the recreational value of the
lake.

Changes in species composition due to human activities may affect expo-
sure through alterations in species interactions. For example, human-facilitated
invasion of Amur honeysuckle (Lonicera maackii), a nonnative shrub, increases
human risk of ehrlichiosis, an emerging infectious disease transmitted by ticks
(Allan et al. 2010). The high risk results from a preference of a key tick and
pathogen reservoir, white-tailed deer (Odocoileus virginianus), for areas with
dense honeysuckle. In aquatic systems, the invasive round goby (Neogobius
melanostomus) is thought to facilitate mobilization of contaminants in food
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webs and to increase exposure of humans because its persistence in contami-
nated environments draws predatory fish, which also are popular game species,
into polluted habitats (Marentette et al. 2010). Thus, understanding human expo-
sure to pathogens requires a holistic ecosystem perspective.
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FIGURE 3-2 Exposure to Multiple Stressors in Lake Tahoe.
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An ecosystem approach extends beyond “natural” systems to include the
built environment. Cities are coupled human—nature systems that can be under-
stood only through their linked ecologic, physical, and socioeconomic compo-
nents (Pickett et al. 2001; Alberti et al. 2003). Spatially explicit approaches
common to ecosystem planning fit urban ecosystems well in that they can be
viewed as mosaics of risk and protection (Fitzpatrick and LaGory 2011). Char-
acterizing the heterogeneity of social and environmental attributes in urban eco-
systems better is especially useful in a climate of diminishing resources. For
example, recent studies demonstrate that bioavailability of contaminants in soils
is strongly mediated by environmental heterogeneity (Filser et al. 2008), and this
environmental heterogeneity can be characterized with sophisticated mapping
techniques to understand exposure risk (Lahr and Kooistra 2010). By under-
standing heterogeneity, planners and managers can identify the most critical
areas for remediation, saving resources and sometimes avoiding ecologically
damaging consequences of unnecessary efforts (such as removing topsoil from
large areas). Understanding complex socio-ecologic processes that are operating
in urban ecosystems is a prerequisite for protecting ecologic and human health.

DISASTER MANAGEMENT

Response to a natural, accidental, or terrorist event or to an act of war of-
ten requires understanding of exposure to a stressor or multiple stressors. In-
strumentation is needed to detect biologic, chemical, and physical stressors ac-
curately and cost effectively, and, depending on the evolving situation, both
community and occupational exposure monitoring may be required. Defined
strategies for rapidly assessing exposures are critical for applying predictive and
measurement tools. Active exposure assessment is an important need that has
been discussed in previous National Research Council reports in connection
with the deployed military (NRC 1999; 2000a,b; IOM 2000), in analyses of ex-
posure in the aftermath of the World Trade Center (WTC) attack (Lioy 2010a),
and in general disaster discussions and analyses (Dominici et al. 2005; Bongers
et al. 2008; Rodes et al. 2008).

Several National Research Council reports (NRC 1999; 2000a,b; IOM
2000) have discussed the need for exposure assessment after military activities,
during combat, or where troops are deployed to guard a facility or area associ-
ated with identified or suspected hazards, including oil fields, chemical plants,
contraband destruction (incinerator) sites, and power plants. Exposure assess-
ments are intended as a means of reducing personnel injuries and as a form of
preventive surveillance as information on exposures can be used by physicians
at a later time to treat exposed individuals if they develop symptoms. In such
situations, there is a need to provide information on the personal protective
equipment required and to enforce administrative controls to guard sites. Moni-
toring needs to be flexible and surveys need to be conducted to characterize the
exposures that may be encountered before establishing permanent security or
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conducting similar activities. Biologic monitoring and surveillance may need to
be formalized for deployed troops.

In the aftermath of the WTC disaster, the nature of the exposures and the
populations exposed changed at Ground Zero (Lioy and Gochfeld 2002; EPA
2002, 2003; GAO 2007; Lorber et al. 2007). The evolving situation resulted in
exposure of responders and others under different conditions. Box 3-9 discusses
issues surrounding emergency management after the attack on the WTC.

It is important to develop and test a series of protocols to ensure that
community and occupational monitoring and analytic capabilities are field-ready
in the event of an emergency situation. Exposure-monitoring platforms may
need to include personal sensors and portable monitors mounted on vehicles and
be portable and robust enough to be airlifted to remote sites. A variety of sam-
plers can be tested, including ones that measure physical, chemical, and biologic
materials. Surveillance of workers and the community with biologic monitoring
is essential for understanding continuing exposures or the cessation of exposures
at least through rescue, re-entry, and recovery. Similarly, a field laboratory to
process biomonitoring samples would be important. Strategies to minimize con-
tinuing community exposure are essential, for example, the use of exclusion
zones for various periods. Effective personal protective devices can be made
available to those in harm’s way to minimize injury or disease, and leaders could
define and enforce the use of this equipment.

During disasters, there need to be clear and effective lines of communica-
tion, members of a team that can interpret data, and officers who understand the
meaning of the exposures that are determined. Most important, guidance and
recommendations from professionals on how to proceed are needed.

CONCLUSIONS

Exposure science has made and continues to make contributions to many
fields. Increased emphasis on integration and new applications of the principles
of exposure science can contribute major benefits to the areas of epidemiology,
toxicology, environmental regulation, ecologic planning, and disaster manage-
ment.

Epidemiology

Exposure science should aim to provide epidemiologists with novel tools
to improve exposure assessment, particularly comprehensive assessment of cu-
mulative exposures to the ensemble of relevant stressors. That will require use
of new remote-sensing and other high-volume techniques for measuring the ex-
ternal environment and new —omics technologies for the internal environment.
Population-wide exposure databases (such as a national dose registry for radia-
tion exposures) that could be routinely linked with population-wide outcome
databases (such as cancer registries or the National Death Index) would facilitate
rapid discovery of novel hazards.
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BOX 3-9 Emergency Management After the
Attack on the World Trade Center

The collapse of the WTC towers was a horrific aftermath of the 9/11 ter-
rorist attacks. The generation of dust due to the disintegration of building ma-
terials and the ensuing fires created demands for exposure information to
understand the associated potential health effects on workers and the com-
munity—in the immediate aftermath of the disaster, in the days immediately
afterwards when the dust was resuspended, and during cleanup in the weeks
and months after the disaster. The need for such data was not anticipated
before the event (Lioy and Gochfeld 2002; Lioy 2010a).

The WTC collapse illustrates the need for an integrated and timely ap-
proach to data collection involving complex mixtures (EPA 2003). Data on the
presence of radiation and other hazardous agents were initially collected by
several agencies but with little coordination. Inventories of potential sources
of known hazardous chemicals (such as pesticides) were documented. Bio-
logic samples were collected from firefighters to examine the concentrations
of gases and other contaminants that may have been inhaled at Ground Zero
(Edelman et al. 2003). However, the composition of WTC dust remained un-
known, and this crippled the initial assessments of the potential hazards (Lioy
2010a). The failure to characterize exposures adequately stemmed from a
lack of real-time portable devices to measure particles and gaseous materials
in dusty environments and from a lack of understanding that the immediate
concerns were short-term exposures (Lioy 2010a). The mindset at the time
was focused on low-level exposures (for example, to asbestos and fine parti-
cles) associated with long-term disease outcomes.

The exposure-assessment issues stemming from the WTC disaster led
to discussions of how to characterize exposure during rescue, reentry, recov-
ery, restoration, and rehabitation after an event (Rodes et al. 2008; Lioy
2010b). An important aspect of the WTC disaster was the recognition that the
combination of collapse of the buildings with intense fires resulted in emis-
sions of complex mixtures because of the nature of the construction materi-
als, furnishings, and equipment (EPA 2002, 2003; GAO 2007). Training of
emergency and law-enforcement agency personnel regarding potential expo-
sures and potential hazards to health is important, including rapid exposure
characterization to minimize additional injuries to workers and the public.

Risk assessment, risk management, and risk communication are valu-
able evaluation tools, but their effectiveness depends on the accuracy of in-
formation and on the speed with which it can be interpreted and conveyed. A
lesson for exposure science from the disaster is that it is important to assume
a worst-case scenario and efforts would need to be made in advance to im-
plement exposure-characterization strategies, including prepositioning of ap-
propriate measuring devices. The application of exposure-science principles
during acute events can augment activities associated with a national re-
sponse plan.

Copyright © National Academy of Sciences. All rights reserved.



Exposure Science in the 21st Century: A Vision and a Strategy

78 Exposure Science in the 21st Century: A Vision and A Strategy

Toxicology

Exposure science needs to interface with toxicology to inform selection of
and priority-setting among chemicals at environmentally relevant concentrations
for toxicity testing, to develop human pharmacokinetic data, and to improve
understanding of the exposure-response relationships involved in perturbations
of toxicity pathways in exposed humans or wildlife. Closer interactions between
toxicologists and epidemiologists to characterize the biologic effectiveness of
exposures could provide better exposure metrics.

Environmental Regulation

Exposure science needs to play a greater role in the process of risk as-
sessment, risk management, and compensation policy to improve characteriza-
tion of population-wide exposure distributions, their uncertainties, aggregate and
cumulative exposures, and high-risk populations. More powerful incentives for
data generation—such as conservative default values—are needed to address
critical data gaps. A more risk-preventive approach to introduction of new
chemicals into the environment and better post-marketing surveillance of those
already present is needed, particularly with the goal of reducing disparities in the
population. An improved role of exposure science in the regulations will ad-
vance priority-setting, help measure the efficacy of regulations, and reduce the
likelihood of widespread human or environmental exposure to substances that
are likely to be hazardous.

Environmental Planning

Exposure science should be an increasingly integral component of envi-
ronmental planning because of its ability to inform decisions during urban pro-
jects that may affect public health (for example, through exposure to increased
air-pollutant emissions or potential increases in exposure to green space) and
because of its ability to recognize the complex interactions among humans and
ecosystems that are critical for protecting human and ecosystem health.

Disaster Management

A great challenge in the management of natural or human-made disasters
is to anticipate the needs for exposure science before a disaster occurs. To that
end, field-ready protocols need to be established and tested, including the neces-
sary equipment (such as drones) and expert personnel, and the equipment needs
to be pre-positioned for rapid deployment to conduct community and occupa-
tional monitoring. The availability of personal protective devices is an important
element in these preparations. Biologic monitoring for surveillance of workers
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and the community is essential. Ideally, it would be conducted routinely on first-
responder personnel, in advance of a disaster, to measure toxicants associated
with their jobs and thus provide a baseline measure. However, biomonitoring
cannot take the place of environmental sensors for real-time measurement of
hazardous agents.
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Demands for Exposure Science

INTRODUCTION

Knowledge of exposure is key to predicting, preventing, and reducing en-
vironmental and human health risks. A robust exposure science is necessary to
support policy decisions for managing potentially harmful exposures without
adversely affecting economic activities, personal liberties, and the health of peo-
ple. The need for exposure science extends beyond policy considerations, how-
ever, and includes societal goals related to population health, economic security,
and human well-being. This chapter addresses the demands for exposure science
that the committee’s proposed vision will help to meet. The committee’s vision
will help transform exposure science into a more forward-looking discipline that
supports universal exposure surveillance and integrated predictive systems that
facilitate early detection of and even anticipate harmful exposures.

The committee’s vision (Chapter 2) arises in part from multiple and com-
plex scientific, societal, commercial, and policy demands. The committee did
not attempt to develop an exhaustive list of those demands but rather selected
examples to illustrate their nature and their importance in shaping research
needs for exposure science in the 21st century. This chapter builds on the con-
cepts and terminology in Chapter 1 and the applications of exposure science in
Chapter 3. It sets the stage for Chapter 5, which identifies scientific and techno-
logic advancements needed to support the committee’s vision.

The committee broadly explored research-based and decision-based activi-
ties to identify emerging needs for exposure information. This exploration re-
veals that the demand for exposure information is growing. One example of this
is the knowledge gap resulting from the introduction of thousands of new
chemicals into the market each year. The U.S. Toxic Substances Control Act
and the Green Chemistry Initiative of the California Department of Toxic Sub-
stances Control (CA DTSC 2008) demonstrate that the rate of introduction of
new substances exceeds our ability to design and conduct exposure assessments
of these new chemicals and their mixtures that enter the market. Other examples
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of emerging demands for exposure information are EPA’s Premanufacturing
Notice requirements and the European Union’s program for the Registration,
Evaluation, Authorization and Restriction of Chemicals. The industries that
market chemicals and the government agencies that regulate them need more
and better exposure information to conduct screening and regulatory assess-
ments.

Another example is the increasing need to address long-term health effects
of low-level exposures to chemical, biologic, and physical stressors over years
or decades, such as low-level radiation exposure. A dearth of exposure data con-
tributed to uncertainty in communicating the radiation risk posed by the Fuku-
shima incident in Japan to policy-makers and the public. Previous opportunities
to reduce uncertainties through the collection of more and better exposure data
have been missed, including opportunities in the aftermath of the Soviet Union’s
April 1986 Chernobyl nuclear incident, which spewed radionuclides over a large
swath of Europe (Normile 2011). There were few systematic or sustained appli-
cations of exposure-science techniques in the collection of radiation-exposure
data at Chernobyl (UNSCEAR 2011).

Growing efforts to collect, organize, and evaluate medical-surveillance
data in the absence of corresponding efforts to assemble, evaluate, and track
exposure data present another example of the need for data. The paucity of ex-
posure data has been observed repeatedly—in the followup of health effects in
veterans of the Gulf War (IOM 2000), in the Centers for Disease Control and
Prevention (CDC) Health Tracking Program (CDC 2011a), and in the monitor-
ing of the health of volunteers and professionals after exposures to the 2010
Gulf Oil Spill (IOM 2010; King and Gibbons 2011).

The committee defined the complex and overlapping needs for exposure
information in four broad categories: health and environmental science, market,
societal, and policy and regulatory (illustrated schematically in Figure 4-1).
Health and environmental sciences require reliable quantitative data on human
and ecosystem exposures. Market demands require the identification and control
of exposures resulting from the manufacture, distribution, and sale of products
and the provision of services (for example, energy, transportation, and health
care). Societal demands arise from the aspirations of individuals and communi-
ties—relying on an array of health, safety, and sustainability information—for
example, to maintain local environments, personal health, the health of workers
who make consumables, and the health of the global environment. Policy-
makers drive the need for exposure science when they require knowledge to
inform their actions—particularly the setting of policies directed at mitigating
environmental risks and avoiding hazards in cost-effective ways. Policy-makers
need to establish a balance among the different science (health), market, and
societal demands as they establish regulations and set budgetary priorities. The
remainder of this chapter explores the four categories of needs for exposure sci-
ence information. The committee recognizes that many of these demands can
conflict. For example, individuals and communities may have different goals
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Societal Demands

Exposure Science

Policy/Regulatory
Demands

Health and
Market Environmental
Demands Science
Demands

FIGURE 4-1 The four major demands for exposure science.

and aspirations with respect to research and policies to maintain the environ-
ment, the health of individuals, and communities. Similarly, policy makers and
regulatory agencies often have different and even competing goals, and each
will be interested in exposure studies that support their particular perspectives.
The goal is to explore the various demands, recognizing the potential for com-
peting and conflicting demands.

HEALTH AND ENVIRONMENTAL SCIENCE DEMANDS

The need to protect human health has been and will continue to be an im-
portant demand for exposure information (NRC 2009a). Accurate assessment of
human exposures is a critical component of environmental health research
(McKone et al. 2009). Air pollution epidemiology, risk assessment, health track-
ing, and accountability assessments are examples of health research studies that
require but often lack adequate exposure information (McKone et al. 2009). The
expanding number of environmental factors that are or will be the focus of
health research creates a continuing demand for exposure information. In many
health studies the lack of accurate exposure information has led to the use of
questionnaires and qualitative assessments in place of more robust quantitative
observations.

Demand for health and environmental science information includes the
need for more and improved data on broad issues, such as direct stressor—target
relationships—for example, air pollution and health and the multiple, complex,
and sometimes indirect linkages among environmental exposures and ecosys-
tems, water and land resources, and the built environment. Demands for expo-
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sure information also arise from specific health or environmental issues—for
example, a rise in autism, asthma, or childhood brain cancer; reproductive fail-
ure in specific wildlife populations; or deterioration of popular local habitats.
There is also a need to integrate health and ecologic sciences to support a more
harmonized framework for assessing the fate and effects of industrially pro-
duced and naturally occurring pollutants. Protecting human health and ecosys-
tem integrity requires long-term and spatially and temporally resolved tracking
of multiple stressors. For humans, that type of tracking has been conceptualized
as the “exposome”, defined as collective exposures from conception on (Wild
2005, 2012). An analogous ecologic-science approach is the National Ecological
Observatory Network (NEON)—a continental-scale research instrument pro-
posed by the National Science Foundation (NSF) to provide a nationally net-
worked research, communication, and informatics infrastructure for biologic
systems (NEON 2011)—intended to assess the direct effects and feedbacks be-
tween environmental change and biologic processes. A similar NSF program,
the Long Term Ecological Research network, has been in operation since 1980
(LTER 2012).

Environmental exposures contribute substantially to human health risks,
accounting for a greater fraction of risk than genetic variation (Rappaport and
Smith 2010). New analytic capabilities are needed for environmental surveil-
lance and biomonitoring and for linking biomarkers to stressors on the basis of
pharmacokinetic and pharmacodynamic models (Sohn et al. 2004; Clewell et al.
2008).

Health

With regard to the influence of environmental exposures on health, direct
cause—cffect relationships are sometimes apparent, as in the cases of radiation
from nuclear weapons in Japan; dioxin in Seveso, Italy; and methyl isocyanate
in Bhopal, India. Such relationships can be evident even if there is a substantial
lag in the development of health effects, as in the 10- to 50-year delay in devel-
opment of mesothelioma from asbestos exposure.

More commonly, however, exposure—effect relationships are difficult to
establish because of other variables. For example, studies of cancer risk in mi-
grants show that environmental factors can cause large increases in risk (see
Ziegler et al. 1993). The increase in risk is attributed to lifestyle differences,
such as differences in air and water, food, pharmaceuticals, and many household
and occupational exposures. Effective monitoring methods, such as CDC’s Na-
tional Health and Nutrition Examination Survey (NHANES), directly reveal
such health changes as the rise in obesity. An ability to link those changes rap-
idly to specific exposures—for example, endocrine-disrupting chemicals (Hein-
del 2003), diet, and urban patterns—requires continuing exposure assessment.
The need for innovative and cost-effective means of separating and measuring
specific exposures constitutes an important demand for exposure science.
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Scientific advances in epigenomic research (the study of epigenetic modi-
fication at a level much larger than a single gene) have revealed long-term ef-
fects of early-life exposures on modification of DNA-methylation patterns (Jirtle
and Skinner 2007). Relevant exposures and vulnerable life stages are beginning
to be understood, but preliminary results illustrate the need for better exposure
data for assessing long-term disease risks. That need is underscored by concern
about transgenerational risks posed by fetal exposures, including those during
ovarian-cell development, which can affect health outcomes in later generations
(Skinner et al. 2010). These types of observations suggest the opportunity for
novel approaches to translate internal markers into measures of exposure at
critical life stages. To achieve this, scientists need to quantify current exposures
and preserve the data in forms that permit them to be used in the future to eluci-
date transgenerational risks posed by particular exposures.

Increasing use of burden of disease metrics (such as disability adjusted life
years [DALYs]) and comparative risk assessment covering a wide array of risk
factors, including chemical exposures, diet, and lifestyle, to inform policy deci-
sions demands better and more consistent methods of characterizing diverse
exposures in large populations. The problem that arises from this demand is the
need to provide measures of environmental exposures that are consistent in sta-
tistical and causal terms with measures used to characterize exposures to nonen-
vironmental risk factors—such as smoking, unsafe sex, and micronutrient defi-
ciencies. Consistent measures of both environmental and nonenvironmental
exposures are needed if meaningful policy comparisons are to be made.

Environment

There are growing demands for comprehensive information on global, re-
gional, and local environmental problems. Improvements in air and water qual-
ity, mostly in developed countries, have been made possible by advances in sci-
ence and technology. Those improvements will provide a foundation for
addressing future demands stemming from growing populations and shrinking
resources.

Air Quality

Over the last 2 decades, emissions from energy use in transportation,
power generation, industry, and housecholds have steadily decreased in devel-
oped countries as a result of emission-control strategies (HEI 2010; EPA
2011a,b; NRC 2010). This has contributed to decreased ambient concentrations
of particulate and gaseous air pollutants in many cities, and the effects of trans-
ported emissions from other states and countries have become important con-
tributors to total exposures. Those changes drive new needs to monitor fluctua-
tions in ambient air pollutants in space and time, link them to mitigation
strategies, and assess health benefits of reducing human exposures. That will
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require development and validation of spatiotemporal exposure models that will
use data on land use, human activity, housing characteristics, atmospheric con-
centrations, and personal monitoring. The models need to be specific to different
populations, especially populations that are particularly susceptible, such as
children and people who have pulmonary and cardiovascular diseases.

Water Quality

Water-quality and water-quality impact assessments have changed sub-
stantially over the last several decades with a greater focus on understanding the
complex interactions among human populations and water supplies. This focus
has created a growing demand for water-pathway exposure assessments. The
number and quantities of new chemicals and materials (such as nanomaterials)
now found in waste streams far exceed our capacity to monitor them (Kim et al.
2010; Nowack 2010). An ongoing need is to evaluate and limit adverse water-
quality effects on aquifers, waterways, forests, and agricultural lands. Improved
data on regional and global distribution of persistent chemicals of the types
monitored in air-quality studies are needed to address these critical issues. In
addition, although cumulative effects of mixtures are largely unknown, there is
concern that global accumulations of contaminant mixtures may result in unex-
pected long-term effects on human and ecologic targets and on the water re-
sources themselves (Macdonald et al. 2000; Woodruff et al. 2011).

Global Climate Change

Global climate change is expected to bring increasingly frequent extreme
weather and local environmental changes that have the potential to affect human
health, ecologic health, and key resources in several direct and indirect ways
(Patz et al. 2007; NRC 2009a; USGCRP 2009). The effects will include those
from increased temperature, such as acute and chronic health effects; those from
extreme weather, such as physical injuries and drownings, structural collapses,
and declines in habitability due to mold and other kinds of contamination; and
indirect effects, such as shortages of clean water and increasing concentrations
of contaminants due to drought (Frumkin et al. 2008). The National Research
Council report on global climate change and human health (NRC 2009a) and a
U.S. Council on Environmental Quality Climate Change Adaptation