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ABSTRACT

Public interest in the health impacts of environmental chemical exposures and
their interactions with other stressors continues to grow with increased information
about exposures to multiple chemicals in air, water and soil from different sources.
However, population vulnerability factors, such as diet, behaviors, genetic traits,
economic status and social characteristics are often not considered. Cumulative risk
assessment may be thought of as a population-based analysis, characterization and
possible quantification of the combined risks to health or the environment from multiple
route exposures to multiple agents or stressors. This current report serves as a
resource document for identifying specific elements of and approaches for implementing
cumulative risk assessments. This report is not a regulatory document and is not
guidance but rather a presentation of concepts, methods and data sources. ltis
designed to assist EPA’s development of specific approaches and cumulative risk
guidance for use by its Program Offices and Regions. It is intended as a resource for
EPA scientists and others in the broader risk assessment community with an interest in
locating data and approaches relevant to cumulative risk assessment. This report
focuses on two areas: initiating factors for a cumulative risk assessment with
procedures for data collection and organization; and technical approaches for assessing
and characterizing human health risks associated with a subset of cumulative risk
issues (i.e., multiple chemicals, exposures and effects). Schematics are shown for
evaluating data, profiling the population of concern, grouping chemicals into integrated
exposure and toxicity groups, performing toxicity assessments and conducting
cumulative risk characterizations. Issues discussed include toxicological interactions,
pharmacokinetics, multiple toxic effects, epidemiologic methods, biomonitoring data, the
temporal nature of exposures and environmental chemical transformations. Articulation
of variability and uncertainty is stressed as part of the final Risk Characterization.
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PREFACE

This report was developed as a collaborative effort between the U.S.
Environmental Protection Agency's (EPA) Office of Research and Development (ORD),
National Center for Environmental Assessment—Cincinnati Office (NCEA-Cin) and the
Department of Energy’s Argonne National Laboratory. It offers information that can be
used to implement basic cumulative risk assessment concepts within the framework set
forth by EPA. This current report serves as a resource document for identifying specific
elements of and approaches for implementing cumulative risk assessments. This report
is not a regulatory document and is not guidance but rather a presentation of concepts,
methods and data sources. It is designed to assist EPA’s development of specific
approaches and cumulative risk guidance for use by its Program Offices and Regions.
It is intended as a resource for EPA scientists and others in the broader risk
assessment community with an interest in locating data and approaches relevant to
cumulative risk assessment. The aim is to illustrate approaches and resources that can
be used to more explicitly assess human health cumulative risks from multiple route
exposures to multiple chemicals found at sites or within communities. This scope can
involve evaluating many different sources and contaminants, several media (soil, water,
air and structures) and associated exposure pathways, various representative
individuals or population subgroups which could be exposed over time, multiple health
effects and toxicological interactions among chemicals. The overall goal of using
cumulative risk assessment approaches is to produce more accurate and effective
assessments of these sites and situations, leading to more informed and ultimately
better decisions for managing potential cumulative health risks. External peer review
included two categories of comments that were collected between March and July 2006:
(1) comments from an independent peer review panel, organized and implemented by
Eastern Research Group (ERG) under EPA Contract No 68-C-02-060, in a meeting
open to the public on May 25-26, 2006, in Cincinnati, Ohio and (2) public comments
using an E-docket during a 45 day public comment period from March 31-May 15, 2006.
The public comments received by EPA were issued to the Peer Review panel members
prior to the May 2006 review meeting for their consideration in making comments and
recommendations to EPA. Information concerning the peer review meeting results can
be found online at: http://cfpub.epa.gov/nceal/cfm/recordisplay.cfm?deid=149983.
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EXECUTIVE SUMMARY

ES.1. BACKGROUND

Public interest in and awareness of the health impacts of environmental chemical
exposures and their interactions with other stressors continues to grow as more
information is assembled about exposures to multiple chemicals in air, water and soil
from different sources. Environmental Protection Agency (EPA) has responded to
increasing requests for ways to understand and evaluate the combined impacts of these
conditions by preparing a set of reports on various aspects of cumulative risk
assessment. The EPA’s Framework for Cumulative Risk Assessment (herein referred
to as the Framework) defines the general concepts and considerations for these
assessments (U.S. EPA, 2003a), and earlier reports laid a broad foundation for the
initial Planning and Scoping phase needed to conduct a cumulative risk assessment
(U.S. EPA, 1997a, 2002a). This report is linked to, and relies upon these documents,
as well on several key EPA guidance documents, as illustrated by the examples in
Figure ES-1. This current report serves as a resource document for identifying specific
elements of and approaches for implementing cumulative risk assessments. This report
is not a regulatory document and is not guidance but rather a presentation of concepts,
methods and data sources. It is designed to assist EPA’s development of specific
approaches and cumulative risk guidance for use by its Program Offices and Regions.

It is intended as a resource for EPA scientists and others in the broader risk
assessment community with an interest in locating data and approaches relevant to
cumulative risk assessment.

The Framework defines cumulative risk as the combined risks from aggregate
exposures (i.e., multiple route exposures) to multiple agents or stressors, where agents
or stressors may include chemicals, as well as biological or physical agents (e.g., noise,
nutritional status), or the absence of a necessity such as habitat (U.S. EPA, 2003a).
Cumulative risk assessment, then, is an analysis, characterization and possible
quantification of the combined risks to health or the environment from multiple agents or
stressors. Other important aspects of cumulative risk assessment include a population
focus, emphasis on stakeholder involvement, consideration of population vulnerabilities,
and a focus on both human health and ecology. Areas of vulnerability articulated in the
Framework for human and biological ecosystems, communities and populations include
susceptibility or sensitivity, differential exposure (e.g., caused by cultural practices or by
living in close proximity to pollutant sources), differential preparedness (e.g., lack of
disease immunizations) and differential ability to recover. Note that the conduct of a
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FIGURE ES-1

Key EPA Resources for this Report: Precedent U.S. EPA Guidance and Reports
Containing Specific Approaches for Assessing Major Parts of Cumulative Health Risks
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cumulative risk assessment will not be appropriate to every investigation; it is most
useful when addressing the risks from multiple stressors acting together (U.S. EPA,
2003a).

The Framework incorporates the risk assessment paradigm (NRC, 1983) within
the three phases of a cumulative risk assessment that it identifies (see Figure ES-2): (1)
Problem Formulation, (2) Risk Analysis and (3) Risk Characterization. Planning and
Scoping, an iterative dialogue between the scientists, risk managers and stakeholders,
takes place mostly during the Problem Formulation phase but may be revisited as
needed during the Risk Analysis and Risk Characterization phases. The output from
Risk Characterization is then used to support environmental Decision-Making. Other
factors, such as economic, social and policy considerations, may enter into both the
Planning and Scoping and the Decision-Making stages of the cumulative risk process.
These may influence the design of the analysis or the final risk management decisions.

ES.2. SCOPE OF THIS REPORT

This report focuses on two areas: (1) concepts concerning the initiating factors
for a cumulative risk assessment with procedures for data collection and organization
(Chapters 1 and 2) and (2) technical approaches for assessing and characterizing
health risks associated with a subset of cumulative risk issues (i.e., multiple chemicals,
exposures and effects), with examples pertaining to contaminated sites, drinking water
and ambient air (Chapters 3, 4 and 5). Some of the innovations proposed in this
document include

e developing a description of initiating factors for a Cumulative Risk
Assessment and procedures for population characterization, data collection
and organization based on the initiating factors (Chapters 1 and 2);

e implementing chemical grouping, a potentially helpful way to scope analyses
into manageable pieces to be assessed as chemical mixtures with co-
occurring exposures (Chapters 3 and 4);

e approaches and data sources for evaluating the timing of exposures,
including discussions of kinetics and dynamics (Chapters 3 and 4);

e integrating internal dose measurements to account for multiple route
exposures (Chapters 3 and 4);

o further developing the quantitative method for the interaction-based hazard
index, first introduced in the 2000 mixtures guidance document (U.S. EPA,
2000a) (Chapter 4);
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e extending the Relative Potency Factors (RFP) method to cumulate across
exposure routes, an approach first presented in an earlier EPA report on
drinking water disinfection by-product (DBP) mixtures (U.S. EPA, 2000e)
(Chapter 4);

e integrating output from multiple effects modeling (illustrated using a
categorical regression model) with the Hazard Index (HI) and response
addition models to express risks for multiple health effects (Chapter 4);

e providing added detail on the cumulative HI approach used by the Superfund
program (U.S. EPA, 1989a), including discussion of the impacts for risk
characterization (Chapters 4 and 5);

e presentation of a method for cumulative risk characterization that considers
factors unique to conduct of a Cumulative Risk Assessment, including the
recognition of uncertainties in cumulative dose-response and exposure
assessment (Chapter 5); and

e a general emphasis on integrating exposure and dose-response analysis
(Chapters 3, 4 and 5).

This report covers only some of the many aspects of cumulative risk for human
health assessment. It does not address risk management decisions and risk
communication. This report also does not consider interactions with non-chemical
stressors, such as noise, nor other kinds of risks, such as microbial or ecological risks.
In addition, social, political and economic issues are not discussed and only some
aspects of vulnerability are highlighted.

ES.3. THIS REPORT’S APPROACH TO CUMULATIVE RISK ASSESSMENT

Many situations do not have a population focus or do not involve multiple
chemicals and so would not need a cumulative risk assessment. However, there are
certain initiating factors that would naturally lead to conducting a cumulative risk
assessment. Figure ES-3 shows these three identified initiating factors along with the
data elements that may be used to conduct a cumulative risk assessment. These
initiating factors are (1) multiple pollutant sources or releases, (2) elevated
concentrations from environmental monitoring or biomonitoring of chemicals and (3)
increased population illness in a community. Figure ES-4 illustrates the types of
information that may be considered for data collection and population characterization
and shows the relationship of this information to the initiating factors. It is noteworthy
that traditional source-based assessments are usually initiated when chemicals are
found or released into the environment from known sources. When this occurs,
population vulnerability factors, such as diet, behaviors, genetic traits, economic status
and social characteristics are often not included in the assessment. These traits are

XXV



cluster of
leukemia cases,
elevated cancer rates

incidence of infant
mortality, hospital
admission rates

multiple industrial
facilities

and disposal areas,

accidental chemical

releases — -

Population
iliness

public health

]
Sources,
data

releases

organics in air

or soil, .
transported to n;lultu.alel lati genetic
water and e oI susceptibility,
accumulated in sub.g.ro_u.p children,
fish Integrated sensitivities elderly
characterization

homes close

inhalation i
. . , population to pollutant
ingestion, dermal multi-route vulnerabilities
exposures from szurcl:t(;s, g
air, water, soil, expostires sfﬂsistiffé
fish, produce mixtures fishers

toxicity
high blood lead
levels in children,
high levels of
chemicals found in __ .
soil or indoor dust

aroclor: reproductive effects,
diesel exhaust: lung cancer,
drinking water disinfectant

byproducts: bladder cancer

o Chemical
— .
concentrations

FIGURE ES-3
Example Initiating Factors and Data Elements for Cumulative Risk Analyses

XXVi



Initiating Factor:

Sources and

Initiating Factor: Elevated Environ-
mental Chemical Concentrations or

Poor
nutrition,
obesity,
physical
and
mental
health

Polymor-
phisms,
gender,
age,
race

Poverty,
education,
minority
status,
unemploy-
ment,
income,
residential
proximity to
sources,
family
dysfunction,
health care
access

o

Releases Biomonitoring Levels
Site Non-Site Drug and
Sources: Sources: food, alcohol
stack household abuse,
emissions, products, smoking,
surface indoor/outdoor cultural
runoff, air pollution, practices
leaching drinking water,
\ pesticides
Environmental Diet and

Contaminants

Behavior

Biological and
Genetic Factors

Socio-Economic
Stressors

A 4

y

A 4

Initiating Factor: Population llinesses
or Perceived Population llinesses

A

FIGURE ES-4
Variables Considered in Cumulative Risk Assessment and their Relationship to Initiating Factors

XXVii




more likely to be assessed when population illness or the potential for iliness are the
initiating factor. Note that there may be challenges related to finding the needed
expertise and collaborative partners to carry out a cumulative risk assessment when
these non-traditional stressors are incorporated into an assessment. The EPA does
address a few of these factors (e.g., sensitive subgroups, children, elderly), however, it
may be useful to conduct additional research on analyzing health risks for vulnerable
populations and to collaborate with other organizations that may have access to
relevant data.

Figure ES-5 shows the key steps in a cumulative risk assessment, with a primary
focus of addressing multiple chemicals, pathways, timeframes and effects in a
population-based setting. These steps define the population of concern and its study
area, generate a list of environmental contaminants relevant to the initiating factor and
identify links between environmental chemical exposures and vulnerabilities within the
population. These steps form the initial collection and organization of information to
focus on the cumulative aspects of the risk assessment. These steps may not be
sequential and may involve a number of iterations as the analyst examines factors
related to population vulnerabilities, public health information, toxicological and
epidemiologic data, completed exposure pathways, differential exposures and contact
with environmental media and pollutant sources. Outputs include a population profile, a
list of relevant chemicals, chemical groups for use in risk analysis and characterization
and a conceptual model. Outputs may include additional epidemiologic evaluations that
assess the health of the community or that examine associations between health
impacts and pollutant exposures.

ES.4. EXPOSURE ASSESSMENT OF MULTIPLE CHEMICALS, EXPOSURES AND
EFFECTS

In cumulative risk assessments that examine risks posed by multiple chemicals,
exposure assessments evaluate a population’s chemical exposures through multiple
routes of exposure over time. Such assessments may encompass multiple exposure
timeframes in which the timing and intensity of exposures to different chemicals are
examined relative to each other. It is also important to determine whether the
exposures to multiple chemicals can lead to toxicokinetic interactions’ or toxicodynamic

! Toxicokinetic interactions refer to alterations in the absorption, distribution, metabolism or elimination of
a toxic chemical. For example, these interactions can be mediated by the induction or inhibition of
enzymes involved in xenobiotic activation or detoxification. See Appendix C U.S. EPA (2000a) for
complete discussion.
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interactions®. In addition to providing information about multiple chemical exposures in
the general population, these exposure assessments identify potentially susceptible or
vulnerable subpopulations® in the study area and potentially unique pathways of
exposure in those subpopulations.

Cumulative exposure assessments will likely rely on environmental monitoring
data and environmental fate models. The community’s boundary may define the
geographic region of study for a cumulative exposure assessment, unlike chemical-
focused assessments or single source-focused assessments. If the timing of different
chemical exposures is important, the analyst can use fate models to estimate changes
in the concentrations in environmental media over time. The pollutants may occur in
these media as a consequence of releases from multiple and different sources that
could be either close to or distant from the population of concern. The environmental
fate information for such an assessment could be site dependent.

While approaches to exposure assessment modeling are stressed in this
chapter, the use of biomonitoring data (e.g., biomarkers of exposure) holds a great deal
of promise for future cumulative risk assessments. The use of biomarkers in cumulative
risk assessments currently is limited. They can provide key quantitative exposure
estimates in cumulative risk assessments (e.g., biomarker data are used to estimate
current chemical exposure levels in an affected population or the general population).
Such data also can be used to verify selected exposure model results (e.g., show that
specific chemical exposures and absorption are occurring in the population or, if the
data are collected in a different location or under different conditions, provide evidence
showing that human absorption of the chemical from environmental exposures are
possible). For example, some studies have used existing blood chemical or urine
chemical concentration data, such as data published in NHANES (NCHS, 2002).

Exclusive use of biomarker data in cumulative exposure assessment efforts is
currently not practicable when considering a large number of diverse chemicals due to
analytical and resource limitations. Analytical limitations include considerations such as
whether sensitive biomarkers for many types of environmental chemicals have been

2 Toxicodynamic interactions encompass all interactions that do not directly affect absorption, distribution,
metabolism or elimination of a toxic chemical. Toxicodynamic interactions affect a tissue’s response or
susceptibility to chemically mediated toxic injury. Modes of toxicodynamic interactions include, among
others, depletion or induction of protective factors, alterations in tissue repair, changes in hemodynamics,
and immunomodulation. See Appendix C U.S. EPA (2000a) for complete discussion.

® Vulnerable or susceptible populations in the study area can be identified during either the exposure or
dose-response assessment phases of a cumulative risk assessment. This identification is based on
properties of the chemicals being evaluated as well as social, cultural or genetic factors that influence
vulnerability or susceptibility.
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developed and whether the chemical’s biological half-life after absorption is sufficient to
estimate exposure over a relevant exposure period. Collection of human biomarker
data can be invasive and costly, resource limitations may constrain the ability of
researchers to collect such data.

If collected, the interpretation of biomonitoring data and application to risk
assessment can be challenging. While biomonitoring identifies individuals who are
exposed and have measured internal doses reflecting absorption of a chemical, to
estimate the individuals’ actual exposures, the biomonitoring data would need to be
integrated with additional information (e.g., exposure modeling information) to identify
the pathways, timing and routes of exposure. Additional exposure and environmental
modeling would be needed to identify sources of chemicals in the contaminated media.
Although the use of biomonitoring data holds great promise for cumulative risk
assessments, few methods exist at this time for such applications (U.S. EPA, 2003a).

Exposure models may be divided two general categories: screening and refined.
Screening models involve relatively simple estimation techniques and generally use
preset, worst-case conditions to produce conservative estimates of the environmental
quality impact of a specific source or source category. Analysts use these instead of
more detailed (and more expensive) models to assess sources that clearly will not
cause or contribute to ambient concentrations above established standards for public
health. If results of conservative screening analyses indicate that multiple chemical
concentrations from one source or a combination of sources might not meet ambient
standards and health criteria, then the analysts would apply refined models for a more
representative assessment.

An example of a refined approach for detailed consideration of exposure timing in
dose/response assessment is the EPA’s Office of Pesticide Policy approach, identified
as the calendar approach, in General Principles for Performing Aggregate Exposure
and Risk Assessments (U.S. EPA, 2001a). The calendar approach estimates
sequential, daily chemical exposures by linking episodic exposures (e.g., seasonal
exposures to pesticides through surface water contact following residential lawn
applications of pesticides in the spring and summer) with routine exposures (e.g.,
contaminants in the food supply).

Mixtures occurring in a community may originate from different sources. Thus,
information about sources of chemical pollutants, chemical properties and fate can be
organized to guide chemical groupings that reflect the coexistence in media to which
people can be exposed within contaminated communities. The grouping of the
chemicals could be based on the potential for their co-occurrence in each
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compartment/medium, potential for interactions affecting transformation and potential
for co-occurrence and interaction along each transport pathway between media. Figure
ES-6 provides an overview of how this information might be organized according to
media and the processes of fate and transport.

While chemicals can be easily grouped based on common sources and releases
(e.g., chemicals in diesel exhaust), the usefulness of groupings for various chemical
classes can be improved based on typical primary release mechanisms that would be
expected to control initial contamination and migration behavior in the environment.
Released chemicals can disperse quickly over a fairly wide area by convection (such as
via wind or surface water flow), and they can also migrate following waste placement.
The dominant processes at a given location determine what will be the “receiving
medium” into which a particular class of chemicals is introduced and from which they
can migrate.

Groups of chemicals may be expected to be distributed to various environmental
compartments (or media). An implicit assumption is that sufficient time has passed for
transport and system equilibration to occur. In some cases, such as deposition in
aquatic sediments or transport through the food chain, this process can take from
months to years following an initial release of contaminants. By the same token, after
an extended time, chemicals from a variety of different sources would be expected to
ultimately reach similar environmental sinks. In some cumulative risk assessments, it
may be important to examine when these chemical movements would occur.

This concept is illustrated for an example release scenario (industrial spill) in
Table ES-1. This concept applies to any environmental release, so other scenarios can
also be considered, such as combustor emissions related to routine operations or
temporary releases (e.g., due to excursions from a continuous-operation facility or
discrete releases from a mobile facility). The result is an initial set of chemical groups
that can be further refined in the toxicity assessment and then used for Risk
Characterization and uncertainty analysis.

Text Box ES-1 summarizes a general comparison of the processes involved in
conducting a basic versus a cumulative exposure assessment. As this summary
shows, the basic topics and outcomes are the same. The cumulative column simply
highlights additional attention that would be paid to certain features in explicitly
considering cumulative risk issues. Cumulative risk assessments evaluate aggregate
exposures by multiple pathways, media and routes over time, plus combined exposures
to multiple contaminants from multiple sources.
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TABLE ES-1

Example Groupings Based on Exposure Considerations (Media and Timing)*

Release Scenario

Industrial Spill on Soil near a River
(VOCs, SVOCs and Metals)

Exposure

Acute to Short-Term

Long-Term

Duration

<Day to weeks

Months

Years

Environmental Medium -
Transport/ Removal Process

Chemicals Projected to Be in Various Media over Time

Soil upper horizon - volatilization and leaching

CCly, DCA, DCE, TCE, VC;

from surface, biodegradation PCBs; PCBs; (possibly PCBs)
As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Air - CCly, DCA, DCE, TCE, VC; CCly;
volatilization from soil PCBs PCBs (possibly PCBs)
Surface water (river) - CCl,;, DCA, DCE, TCE, VC; CCl,, DCE, TCE;
overland flow and particle transport PCBs; PCBs; (possibly PCBs)
from surface soil As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Aquatic sediments - precipitation from water, CCly, DCE, TCE, VC; CCly, TCE, VC;
adsorption on particles, deposition PCBs; PCBs; PCBs;
As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Soil lower horizons - leaching from surface soil, CCl,, DCA, DCE, TCE, VC; CCly, TCE, VC;
adsorption and biodegradation PCBs; PCBs; PCBs;

As, Cd, Cr, Hg, Ni

As, Cd, Cr, Hg, Ni

As, Cd, Cr, Hg, Ni

Groundwater -
leaching from soil

CCly, DCA, DCE, TCE, VC

CCl4, DCA, DCE, TCE, VC;
PCBs;
As, Cd, Cr, Hg, Ni
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* Projected intervals reflect physical-chemical properties and fate data, including half-lives; other factors also affect partitioning and timing,
including local conditions such as temperature (for volatilization); organic content (for soil and sediment sorption), which for this example is
assumed to be relatively low; and depth to aquifer (for leaching to groundwater), which is assumed to be moderate to deep.

As = arsenic; CCl, = carbon tetrachloride; Cd = cadmium; Cr = chromium; DCA = 1,1-dichloroethane; DCE = 1,1-dichloroethylene; Hg = mercury;
Ni = nickel; PCBs = polychlorinated biphenyls; SVOCs = semivolatile organic compounds; TCE = trichloroethylene; VC = vinyl chloride;

VOCs = volatile organic compounds.
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Comparison of Exposure Assessment Processes (Text Box ES-1)
Basic Assessment Cumulative Assessment
What general question is being addressed?
How could people be exposed to chemicals, Similar, but emphasizing combined source
what would the amount of exposure be? contaminants and cumulative exposures
What is evaluated?
Emphasis on combined sources/releases (sources may
not be located in community)
Emphasis on joint behavior, considering environmental
interactions, differential transformation and grouped
sets of chemicals
Concentrations of chemicals at points of Emphasis on sets of chemicals that coexist initially and
human contact those that move together
Representative receptors as for the basic case, paying
attention to sensitive subgroups and unique exposure
activities (e.g., per cultural practices)
Routes by which people could be exposed to  Emphasis on combined chemicals and routes over
each chemical time, considering sequencing
Emphasis on combined amounts of various forms
(potential impact on toxicokinetics)
How are results used?
Estimated intakes are considered in groups to guide
more explicit evaluation of joint toxicity to assess
potential health harm

Individual Sources/releases of chemicals

Behavior of individual chemicals in the
environment (transport/fate)

People who “represent” current conditions
and likely future land use

Amount of each chemical taken in over time

Estimated intakes are linked with toxicity
information to assess potential harm

ES.5. TOXICITY ASSESSMENT OF MULTIPLE CHEMICALS, EXPOSURES AND
EFFECTS

Assessments of adverse health effects from exposures to multiple chemicals
through multiple routes of exposure over time may account for multiple health effects
and for joint toxic action resulting from exposure to a chemical mixture. Risk
assessments may include evaluation of the timing and intensity of exposures to different
chemicals, including the examination of internal co-occurrence of multiple chemicals
and toxicological interactions in the target tissue(s). Cumulative risk assessments add
layers of complexity to the evaluation of chemical mixtures. Methods for cumulative risk
assessment may be developed by expanding on the theory and methods presented in
the EPA’s Supplementary Guidance for Conducting Health Risk Assessment of
Chemical Mixtures (U.S. EPA, 2000a) to evaluate various aspects of cumulative risk.
Figures ES-7a and ES-7b present both established methods along with new or
enhanced methods for cumulative risk assessment. For example, Figure ES-7a shows
the development of toxicity values (i.e., Reference Doses [RfDs], Reference
Concentrations [RfCs] and slope factors) as presented in the 2000 Supplementary
Mixtures Guidance for whole mixtures and sufficiently similar mixtures, but Figure ES-7a
also includes additional epidemiologic evaluations that may be useful when illnesses in
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Toxicological Interactions
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the population initiates a cumulative risk assessment. Figure ES-7b presents
established component-based chemical mixtures methods (i.e., RPFs, HI, Response
Addition and the Interaction-Based HI), but several other approaches for use in
cumulative risk assessment are also reflected in this figure. Further, Figure ES-7b
handles not only toxicologically similar and dissimilar mixtures, but also addresses
mixes of these, as well as addressing the case of multiple toxicological effects. Finally,
additional methods are shown that include the use of PBPK models to estimate internal
doses of chemicals and examine the potential for toxicological interactions.

Grouping chemicals by the potential for co-occurrence and joint toxic action is a
key simplifying concept in this report. Chemical components of mixtures can be
screened for inclusion in a cumulative risk assessment using the elements of
component-based methods. Figures ES-8a, ES-8b and ES-8c outline a process for
classifying chemicals into groups suitable for analysis and the application of the
methods shown in Figures ES-7a and ES-7b. This process includes the following steps:

1) Figure ES-8a—Classify all chemicals of concern into initial groups by their
potential to occur in the same or different media and at the same or different
time.

2) Figure ES-8a—Divide these exposure/time groups further into subgroups in
which chemicals are thought to cause toxicity by the same mode of action or
affect the same target organ. Include all target organs or effects for which
positive evidence exists of adverse health effects. An initial step is to collect
toxicological and pharmacokinetic data on each of the individual chemicals to
be considered in the risk assessment. Factors to consider in forming these
toxicity groups include pharmacokinetic parameters, persistence of the
chemicals in the body and the formation of metabolites.

3) Figure ES-8b and ES-8c—Assess the toxic potential of the chemicals and
whole mixtures of concern using methods shown in Figures ES-7a and
ES-7b. Figure ES-8b shows a flow chart that first evaluates the whole
mixtures and single chemicals for toxicity potential, ensuring that those with
the greatest potential to cause toxicity are maintained in the cumulative risk
assessment. Then, the chemical groups formed in Figure ES-8a are
evaluated for joint toxicity, addressing multiple effects, interactions and
exposure routes; these groups are then screened into or out of the cumulative
risk assessment. Figure ES-8c provides additional detail on the processes
shown in Figure ES-8b, indicating the methods and outputs from this data
analysis.

The methods developed for cumulative toxicity assessment may be used in
several different ways depending on data availability and on the goals of the
assessment. They may be applied as screening tools (e.g., to decide whether or not
toxicological interactions are of importance for a certain group of chemicals) or as tools
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Hypothetical Example of Chemical Groupings by Co-occurrence in Media and Time, Similar Toxicity

Terms: As = Arsenic (inorganic); BDCM = Bromodichloromethane; Cd = Cadmium; CCl4 = Carbon tetrachloride; Cr
Chromium; DCA = Dichloroacetic Acid; U = Uranium (soluble salts); Hg = Mercury (based on mercuric chloride); Ni

Kidney Hg, Cd, BDCM Ni, TCE, U, Cr Hg, BDCM Cd, TCE, Ni, Cr
Brain Hg, DCA TCE, As, Ni, CCl, Hg, DCA, PCB TCE, As, Ni, CCl,
Fetus Hg, BDCM, DCA TCE, Ni, Cr Hg, BDCM, DCA, TCE, Ni, Cr

PCB
Heart Hg, Cd TCE, Ni, As, Cr Hg Cd, TCE, Ni, As, Cr
Lung Hg Ni, Cr Hg Ni, Cr
FIGURE ES-8a

Nickel (soluble salts); PCB = Polychlorinated Biphenyls (Arochlor 1016); TCE = Trichloroethylene
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FIGURE ES-8b

Grouping Chemicals for Cumulative Risk Assessment. The mixture risk methods are applied to each group, with
‘concern” judged by the appropriate screening value (e.g., mixture RfD for whole mixture oral exposure). Groups can be
screened out only if both whole mixture and component methods indicate no concern.
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FIGURE ES-8c

Grouping Chemicals for Cumulative Risk Assessment (cont). Specific mixture risk methods are applied depending on
which multiples are being evaluated, with “concern” judged by the appropriate screening value as determined during the
Problem Formulation stage of CRA.
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for estimating quantitative risk numbers (e.g., estimating the risk of an adverse level of
cholinesterase inhibition by applying a RPF approach to a group of pesticides). In some
cases all of the methods shown might be applied, and in other cases, only a select few
methods would be useful depending on the exposure scenario.

ES.6. RISK CHARACTERIZATION

A Risk Characterization is usually described as having two parts: an integrative
analysis, which contains the risk estimates and can be highly technical, and a risk
characterization summary, which focuses on recommendations and uncertainties.
Figure ES-9 provides an overview of the final Risk Characterization process for a
cumulative risk assessment. It is an expansion of the final Risk Characterization step
shown in Figure ES-5, beginning with outputs from the steps shown in Figure ES-5,
such as, the population profile and the integrated chemical groups. The cumulative
Risk Characterization may differ from a traditional Risk Characterization in several ways
that are often caused by missing data or a lack of understanding of the various multiples
and their interactions. Some of the more important differences are listed below:

e Recommendations could be multivariate (i.e., it may be difficult to identify a
single chemical, pathway or critical effect that drives the risk)

¢ Recommendations might be based on groupings of chemicals, pathways and
effects, but such groupings can be based on subjective judgments

¢ Recommendations might be based on epidemiological findings relevant to a
population iliness, for which it is useful to articulate confounding factors and
exposure uncertainties

e Uncertainty analysis might be predominantly qualitative because of the use of
numerous defaults (e.g., for addressing interactions and multiple effects).

In summary, in the Risk Characterization phase of cumulative risk assessment, it
may be useful to consider issues in the context of evaluating multiple chemicals,
exposures and effects, including interaction effects, with respect to the population
characteristics. Issues regarding uncertainty, variability and sensitivity analysis are
important to present. An integrative technical analysis of the predicted risks is useful,
as well as a summary of the results and uncertainties of the Risk Analysis. Risk
Characterization results may be used by risk managers in the final Decision-Making
stage of a cumulative risk assessment; thus the Planning and Scoping process, data
sources, analytical techniques, logic used to make various technical decisions and
uncertainty analysis are more useful if they are scientifically sound and presented in a
transparent manner.
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1. CUMULATIVE RISK ASSESSMENT INTRODUCTION

1.1. BACKGROUND

Public interest in and awareness of the health impacts of environmental chemical
exposures and their interactions with other stressors continues to grow as more
information is assembled about exposures to multiple chemicals in air, water and soil
from different sources. In the United States, organizations such as the United
States Environmental Protection Agency (EPA) and Agency for Toxic Substances and
Disease Registry (ATSDR) have developed documents that support the development of
cumulative risk assessment (see ATSDR, 2002c; U.S. EPA, 1997a, 2000a, 20023,
2003a). Internationally, organizations such as the World Health Organization’s
International Programme on Chemical Safety, the European Food Safety Authority and
NoMiracle (Novel Methods for Integrated Risk Assessment of Cumulative Stressors in
Europe) are sponsoring workshops and authoring publications to help increase
knowledge on the transfer of pollutants between different environmental compartments,
on food safety, and on the impact of cumulative stressors, including chemical mixtures
(EFSA, 2006; IPCS, 2006; NoMiracle, 2006).

EPA has responded to increasing requests for ways to understand and evaluate
the combined impacts of these conditions by preparing a set of reports on various
aspects of cumulative risk assessment. Those documents provide information that
organizes and helps explain the scope of cumulative risk assessment. The EPA’s
Framework for Cumulative Risk Assessment (herein referred to as the Framework in
this report) defines the general concepts and considerations for these assessments
(U.S. EPA, 2003a), and earlier reports laid a broad foundation for the initial Planning
and Scoping phase needed to conduct a cumulative risk assessment (U.S. EPA, 19973,
2002a). This current report serves as a resource document for identifying specific
elements of and approaches for implementing cumulative risk assessments. This report
is not a regulatory document and is not guidance but rather a presentation of concepts,
methods and data sources. It is designed to assist EPA’s development of specific
approaches and cumulative risk guidance for use by its Program Offices and Regions.
It is intended as a resource for EPA scientists and others in the broader risk
assessment community with an interest in locating data and approaches relevant to
cumulative risk assessment.

1.1.1. The Integrated Process for Cumulative Risk Assessment. The Framework
defines cumulative risk as the combined risks from aggregate exposures (i.e., multiple
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route exposures) to multiple agents or stressors, where agents or stressors may include
chemicals, as well as biological or physical agents (e.g., noise, nutritional status), or the
absence of a necessity such as habitat. Cumulative risk assessment, then, is an
analysis, characterization and possible quantification of the combined risks to health or
the environment from multiple agents or stressors. Other important aspects of
cumulative risk assessment include a population focus, emphasis on stakeholder
involvement, consideration of population vulnerabilities, and a focus on both human
health and ecology. Areas of vulnerability articulated in the Framework for human and
biological ecosystems, communities, and populations include susceptibility or sensitivity,
differential exposure (e.g., caused by cultural practices or by living in close proximity to
pollutant sources), differential preparedness (e.g., lack of disease immunizations), and
differential ability to recover. Note that the conduct of a cumulative risk assessment will
not be appropriate to every investigation; it is most useful when addressing the risks
from multiple stressors acting together (U.S. EPA, 2003a).

The National Research Council (NRC) issued Risk Assessment in the Federal
Government: Managing the Process (NRC, 1983), commonly called the Red Book, over
20 years ago. This document identified four basic steps for risk assessment, called the
Risk Assessment Paradigm: hazard identification, dose-response assessment,
exposure assessment and risk characterization, as explained in Text Box 1-1. These
general steps provide the original foundation for risk-based programs across many
federal agencies and are an integral part of cumulative risk assessment. The

Framework incorporates the Summary of Traditional Risk Assessment Paradigm
risk assessment paradigm (Text Box 1-1)

oy Hazard identification/  |dentify contaminant hazards and determine
within the three phases of a data evaluation their levels in various media (soil, water, air)

cumulative risk assessment Exposure assessment Evaluate who could be exposed, how much,
how frequently

that it identifies (see Dose-response Quantify dose-response relations and
Figure 1-1): (1) Problem assessment define. toxicity valges from scientific studies

) ) Risk characterization Describe cancer risks, noncancer effects
Formulation, (2) Risk and related uncertainties

Analysis and (3) Risk Characterization. Planning and Scoping, an iterative dialogue
between the scientists, risk managers and stakeholders, takes place mostly during the
Problem Formulation phase but may be revisited as needed during the Risk Analysis
and Risk Characterization phases. The output from Risk Characterization is then used
to support environmental Decision-Making. Other factors, such as economic, social and
policy considerations, may enter into both the Planning and Scoping and the Decision-
Making stages of the cumulative risk process. These may influence the design of the
analysis or the final risk management decisions.
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FIGURE 1-1

Integrated Process for Cumulative Risk Assessment
(Source: adapted from U.S. EPA, 2002f)
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During the Problem Formulation phase, the risk analysts, risk managers and
other stakeholders jointly establish the goals, breadth, depth and focus of the
assessment, producing a conceptual model and an analysis plan. The conceptual
model identifies the stressors to be evaluated and the health or environmental effects to

be evaluated; it also describes the possible relationships among various stressors and
potential effects. The analysis plan lays out the data needed, the approach to be taken
and the types of results expected during the Analysis phase.

The Analysis phase of the Framework includes the determination of the analytical
and quantitative methods to be used for exposure assessment, dose-response
assessment and risk estimation. The exposure and dose-response processes for
cumulative risk are expected to occur iteratively to ensure information compatibility.

This phase also includes the initial estimates of joint health risk from the multiple
stressors to which the study population and sensitive population subgroups are exposed

(U.S. EPA, 2003a, p. xviii).

The final phase of a cumulative risk assessment, Risk Characterization, involves

further analysis so that the risk
estimates are explained in
terms of their significance and
uncertainties. This is also
where the risk assessment
process is evaluated to
determine whether the
objectives and goals of the first
phase (Planning and Scoping
and Problem Formulation) have
been met.

1.1.2. Terminology.
Terminology often used for
cumulative risk assessment
overlaps with terms used in
environmental science,
chemical mixtures risk
assessment and public health.
Some common terms are
defined in Text Box 1-2. The

Key Terms for Cumulative Health Risks (Text Box 1-2)

Aggregate exposure

Cumulative risk

Effect

Exposure pathway

Exposure route

Environmental
interaction
Joint toxicity

Toxicological
interaction

Receptor population
Source

Combined exposure to one chemical;
can be from multiple sources or
pathways

Combined risk from exposures to
multiple chemicals or stressors;
exposures may be aggregate

Health endpoint estimated from toxicity
studies (first-observed is critical effect;
secondary effect seen at higher doses)
A complete pathway includes (1) source
and mechanism of release,

2) contaminant fate & transport (through
environmental media), (3) point of
receptor contact with the source or
affected medium and (4) exposure route
How a contaminant gets inside a person
(e.g., via inhalation, ingestion, or dermal
absorption)

One chemical acting on another to
influence fate or transport

Toxic action exerted by two or more
chemicals acting together

Joint toxicity that is greater or less than
expected under additivity (note: forms of
additivity include summing of doses,
risks or biological measurements across
chemical components of a mixture)
Group actually or potentially exposed

Origin of contaminant (e.g., a landfill)
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glossary (Chapter 7) provides detailed definitions for these and other terms in this
report.

For EPA, cumulative risk assessment involves combined risks from multiple
exposures to multiple stressors from all contributing sources. This assessment
addresses a given receptor population, whether this is an actual community or a
hypothetical population of future inhabitants of a geographic region. This integrated
approach then extends beyond assessments that produce separate estimates for each
contributing source (such as releases from a waste pit, emissions from an incinerator or
effluent from a wastewater treatment facility) by estimating risk from the joint exposure
via all identified sources.

A cumulative risk assessment can involve multiple exposure pathways and
exposure routes that reflect different ways contaminants can enter the body from
different media (e.g., breathing air and drinking water). An exposure pathway describes
how chemicals are transported from a source to a person or subpopulation (e.g.,
through the air or water). An exposure route identifies the way the contaminant actually
enters the body.

These assessments also consider multiple effects within two main categories:
cancer and noncarcinogenic systemic effects. For the latter, in a cumulative risk
assessment involving multiple chemicals, it is important to include an evaluation of both
critical and secondary effects. The critical effect is the first effect observed as the
chemical’'s dose is increased above a no-effect range in the relevant toxicity study, and
it serves as the basis for the Reference Dose (RfD, see definition in Chapter 7) or other
noncancer toxicity value; secondary effects are typically those seen at higher doses in
the same target organ or tissue and/or different physiological compartment(s) and are
rarely incorporated into a single chemical risk assessment beyond uncertainty analysis
of the entire relevant toxicity database. In the assessment of chemical mixtures, an
important difference from single chemical assessments is that the health effects
observed as a result of combined chemical exposures may differ in phenotype and/or
magnitude from the critical effects caused by the individual chemical exposures. Thus,
it is important to evaluate secondary effects for those chemicals to which humans may
be exposed in combination. In these cases, the doses of the chemicals in the mixture
may act in an additive manner to cause one of these secondary or higher level effects,
or the responses (effects or risks) themselves may be additive. In addition, co-exposure
to multiple chemicals may result in toxicological interactions (e.g., synergism or
antagonism) that lead to secondary or higher level effects. Thus, in a cumulative risk
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assessment involving more than one chemical as a stressor, it is important to consider
evaluating critical effects as well as secondary and higher level effects.

Multiple stressors are central to cumulative risk analyses. Multiple stressors
include vulnerability factors and chemical, physical and biological exposures. The EPA
defines as an aggregate exposure assessment as an assessment that seeks to
characterize a single-chemical exposure that could involve multiple exposure pathways
(be present in many sources or media) and potentially taken in by multiple routes (oral,
dermal, etc.). Because an aggregate assessment only addresses a single chemical, it
is not formally considered a cumulative assessment. However, if a set of aggregate
exposures is combined, addressing two or more chemicals and their joint effects, then
that would constitute a cumulative assessment.

Interactions that consider location and timing are a main emphasis of this report.
In the environment, interactions can alter the fate and transport of chemicals, e.g., by
facilitating mobility in soil or sorption onto air particulates. Once taken into the body, a
key emphasis of this evaluation is joint toxicity, which is defined as the collective toxicity
of two or more chemicals. This can be additive (the default assumption), less than
additive (antagonism), or more than additive (synergism). The EPA has defined the
specific term, toxicological interactions, to represent interactions that are other than
additive (U.S. EPA, 2000a). The EPA has developed an interaction formula based on
departures from dose addition (see Chapter 4). Toxicological interactions are then
commonly defined by EPA as those that result in effects that are either lower or higher
than expected from the individual chemicals acting under an assumption of dose
additivity, such as the reported synergistic effect of cadmium (Cd) and lead (Pb) on the
neurological system or the reported antagonistic effect of Cd and Pb on the kidney (see
Chapters 4 and 5). Such interactions are a common concern at contaminated sites.

1.2. ABOUT THIS REPORT

As discussed above, cumulative risk assessment covers a breadth of topics
which may include combination toxicology, chemical mixtures, multiple exposure
pathways and exposure durations, and can extend from identifying how the assessment
was initiated to determining how the analysis will be conducted and how results will be
presented. Building on the concepts that have been identified in earlier reports and
offering examples to illustrate how those concepts can be applied, this report addresses
only human health assessment (as shown in Figure 1-2), and focuses on two areas: (1)
concepts concerning the initiating factors for a cumulative risk assessment with
procedures for data collection and organization (Chapters 1 and 2) and (2) technical
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approaches for assessing and characterizing health risks associated with a subset of
cumulative risk issues (i.e., multiple chemicals, exposures and effects), with examples
pertaining to contaminated sites, drinking water and ambient air (Chapters 3, 4 and 5).
The report’s organization is as follows:

Chapters 1 and 2 present information on cumulative risk assessment initiating
factors, data collection and organization. Both chapters describe elements of the
Problem Formulation phase, i.e., the preliminary characterization of the population
assessed, the initial identification of the chemicals, exposures and effects of concern
and an evaluation of the potential relationship between population illness and
chemical exposures. Procedural steps for a cumulative risk assessment are
described, and the differences between population-based cumulative risk
assessments and traditional source-based or chemical-based risk assessments are
highlighted.

Chapter 1 discusses the development of cumulative risk assessment theory
and procedures, provides background information and describes the
organization and content of the current report. Chapter 1 also presents an
overview of cumulative risk processes and a summary of the approach
proposed in this report to address cumulative risk, emphasizing the factors that
could initiate the decision to undertake a cumulative assessment.

Chapter 2 discusses the initial characterization of the population and
identification of relevant chemicals as influenced by the initiating factor
that initiated the cumulative risk assessment, It discusses data collection
and organization, the use of public health information and epidemiologic
approaches, and it ends with a discussion of conceptual models for
identifying links between environmental exposures and target
populations.

Chapters 3, 4 and 5 present information on technical approaches to the Analysis and
Risk Characterization of multiple chemicals, exposures and effects. (Figure 1-2
illustrates this narrow focus on a subset of cumulative risk issues.) These include
evaluations of exposures and risks using chemical mixtures methods; approaches
for grouping chemicals for Risk Analysis and Risk Characterization; evaluating
assumptions and uncertainties; and deciding whether to conduct a qualitative or a
guantitative assessment.

Chapter 3 offers exposure assessment concepts, resources and approaches
for a cumulative risk assessment that can help characterize the setting, quantify
exposures and group the chemicals and pathways based on joint and
interactive processes. The influence of toxicity information on the exposure
assessment is discussed.

Chapter 4 explains and illustrates key toxicity concepts and chemical
mixture risk assessment methods that may be used to evaluate multiple
effects, exposures and toxicological interactions. The chemical groups
first established using exposure information are further defined based on
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common toxicological action. The influence of exposure information on
the toxicity assessment is discussed.

Chapter 5 provides information for the Risk Characterization phase,
including a discussion of issues to be addressed, methods for evaluating
some of the uncertainties inherent in cumulative risk assessments and
the need for comparison of results with the goals from the Planning and
Scoping phase.

Supporting Information

Chapter 6 identifies reference information for the documents and articles cited
in this report.

Chapter 7 defines basic terms used in cumulative risk assessments.

Appendix A presents a toolbox of selected resources that can be useful
in conducting cumulative risk assessments.

Appendix B illustrates how primary toxicity information can be organized
to support grouping for cumulative risk assessments.

Appendix C presents a discussion on the history and use of
toxicological severity concepts in risk assessments.

As shown in Figure 1-2, this report covers only some of the many aspects of
cumulative risk for human health assessment (not ecological assessment), so it is
important to note the areas that it does not consider. For example, while multiple
chemicals and exposures and both cancer and noncancer health endpoints are
addressed, approaches for interactions with non-chemical stressors, such as noise, or
for other kinds of risks, such as microbial or ecological risks, are not included. The
important issues related to stakeholder involvement in Planning and Scoping and risk
communication are also not included as they are described in previous documents (U.S.
EPA, 1997a, 2002a). In addition, social, political and economic issues are not
discussed and only some aspects of vulnerability are highlighted. Finally, this report
does not address the final risk management decision or the communication of such a
report to interested audiences.

1.2.1. Innovations Included in this Report. Within its targeted scope, this report
addresses certain aspects of the Problem Formulation, Risk Analysis and Risk
Characterization phases involved in implementing a cumulative risk assessment. In
actual applications, some of the approaches shown in this report may be extended more
broadly to assess other types of stressors complex exposures and vulnerability issues.
Many of the techniques have roots in previous EPA documents, such as the 2000
Supplementary Guidance for Conducting Health Risk Assessment of Chemical Mixtures
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(U.S. EPA, 2000a) (herein referred to as the 2000 Supplementary Mixtures Guidance in
this report) but new material is also presented with detail on how existing methods can
be extended to address areas the 2000 Supplementary Mixtures Guidance does not
cover (e.g., multiple route exposures to multiple chemicals and effects). This report also
brings information together from various sources to show how existing methods and
data can be used (see the toolbox in Appendix A). Innovations in methodology include
the following:

developing a description of initiating factors for a Cumulative Risk
Assessment and procedures for population characterization, data collection
and organization based on the initiating factors (Chapters 1 and 2);

implementing chemical grouping, a potentially helpful way to scope analyses
into manageable pieces to be assessed as chemical mixtures with co-
occurring exposures (Chapters 3 and 4);

approaches and data sources for evaluating the timing of exposures,
including discussions of kinetics and dynamics (Chapters 3 and 4);

integrating internal dose measurements to account for multiple route
exposures (Chapters 3 and 4);

further developing the quantitative method for the interaction-based hazard
index (HI), first introduced in the 2000 mixtures guidance document (U.S.
EPA, 2000a) (Chapter 4);

extending the Relative Potency Factors (RFP) method to cumulate across
exposure routes, an approach expanded an earlier EPA report on drinking
water DBP mixtures (U.S. EPA, 2000e) (Chapter 4);

integrating output from multiple effects modeling (illustrated using a
categorical regression model) with the HI and response addition models to
express risks for multiple health effects (Chapter 4);providing added detail on
the cumulative HI approach used by the Superfund program (U.S. EPA,
1989a), including discussion of the impacts for risk characterization (Chapters
4 and 5);

presentation of a method for cumulative risk characterization considers
factors unique to conduct of a Cumulative Risk Assessment, including the
recognition of uncertainties in cumulative dose-response and exposure
assessment (Chapter 5); and

a general emphasis on integrating exposure and dose-response analysis
(Chapters 3, 4 and 5).

1.3. EXISTING EPA PUBLICATIONS RELATED TO CUMULATIVE RISK
This report is linked to, and relies upon, several key guidance documents across
EPA, as illustrated by the examples in Figure 1-3. EPA’s Office of Research and
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Development (ORD) has prepared and coordinated a number of major reports that
cover the topics shown in the next paragraph, and other EPA Program Offices have
developed issue papers and guidance documents on some of the key factors in
cumulative risk assessment. The general scope and timeline of these documents are
highlighted in Figure 1-4. (There are several other EPA guidance documents and
reports that address issues related to risk assessment, such as Data Quality Objectives,
but do not explicitly address the issues related to cumulative risk; they are discussed in
Appendix A.) Dates shown on that figure are for selected major reports within the
program areas; additional publications are described in the balance of this report (e.g.
see U.S. EPA, 2001a, 2002a,b, 2003b). Other sections of this report describe
publications developed by ATSDR and other organizations that support cumulative risk
analyses. The publications shown in Figure 1-4 focus on distinct parts of cumulative
risk assessment rather than on all aspects described in the Framework. This is
because those documents were prepared to address specific issues as defined by (1) a
regulatory requirement, e.g., for air toxics, pesticides and drinking water, (2) a public
demand, e.g., for community-based studies or (3) a new assessment approach or
policy, e.g., for chemical mixtures or Planning and Scoping. Other reports will continue
to be developed to address the various steps and issues in the Framework.

To illustrate how certain cumulative risk topics are not covered when the scope is
limited to a targeted issue, consider three reports highlighted in Figure 1-4, each of
which focuses on human health risks (but addresses only one type of risk). The 2001
national air toxics assessment of more than 30 priority urban air toxics does not address
toxic interactions; however, default chemical mixture methods based on additivity
concepts are applied. The 2002 pesticide assessment only focuses on a limited set of
organic compounds, which act by the same toxic mode of action to exert the same
general effect. The 2000 Supplementary Mixtures Guidance does not address
aggregate exposures, only multiple chemicals by the same exposure route.

1.3.1. EPA Guidance Documents. The four steps of the risk assessment paradigm
(NRC, 1983), hazard identification, exposure assessment, dose-response assessment,
and risk characterization, provide the original foundation for risk-based programs across
many federal agencies (see Text Box 1-1). They are reflected in most EPA guidance
for assessing risks, such as the Risk Assessment Guidance for Superfund (RAGs)
(U.S. EPA, 1989a), which has served for many years as the common basis for
contaminated site cleanups and federal and state waste management programs. Other
programmatic risk assessment guidance documents, such as those addressing national
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Risk Assessment Guidance
for Superfund
(1989a)

Planning and Scoping for
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(1997a)
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(1998a)

Guidance for Assessing
Health Risks of Chemical Mixtures
(2000a)

Planning and Scoping
Lessons Learned
(2002f)
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(2002c)

Framework for
Cumulative Risk Assessment
(2003a)

FIGURE 1-3

Key EPA Resources for this Report: Precedent U.S. EPA Guidance and Reports
Containing Specific Approaches for Assessing Major Parts of Cumulative Health Risks



Chemical mixtures

What: health risks for whole mixtures, for combinations of similar,
independent, & interacting chemicals
Why: update 1986 guidelines for multiple chemicals to enhance methods

Who: National Center for Environmental Assessment
When: 2000a (guidance)

Pesticides

What: health risks for common mode of action, multiple exposure routes
Why: address Food Quality Protection Act “no harm” requirements
Who:  Office of Pesticide Programs

When: 2002a,c (organophosphates assessment and guidance)

Community-based pilot studies

What: range of multiple urban chemicals/sources, exposures, health effects
Why: address public concerns about combined risks in urban communities
Who: Regional Offices, with local organizations and citizen groups

When: late1990s — 2004 (individual studies)

National air toxics a nent

What: inhalation health risks of outdoor air toxics from multiple sources
Why: define baseline & driving chemicals/sources, prioritize data collection
Who: Office of Air Quality Planning and Standards

When: 2001 (national-scale report for 1996 data, updates coming)

Disinfection byproducts in water

What: health risks of multi-route exposures to water treatment residuals
Why: address Safe Drinking Water Act “complex mixtures” requirements
Who: National Center for Environmental Assessment

When: 2000e, 2003Db (initial risk report, other reports coming)

Multi-pathways Exposures for Combustor Emissions

What: health risks of multi-pathway exposures to combustor emissions
Why: address Clean Air Act requirements

Who: National Center for Environmental Assessment

When: 1998a (methods document)

Planning and scoping for cumulative risk a nent

What: description of concepts for up-front thinking to lay out process
Why: guide the first step, emphasizing broad scope & integrated dialogue
Who: Office of Science Policy

When: 1997a (guidance)

Planning and scoping lessons learned

What: summary of experience from studies since the 1997 guidance

Why: encourage formal planning & scoping of environmental assessments
Who: Office of Science Policy

When: 2002f (report with case studies)

Research needs for cumulative risk as nent

What: user-based evaluation of current programs, approaches, and needs
Why: focus and prioritize Agency research, leverage interagency efforts
Who: Office of Science Policy, with Regional Offices

When: 2002b (workshop summary)

Framework for cumulative risk assessment

What: description of umbrella issues, concepts, and general approaches
Why: guide overall integrated organization for many types of assessments
Who: Risk Assessment Forum

When: 2003a (framework report)

Case studies for cumulative risk a nent

What: summary of examples, including community-based pilot studies
Why: provide insights to help others conduct cumulative risk assessments
Who: Risk Assessment Forum

When: 2006 (effort underway, no report yet)

Developing health risk nent approaches for addressing

multiple chemicals, exposures and effects

What: combined health risks for multiple chemicals, pathways, effects
Why: provide simplifying methods and show feasibility

Who: National Center for Environmental Assessment

When: 2007 (this report)

FIGURE 1-4
Highlights of Cumulative Risk-Related Program Guidance and Research Reports
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air standards, drinking water standards and regulation of pesticides, also are structured
roughly along the four steps of the risk assessment paradigm.

In risk-based standard setting (e.g., setting a national safe exposure level for a
chemical), contaminants have historically been evaluated one at a time. Consider,
however, the example of the assessment of contaminated sites, where more complex
exposures are included; in RAGs, chemical exposures are summed across
environmental media and exposure pathways to estimate total exposures, cancer risks
and the combined potential for noncancer effects (U.S. EPA, 1989a). Although RAGs
calls for considering multiple chemicals, exposure routes and effects (thus cumulative
risks), few specific suggestions are provided that would enable an analyst to extend
analysis beyond the basic additive approach in the original EPA mixture guidelines
(U.S. EPA, 1986a), primarily because of limitations in current understanding of
environmental and toxicological interactions.

As knowledge of the environmental fate and toxicology of chemicals has
increased through ongoing research, the risk assessment process has kept pace. The
National Research Council has recommended moving away from the single-chemical
assessment focus (NRC, 1994), and the emphasis has continued to shift toward a
receptor- (population-) based focus. As noted in the 2000 Supplementary Mixtures
Guidance, the four originally distinct steps of the risk assessment paradigm are now
closely linked; in particular, it is useful to jointly conduct the exposure and toxicity
evaluations so that the exposure assessment can be refined based on toxicity
information and vice versa. During the past several years the EPA has published
several cumulative risk documents (as illustrated in Figure 1-4) that capture this shift
and extend assessment concepts beyond the original basic approach.

For example, the EPA Planning and Scoping documents identify iterative
Problem Formulation as a key element of the cumulative risk assessment process
(U.S. EPA, 19974, 2002a). This broadens the process beyond the four original data-
driven analytic steps by bringing in the key scoping (or deliberative) component. The
Framework document defines a flexible structure that includes Planning and Scoping,
and Problem Formulation as well as specific assessment and characterization issues
(U.S. EPA, 2003a). That document describes main concepts and the underlying
technical factors across a range of risk types and applications. Together, this set of
EPA publications provides a general view of how risk analyses can better reflect real-
world conditions. These include complex exposure and effect processes as well as
‘human interactions” that involve stakeholders and regulators discussing a given risk
issue to better understand and address cumulative risks.
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These EPA publications respond to the public’s desire to bring together individual
pieces of the environmental risk picture (many of which are regulated under separate
federal programs) so risks that encompass all sources, stressors, exposures, affected
population groups and effects can be better understood and ultimately better assessed.
Thus, while the four-step NRC paradigm from two decades ago provided an essential
foundation, the approach for assessing health risks from exposures to chemicals in the
environment has evolved considerably since then.

One major difference from the historical approach is that today’s analyses, in
terms of the scope of this report, are more closely integrated with careful attention paid
to potential interactions among them. Emerging science is offering new ways to
evaluate how one chemical could affect the behavior of another in the environment; how
one could affect how another is absorbed in, metabolized by and distributed in or
eliminated from the body; and whether their combined toxicity could differ from that
estimated from the single chemical toxicities. This report illustrates how this new
information can be applied to better address cumulative health risks. Sections
1.5.1-1.5.3 provide detail on three existing EPA guidance documents that form a
foundation for addressing the multiplicity issues with the exposure and toxicity
assessment steps of cumulative risk, along with brief discussion of cumulative risk
areas not addressed in those documents.

1.3.1.1. Mixtures Risk Assessment—A common application of mixture risk
assessment methods is to Superfund waste sites. The applicable legislation passed in
1980, the Comprehensive Environmental Response, Compensation and Liability Act
(CERCLA), specifically calls for the evaluation of risks from mixtures. In the original
EPA mixtures guidelines (U.S. EPA, 1986a), the recommended approach was dose or
response additivity based on evaluations of individual chemicals. While interactions
were discussed and addressing them was recommended (if data were available), no
specific approaches were described because toxicological understanding and
quantitative data on interactions were limited. To help address this issue, the EPA
released the 2000 Supplementary Mixtures Guidance, which updates the earlier
guidelines by providing further methodologic detail that reflects evolving toxicological
knowledge. By describing a process for quantitatively evaluating toxic interactions of
multiple chemicals, that guidance offers a clear step forward from past practice.
Specific approaches address complex mixture risk values, environmental
transformations of complex mixtures, toxicological similarity based on varying evidence
(from similar toxic mechanisms to similar target organs) and toxicological interactions.
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A main issue not addressed in the 2000 Supplementary Mixtures Guidance is
approaches for assessing multipathway exposures to chemical mixtures as well as
approaches for multiple effects from chemical mixture exposures.

1.3.1.2. Superfund Site Assessment—RAGs, the standard guidance for
assessing health risks at Superfund sites, (U.S. EPA, 1989a) and subsequent
companion documents require the consideration of multiple chemicals, sources,
exposure routes, receptors and effects. Thus, a basic cumulative assessment is
already being conducted at Superfund sites. As mentioned previously, RAGs does not
explain how to assess toxic interactions because quantitative methods were limited
when it was published. Instead, a default approach was defined under which chemicals
are evaluated individually, and doses and toxic responses were assumed to be additive,
providing the first EPA Program Office approaches to component-based mixture risk
assessment. For independent toxic endpoints, such as different types of cancer,
component risks are added. For toxicologically similar endpoints, component doses are
scaled and added to form the familiar HI (see Chapter 4). RAGs also developed the
quantitative evaluation of multiple pathway exposures with the total Hazard Quotient
(HQ) concept (see Chapters 4 and 5). Because the HI and risk addition formulas of
these exposures used by the Superfund program relied on single chemical risk values
readily available from EPA’s Integrated Risk Information System (IRIS) database (U.S.
EPA, 2007), the mixture assessment was feasible and continues to be widely
implemented. While RAGs represents a significant step in the development of
cumulative risk assessment methods, it does not discuss toxic interactions, the
screening approaches for multiple pathways are minimally described and key details on
how and when to use the total HQ concept are not presented.

1.3.1.3. Pesticide Group Cumulative Risk Assessment—Following the
passage of the Food Quality Protection Act (FQPA) in 1996, EPA programmatic
guidance was developed to address a much more focused risk than that of previous site
assessments. FQPA called for the estimation of health risk from combinations of
pesticides with a common toxicological mode of action, regardless of source. The
resulting cumulative risk guidance includes a modified HI formula for the mixture aspect
and an aggregate risk formula that is functionally similar to the total HQ formula in the
Superfund guidance (U.S. EPA, 2002c). Sophisticated guidance was developed for
evaluating toxicity data to decide which pesticides qualify for the common mode of
action group and for estimating the likely intakes from aggregate exposure from dietary
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and other sources based on multiple types of national or regional information (U.S.
EPA, 2001a, 2002c). The cumulative risk guidance was then demonstrated by an
extensive risk assessment of the organophosphate pesticide group and its common
mode of action, cholinesterase inhibition (U.S. EPA, 2002a). An issue not addressed in
the pesticide guidance is that only the toxic effect for the common mode of action is
assessed, chemicals not sharing the common mode of action are not included and toxic
interactions are not addressed.

1.4. THIS REPORT’S APPROACH TO CUMULATIVE RISK ASSESSMENT

Many situations do not have a population focus or do not involve multiple
chemicals and so would not need a cumulative risk assessment. However, there are
certain scenarios which would naturally lead to conducting a cumulative risk
assessment, denoted here as initiating factors. Figure 1-5 shows these three identified
initiating factors along with the data elements that may be included in a cumulative risk
assessment. These initiating factors are (1) multiple pollutant sources or releases, (2)
elevated concentrations from environmental monitoring or biomonitoring of chemicals
and (3) increased population illness in a community. Figure 1-6 illustrates the types of
information that may be considered for data collection and population characterization

and shows the relationship of this information to the initiating factors. It is noteworthy

that traditional source-
based assessments are
usually initiated when
chemicals are found or
released into the
environment from known
sources. When this occurs,
population vulnerability
factors, such as diet,
behaviors, genetic traits,
economic status and social
characteristics are often not
included in the assessment.
(See Text Box 1-3 for a
discussion of the
challenges related to
expertise and

Challenges to Conducting Cumulative Risk Assessments
(Text Box 1-3)

A challenge to conducting cumulative risk assessments that include
non-traditional stressors is identifying expertise in the risk
assessment community for evaluating risks posed by such stressors
and developing organizational support for such efforts. In the U.S.
Federal Government, different Agencies have purview for related
exposures; no individual Agency has as its mission to evaluate all
chemicals and stressors together, so collaboration may become
important. For example, the Food and Drug Administration is
responsible for dietary stressors and pharmaceuticals, so
collaborations with EPA would be useful regarding if and how these
stressors would impact a population also exposed to environmental
chemical pollutants. Furthermore, the development of a collaborative
network with the medical community and industry (e.g.,
pharmaceutical companies) also would help to integrate
environmental risk assessments with public health information,
exposure data and dose-response study results on toxic chemicals
and pharmaceuticals. Establishing cross-organizational workgroups
and within-organizational structures would be an initial step towards
conducting and completing cumulative risk assessments. Similarly,
within the EPA, collaboration may become important among
established organizational units, e.g., among the program offices for
water, air, solid waste and pesticides.
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organizational structure when these non-traditional stressors are incorporated into an
assessment.) These traits are more likely to be assessed when population illness or the
potential for illness are the initiating factor.

Figure 1-7 shows the key steps in a cumulative risk assessment, with a primary
focus of addressing multiple chemicals, pathways, timeframes and effects in a
population-based setting. These steps define the population of concern and its study
area, generate a list of environmental contaminants relevant to the initiating factor and
identify links between environmental chemical exposures and vulnerabilities within the
population. These steps form the initial collection and organization of information to
focus on the cumulative aspects of the risk assessment. These steps may not be
sequential and may involve a number of iterations as the analyst examines factors
related to population vulnerabilities, public health information, toxicological and
epidemiologic data, completed exposure pathways, differential exposures and contact
with environmental media and pollutant sources. Outputs include a population profile, a
list of relevant chemicals, chemical groups for use in risk analysis and characterization
and a conceptual model. Outputs may include additional epidemiologic evaluations that
assess the health of the community or that examine associations between health
impacts and pollutant exposures. The activities in a cumulative risk assessment that
are summarized in this chapter include:

e Characterize the population or community of concern and the study area based
on the initiating factor

e Develop a list of relevant chemicals
e Compile information on exposure conditions and toxicity

e |dentify population subgroups who are sensitive to the relevant chemicals or
vulnerable to differential exposure

e |terate those steps to improve the relevance of the exposure and population
factors to the health risks of greatest concern

e Conduct a risk characterization, including uncertainty and sensitivity analyses.
One important goal of the risk assessment process is to evaluate the strength of

any links between the chemical exposures to the receptor population and the
information or event that initiated the cumulative risk assessment. For example,
consider the case where awareness of multiple pollutant sources raises concerns of
cumulative health risk. The data from EPA’s Toxic Release Inventory (TRI) might
include more than 20 chemicals, but it does not provide exposure levels or evidence
that all 20 chemicals reach anyone in the population of concern. Establishing those
links (e.g., between the TRI data and actual exposure) is a key part to many of the initial
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Key Steps in a Cumulative Risk Assessment. The interdependence of exposure and
toxicity assessments is indicated by blue arrows.
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steps of cumulative risk assessment. In this chapter, the steps are briefly described in
order to show their contributions to the cumulative risk assessment and their
interconnections (Figure 1-7). Subsequent chapters have more complete discussions
on exposure assessment (Chapter 3), toxicity assessment (Chapter 4), which are both
part of the Risk Analysis phase and Risk Characterization (Chapter 5).

1.4.1. Technical Approaches for Multiple Chemicals, Exposures and Effects.
Chapters 3, 4 and 5 deviate from the broad definition of cumulative risk assessment by
providing technical methods for evaluating only multiple chemicals, exposures and
effects. The approaches do not account for additional population variables, such as
those that are associated with vulnerabilities (i.e., those factors in Figure 1-6 related to
diet, behavior, genetics and biology, and social and economic factors). EPA does
address a few of these factors (e.g., sensitive subgroups, children, elderly), however, it
may be useful to conduct additional research on analyzing health risks for vulnerable
populations and to collaborate with other organizations that may have access to
relevant data (see Text Box 1-4). The intent of these three chapters and Appendices A,
B and C is to provide a library of approaches and resources to more explicitly assess
the multifactor aspects of cumulative risks for specific scenarios and sites. Because of
the variability in these scenarios, such an assessment can involve evaluating many
different sources and contaminants, several media (soil, water and air) and associated
exposure pathways, various representative individuals or population groups who could
be exposed over different time frames and multiple health effects. The overall goal of
using cumulative risk approaches is to produce more accurate and informative
assessments of these sites and situations, leading to better decisions for managing
potential cumulative risks.

Additionally, Chapters 3, 4 and 5 of this report provide a structured collection of
approaches for addressing the chemical interactions and joint toxicity issues in
cumulative risk assessment. Chemical and toxicological interactions are a primary
focus because these are areas where methodological advances allow the traditional
process (evaluating chemicals individually) to be enhanced. Approaches for chemical
grouping are presented in order to simplify complexities and combine components for
joint analysis, so attention can be focused on the factor combinations that could
contribute most to causing adverse cumulative risks.

1.4.2. Identify the Initiating Factor for the Cumulative Risk Assessment. The initial
stage of a cumulative risk assessment (Planning and Scoping) forms a systematic,
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iterative process that defines the risk problem to be assessed and the technical
elements to be emphasized (U.S. EPA, 2003a). The main backdrop for Problem
Formulation and initial data review is provided by the regulatory context and the
particular information or technical factors that led to the decision to consider undertaking
a cumulative risk assessment. Three typical initiating factors include multiple pollutant
sources within the community, increases in illnesses in the population and elevated
chemical concentrations due either to monitoring of environmental levels or
biomonitoring of chemicals in humans (e.g., in blood or urine samples). These initiating
factors could occur in any community, but environmental justice considerations may
cause a cumulative risk assessment to be undertaken more readily because of the
proximity of a community to pollutant sources or cultural practices of a population that
may cause it to be differentially exposed. Figure 1-5 shows these initiating factors and
the common data elements that link the initiating factors with the population. These
initiating factors can be displayed within the preliminary conceptual model that is
developed during the Problem Formulation phase. The identification and discussion of
initiating factors in the planning stages may improve the understanding of any links
between the population risk estimate, which is the result of the cumulative risk
assessment, and the initiating factor, which initiated the assessment.

After the initiating factor has been characterized, the next steps involve defining
the population of concern and its study area, generating a list of environmental
contaminants relevant to the initiating factor and identifying links between environmental
chemical exposures and vulnerabilities within the population. Then, data are collected
and organized with a focus on the cumulative aspects of the risk assessment. These
steps, 2-4 in Figure 1-7, may not be sequential but may involve a number of iterations
as the risk analyst examines factors related to population vulnerabilities, public health
information, toxicological and epidemiologic data, completed exposure pathways,
differential exposures and contact with environmental media and pollutant sources.
Outputs from steps 2-4 include a population profile, a list of relevant chemicals and a
conceptual model. They may also include additional epidemiologic evaluations that
assess the health of the community or examine associations between health impacts
and pollutant exposures.

1.4.3. Characterize the Community and Population Based on the Initiating Factor.
The population characterization usually would include a physical description of the study
area and a demographic description of the population in that study area. The study
area could be a political unit, such as that defined by a county or city boundary or could
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be delimited by geographic features, such as a lake and surrounding watershed. The
population may be a neighborhood or the community in an entire city, perhaps an Indian
reservation or the public using a resource, such as a lake. The population description
would also include sensitive or susceptible subgroups based on increased exposure,
genetic or physical traits or vulnerability. This description may include cultural practices
or housing locations that differentially affect a population’s exposure. If population
illness is the initiating factor for the cumulative risk assessment, then it would be
consistent with good epidemiologic practices to determine the extent of the morbidity or
mortality and the uniqueness of the disease or the disease rates in comparison to
baseline levels in other communities. Often the definition of the population and study
area could be influenced by the initiating factor. Because a cumulative risk assessment
is population-focused so that all relevant exposures and effects are considered, as the
potential exposures and health effects are further investigated, the population

characterization will be refined.

1.4.4. Generate Initial List of Relevant Chemicals. The Framework distinguishes
cumulative risk assessment from traditional risk assessments by its population focus.
Consequently, once the initial population description is complete, including population
demographics and the boundaries of the study area, information on chemical releases,
biomonitoring data, public health information and environmental concentrations are
evaluated in light of the identified population to develop the initial list of relevant
chemicals (see discussion in Text Box 1-4 where it is recognized that other confounding

factors may also be responsible for
health effects in the population).
Existing EPA approaches for
exposure assessment are likely to
be sufficient for this step. Partly
because of stakeholder
involvement in the cumulative risk
assessment, this initial list of
relevant chemicals is likely to be
closely tied to the initiating factor.
The influence of the initiating factor
is discussed in more detail in the
exposure assessment chapter
(Chapter 3).

Chemical and Stressor Involvement in Cumulative Risk
Assessment (Text Box 1-4)

When a cumulative risk assessment is initiated by health
effect(s) in the population, and there is reason to believe an
environmental exposure may be the cause, the initial goal
of the investigation is to determine if environmental
chemicals present in the affected community can be linked
to those health endpoints. It may be noted that other
stressors within the population may be responsible for either
causing health effects or for contributing to their expression
in conjunction with chemical exposures. Examples of such
confounding factors include contributions to various cancers
from smoking, hearing loss from co-exposure to noise and
chemicals and associations between high blood pressure
and stress. As such, investigators conducting a cumulative
risk assessment may find it useful to make note of such
stressors that may contribute to occurrence of a health
endpoint in addition to developing a list of relevant
chemicals. This information can then be taken into account
during uncertainty analysis and risk characterization.
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1.4.4.1. Use Program and Regional Office Procedures — Determination of
relevant chemicals is covered in several guidance documents from the EPA Program
Offices (e.g., Office of Water, Office of Pesticide Programs, Office of Solid Waste and
Emergency Response, Office of Air Quality, Planning and Standards) and Regional
Offices (see Appendix A). For exposures by multiple media, the chemicals may be
identified using approaches from several programs or guidance from EPA’s ORD (e.g.,
U.S. EPA, 1996a). The initial chemical list may be overly inclusive to allow for the
examination of potential interactions from joint exposures so that joint toxicity can be
evaluated in later steps of the assessment. For example, a chemical could be
evaluated based on the ratio of its exposure level to its safe level, i.e., its HQ. A
chemical that might be screened out in a single chemical assessment because its HQ is
less than 1 might be retained in a cumulative assessment (e.g., unless it's HQ is less
than 0.1) in order to allow for potential dose additivity or interactions.

1.4.4.2. Identify Chemicals Related to the Initiating factor — The three types
of initiating factors in this report have only subtle differences in their influence on the
chemical list. When health endpoints are the initiating factor, the preliminary list of
chemicals could include any that have been shown in human or animal studies to cause
or contribute to those health effects. When environmental concentrations, biomonitoring
data or pollutant sources are the initiating factor, the preliminary chemical list could at
first be restricted to those measured or likely to be found in environmental emissions.
Those that lack toxicity information or are initially deemed unlikely to pose significant
health risks based on human or animal data may be placed on a watch list pending
further analysis during the iteration of the exposure and toxicity assessment steps.
Chemicals known to be similar to or toxicologically interactive with those on the
preliminary chemical list might then be added if their exposure to the identified
population is considered plausible, such as similar chemicals in food. It is consistent
with chemical mixtures risk assessment practices to consider multiple endpoints for
each chemical, not just the critical effect used to define the EPA’s IRIS risk values (U.S.
EPA, 2007) to allow for determination of potentially interactive chemicals. In any case,
the resulting list of chemicals is preliminary and perhaps most useful in refining the
population description by identifying subgroups that could be sensitive to chemicals on
this list.

1.4.5. Identify Links between Chemicals and Subpopulations. Once the general
receptor population has been identified and characterized and the preliminary chemical
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list exists, the next step is to examine the potential for exposures and differential
exposures to those chemicals among population groups, including sensitive or
vulnerable population subgroups in the defined population of concern. Certain
population groups may be particularly sensitive to toxic chemicals because of higher
exposure or increased vulnerability. Higher exposures can often be estimated by
considering lifestyle information (e.g., U.S. EPA, 1997a) and occupational data (e.g., as
conducted by the National Institute for Occupational Safety and Health
http://www.cdc.gov/niosh/homepage.html). One difference for cumulative risk

assessment is that elevated exposures can include the combined exposure to multiple
toxicologically-similar chemicals, such as chemicals in the workplace or lifestyle
exposures (e.g., food sources) that are not on the preliminary chemical list. Because of
the population focus and stakeholder involvement, cultural or other lifestyle factors
might be identified by stakeholders that could suggest additional sources of chemicals
or exposure levels of significance that could lead to additional sensitive population
subgroups (Figure 1-6). Vulnerability can be more complex, ranging from existing
disease (e.g., hospital patients, individuals receiving outpatient treatment) to genetic
predisposition (e.g., for some lung cancers) to socioeconomic factors (e.g., access to
health care). Vulnerability is discussed in some detail in the next chapter but many
issues are poorly understood and are the foci of current research.

The chemical list may then be combined with the description of likely sensitive
population subgroups. This information could be arranged in several ways. For
example, a table could list the chemicals ranked by the strength of their link to the
initiating factor. Such a table might be arranged as follows:

Tier 1 Chemicals are linked directly to population subgroups through biomonitoring
and are identified in emissions from one or more sources

Tier 2 Chemicals are linked indirectly to population subgroups by association with
elevated disease in the population and are identified in emissions from one or
more sources

Tier 3 Chemicals are linked to sensitive subgroups of the population of concern
based on human data and are identified in emissions from one or more
sources

Tier 4 Chemicals are linked to sensitive subgroups of the population based on
extrapolations from experimental animal studies and are identified in
emissions from one or more sources

Tier 5 Chemicals are identified in emissions from one or more sources and are
identified by their potential for joint exposure (e.g., by multiple routes) or joint
toxicity with other chemicals on the list
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Tier 6 Chemicals are identified in emissions from one or more sources but lack
toxicity information or are initially deemed unlikely to pose significant health
risks based on human or animal data; these chemicals are placed on a watch
list pending further analysis during the iteration of the exposure and toxicity
assessment steps

1.4.6. Quantify Human Exposures for Initial Exposure Grouping. Up to this point,
there has been no actual exposure assessment, only a listing of chemicals. Extensive
EPA documents provide guidance for conducting assessments for the three major
routes of exposure: dermal, oral and inhalation (see Chapter 3 for details and citations).
For multiple sources and pathways, detailed exposure guidance exists for combustor
emissions (U.S. EPA, 1998a, 2005b) along with programmatic guidance on Superfund
sites and multiple pesticide exposures (U.S. EPA, 1999a,b). In general, the
assessment might rely on guidance across several Programs or from ORD. For
example, general exposure guidance and information on exposure factors are available
from the National Center for Environmental Assessment (NCEA; U.S. EPA, 19923,
1997c, 1998a, 2002i), guidance on aggregate exposures to pesticides is available from
the Office of Pesticide Programs (U.S. EPA, 1999¢, 2001a), guidance on exposure from
hazardous waste combustion facilities is published by the Office of Solid Waste and
Emergency Response (OSWER) (U.S. EPA, 2005b) and dermal exposure to soil is
covered by the supplemental OSWER guidance (U.S. EPA, 2004a).

Quantification of exposure for cumulative risk assessment begins with a clear
definition of the population and study area so that the analyst can identify all existing
and future completed pathways. Monitoring data for chemical concentrations and
information from epidemiologic studies or public health databases may be used as
starting points for any exposure modeling that is done. The assessment may also
identify the relevant exposure factors, with particular attention to unique factors for the
sensitive subpopulations; such factors, e.g., cultural practices, may be used to adjust
the exposure assessment based on differential exposures. Once the exposure is
characterized for the population of concern and its sensitive and vulnerable
subpopulations, the next step is to attempt to simplify the combinations of chemicals,
pathways and timing (including duration and intermittency of exposure) by grouping the
chemicals according to timing and either medium or pathway (see Chapter 3 for details).

Any issues that cannot be quantified may be described qualitatively regarding
their relative importance to the population exposure and for possible future
quantification, should information become available. Information from the dose-
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response assessment would be useful in this evaluation of those unquantified issues,
particularly in terms of exposures of sensitive or vulnerable subpopulations.

1.4.7. Quantify Dose-Response for Initial Toxicity Grouping. The focus of toxicity
assessment regarding cumulative risk revolves around timing issues of exposure and
toxicity. The chemical grouping resulting from the exposure quantification (by timing,
media and pathway) is further evaluated in terms of toxicological timing factors:
toxicological overlap of internal dose, kinetics interactions, toxicodynamic interactions
and persistence of effects (see Chapter 4 for details and additional references).
Simultaneous exposures are the ones most often evaluated for potential joint toxicity,
but sequential exposures can also result in joint effects. Initiators and promoters of
cancer and delayed or persistent toxicity are examples where potential joint toxicity
could occur from exposures at different times.

During this step, chemicals previously put on the watch list may be re-evaluated
by considering the potential or expected toxicities at the estimated exposure levels.
Toxicological interactions could be further considered for the watch list chemicals,
structure-toxicity relationships or other similarity procedures, as could interactions
involving characteristics of the sensitive subpopulations. An example of the latter
interaction is nutritional deficiencies enhancing toxicity of some metals (U.S. EPA,
2004b). Any dose-response or other toxicity issues that cannot be quantified may be
described qualitatively, especially regarding importance to potential health effects in the
sensitive subpopulations.

1.4.8. Integrate Exposure and Dose-Response Information. In this final analysis
stage, the exposure assessment is interfaced with the dose-response assessment in
order to refine the information on joint exposures of main toxicological significance and
to identify timing issues of most concern regarding increased toxicity. Any matches of
toxicity overlaps (toxic interactions or persistent effects) with exposure overlaps are
highlighted for consideration of improvements in the exposure information. ldeally, this
step would occur throughout the assessment process. The refined exposure and
toxicity characterizations and the resulting initial risk estimates, the products of this step,
are the main inputs to the Risk Characterization.

1.4.9. Conduct Risk Characterization. A Risk Characterization is usually described in
EPA guidance as having two parts: an integrative analysis, which contains the risk
estimates and can be highly technical, and a risk characterization summary, which
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focuses on recommendations and uncertainties. Figure 1-8 provides an overview of the
final Risk Characterization process. It is an expansion of the final Rick Characterization
step shown in Figure 1-7, beginning with outputs from the steps shown in Figure 1-7,
such as, the population profile and the integrated chemical groups. Figure 1-8 is
presented again in Chapter 5 (as Figure 5-1) and explained in greater detail. The
cumulative Risk Characterization may differ from a traditional Risk Characterization in
several ways (detailed in Chapter 5) that are often caused by missing data or a lack of
understanding of the various multiples and their interactions. Some of the more
important differences are listed below:

¢ Recommendations could be multivariate, i.e., the analyst might not be able to
identify a single chemical, pathway or critical effect that drives the risk

e Recommendations might be based on groupings of chemicals, pathways and
effects, but such groupings can be based on subjective judgments

¢ Recommendations might be based on epidemiological findings relevant to a
population iliness, for which it is useful to articulate confounding factors and
exposure uncertainties

e Uncertainty analysis might be predominantly qualitative because of the use of
numerous defaults, e.g., for addressing interactions and multiple effects

e Time dependence of exposure and mixture composition might be addressed by
surrogates (e.g., annual averages) or simplified factors (e.g., index chemical
concentration) resulting in complex analyses and unknown information gaps

1.8. SUMMARY

Many site and situation health risk assessments can be adequately addressed
using single chemical and single pathway evaluations. At other sites and in other
situations risk analysts may choose to evaluate population vulnerabilities, multiple
chemicals and complex exposures; in these cases cumulative risk assessments will be
undertaken. Many basic cumulative risk concepts—including consideration of multiple
sources, chemicals and exposures—are in the standard guidance from the last
15 years. This report builds on those standard EPA guidance approaches along with
new approaches so that together they provide the conceptual and procedural
methodology that in many cases will be feasible and sufficient for addressing the
multiple factor issues with cumulative risk assessment.
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FIGURE 1-8
Schematic of Cumulative Risk Characterization Approach in this Report
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2. IDENTIFICATION OF INITIATING FACTORS, POPULATION CHARACTERISTICS,
DATA COLLECTION AND ORGANIZATION

This report has identified three initiating factors of a cumulative risk assessment.
These include multiple pollutant sources within the community, increases in illnesses in
the population, and elevated chemical concentrations, due to either monitoring of
environmental levels or biomonitoring of chemicals in humans. Figure 2-1 shows
examples of these initiating factors and of the data elements that may be considered in
a cumulative risk assessment. This chapter discusses these initiating factors and data
elements and shows their interconnections. Section 2.1 describes the initiating factors.
Sections 2.2 and 2.3 describe the preliminary evaluations of population and exposure
information including the influence of the initiating factors on those evaluations. Section
2.4 discusses the importance of incorporating public health data on a community into
the cumulative risk assessment. Section 2.5 describes epidemiologic approaches to
addressing community concerns when a cumulative risk assessment is initiated.
Section 2.5 describes the linking of population and exposure information to identify any
subgroups within the population that would be sensitive to effects from those exposures
and the use of conceptual models to help organize the information and analysis.
Chapters 3-5 provide a more detailed evaluation and quantification of exposure, dose-
response, the interface between these, and then the cumulative Risk Characterization.

2.1. INITIATING FACTORS FOR CUMULATIVE RISK ASSESSMENT

2.1.1. Health Endpoint as the Initiating Factor. \When there is a perceived or
documented increased incidence of one or more health effects in a community with no
clear cause, there can be a demand for an investigation by the public. Initial
investigations should focus on examining whether the health endpoints are, in fact,
elevated. If an increased incidence of disease is not found, or if the elevated rates are
considered a statistical artifact, then further investigations may not be warranted. If
additional investigations are needed, then exposure assessments may be conducted
either separately or as part of an epidemiologic study. Many health endpoints have
been associated with several possible chemical causes, so these investigations may
initiate a cumulative risk assessment. For example, in the 1970s a cluster of leukemia
cases in Woburn, Massachusetts initiated exposure assessment studies (Durant et al.,
1995; Parker and Rosen, 1981) and epidemiologic investigations (Lagakos et al., 1986;
Cutler et al., 1986; Public Health Service, 1981; Telles, 1981) in the area. Although the
eventual focus was on trichloroethylene exposures, an initial investigation focused on
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FIGURE 2-1
Example Initiating Factors and Data Elements for Cumulative Risk Analyses
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several organic compounds while a later study investigated metal exposures (U.S. EPA,
2005a). In many cases, existence of higher than expected health effects (based on
disease prevalence or incidence measures) is not easily connected to a cause, so the
initial investigation might begin with a critical examination of the available health effects
information. Variation in the quality of such information can be high, ranging from
anecdotal articles in the press to peer-reviewed data published in scientific journals. An
examination of the details and the quality of initiating factor information by stakeholders
and investigators is a primary objective of the Planning and Scoping stage.

2.1.2. Chemical Concentrations as the Initiating Factor. The detection of toxic
chemicals in the environment, or in the human body, at elevated concentrations may
initiate a cumulative risk assessment. For example, elevated levels of urban smog due
to ground level particulates and ozone can frequently lead to public health intervention
(e.g., advisories for young children and elderly to stay indoors). When community
members become aware that such exposures may be combined with elevated chemical
concentrations in soil and groundwater (e.g., heavy metals), a cumulative risk
assessment may be conducted, such as the Cumulative Risk Initiative for Cook County,
IL and Lake County, IN (see U.S. EPA, 2003a, p. 32).

What is considered “elevated” may be situation specific and could be determined
through various interactions among environmental engineers, regulators, exposure
analysts and toxicity experts. For example, exposures to environmental contaminants
may be higher than engineering goals, exceed regulatory levels issued by various
Agencies (see Appendix B for examples), or be of concern based on positive
toxicological data either on single chemicals or from studies where several of the
chemicals have been studied as a mixture. As when health effects are the initiating
factor, it is important to document the quality and variability of the concentration data
and whether such measurements indicate possibly complete exposure pathways for use
in the Risk Analysis and Risk Characterization phases. Available concentration data
have even greater influence in initiating a cumulative risk assessment when there are
elevated levels of additional chemicals elsewhere, such as in food, that also impacts the
same population. For example, in the 1990s, elevated levels of 2,3,7,8-chlorine
substituted polychlorinated dibenzo-p-dioxins (PCDDs) were found in fryer chickens as
the result of a contaminated mineral additive (i.e., ball clay) in their feed (Ferrario et al.,
2000); such an exposure in the population’s food supply would be important to consider
in a cumulative risk assessment with additional exposures to PCDDs from other
sources.
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Biomonitoring data may also serve as a cause for health concerns for a given
community. The Center for Disease Control (CDC) has published its third National
Report on Human Exposure to Environmental Chemicals, which provides an
assessment of the exposure of the U.S. population to environmental chemicals using
biomonitoring (CDC, 2006). Through the National Health and Nutrition Examination
Survey (NHANES), which is a series of surveys designed to collect data on the health
and nutritional status of the U.S. population, the CDC measures levels of chemicals or
their metabolites in blood and urine samples from randomly selected participants. This
report includes exposure data for the U.S. population for 148 environmental chemicals
over the period 2001-2002 and can be used to compare these national distributions with
levels measured in a given community. If elevated levels of toxic chemicals are
observed in biomonitoring data (e.g., elevated blood lead levels) in a specific
community, then information may be gathered to examine increases in morbidity or
mortality in the community or potential sources of exposure to such pollutants. Although
biomonitoring for toxic chemicals may not be as routine as sampling for chemical
concentrations, collection of such data is becoming more frequent and may be useful in
identifying community concerns and potential health risks.

2.1.3. Multiple Sources or Release Events as the Initiating Factor. Multiple sources
of chemical contamination can be an initiating factor for a cumulative risk assessment,
often when they are the pending consequence of a proposed change, such as an
upcoming siting decision for a new manufacturing plant. Observations of multiple,
uncharacterized releases can also elevate concerns. For example, repeated
discharges from multiple outfalls into streams have led to actions by Georgia
Riverkeeper conservation groups, ranging from lawsuits to scientific sampling of the
water and biota (Richardson, 2004).

For a cumulative risk assessment initiated by a multiple sources or release
events, one of the first activities is to identify all relevant sources of potential exposure
to the population of concern, particularly sources releasing chemicals similar to those in
the sources. For example, an investigation into possible pesticide drift to a residential
neighborhood from nearby farms may warrant a concurrent evaluation of exposures
from household use of similar pesticides by rural residents in the geographic area of
concern.
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2.2. INITIAL DESCRIPTION OF THE POPULATION

In contrast to the source-based approach that begins with releases and
addresses all populations impacted by those releases, a receptor-oriented assessment
begins by defining the population group of interest and addressing all sources impacting
that population. The population group could be determined by geographic,
demographic or other criteria. This population group can be identified from the findings
of a recent exposure study, or the population may be chosen simply to reflect locations
of concern to U.S. EPA or to stakeholders. These locations can range from school
yards or parks to homes and Native American lands. During this process, vulnerabilities
of the population may be identified, including sensitivities and susceptibilities, general
health and nutritional status, and factors that may cause differential exposure (e.qg.,
lifestyle factors, cultural practices, dietary factors such as subsistence fishing, activity
patterns and proximity of homes, playgrounds or farms/gardens to a pollutant source,
etc.). Under this approach, vulnerable subpopulations can be identified and exposures
traced back to evaluate all pathways by which a given subpopulation could be exposed
to a variety of chemicals. As described in the EPA’s Framework document, this
approach is often applied to community-based cumulative risk assessments (U.S. EPA,
2003a). It can also play a role in other applications that are typically source-based. For
example, the assessments for contaminated sites could use a population-based
approach to address a specific group for which unique exposure or
vulnerability/susceptibility issues are of concern (see Chapters 3 and 4). The analysis
plan for a cumulative risk assessment could then reflect a combination of source- and
receptor-based approaches.

When considering health effects in the population, the cumulative risk
assessment addresses both existing health effects found in actual populations and also
the potential for effects that may occur in later years (e.g., cancers that are expressed
only after a long latency period). This is consistent with current Agency practices, for
example, in Superfund site assessments where risk assessments evaluate health risks
based on both current and future land uses and possible exposure pathways in the
present and in the future (U.S. EPA, 1989a). When a cumulative risk assessment
initiating factor is tied to a specific population (e.g., actual or perceived elevations in
adverse health effects or the presence of chemicals found through biomonitoring), then
the population may be specifically characterized by different vulnerability factors such
as age distributions and other socio-demographic data. However, an equally important
case occurs when a cumulative risk assessment initiating factor does not necessarily
point to a given population or community, e.g., multiple pollutant sources are in a
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general area or levels of monitored environmental chemicals are increased. This
population at risk may not be easily identified initially, but may still be at potential risk of
expressing health effects at some time in the future. Thus, although it is preferable to
characterize existing populations with known exposures to environmental chemicals and
observable health conditions, there is a need to define future populations with expected
or anticipated exposures to environmental chemicals which may have uncertain impacts
on human health. In either case, a cumulative risk assessment may be appropriate
given community interests and perceptions and if the weight of evidence suggests that
exposures to multiple chemicals may lead to significant health effects in the population
of interest.

2.2.1. Preliminary Characterization of the Population Based on the Initiating
Factor. The initial population characterization usually includes a description of the
study area and the relevant population. The initiating factor could influence whether the
study boundary or the population is defined first. Consequently, the initial population of
concern could be the community in an entire city or county, especially any identified
sensitive or susceptible population subgroups. Alternatively, the initial population could
be those in frequent contact with a geographic area, such as a park or lake. However,
sometimes the stakeholders and analysts agree after further evaluation that the
initiating factor is of lesser significance, and that another initiating factor will be the key
motivation for continuing the cumulative risk assessment. The initial description of the
study area and population of concern are considered to be preliminary and are subject
to change during the course of the risk assessment.

2.2.1.1. Population Defined by the Health Endpoint — If a population group is
associated with the health effect initiating factor, then this group would automatically be
included in the initial population of concern. For example, if the initiating factor is an
increased absence from school for children 12 years and younger because of
respiratory problems, then that group of children forms the initial population of concern
and certain sensitive subgroups could be further examined (e.g., asthmatic
schoolchildren). Because cumulative risk assessment can include multiple endpoints,
the population could be initially defined in broad and somewhat vague terms, with
refinement following the later steps when links are determined between the initiating
factor health endpoints (as well as other endpoints) and chemical exposures.
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2.2.1.2. Population Defined by Chemical Concentrations — When elevated
environmental chemical concentrations are detected, the monitoring locations can act
as initial bounds of the study area. If transport is plausible for those chemicals, then the
study area and population can be much larger than the initial release sites or monitoring
locations. When elevated biomonitoring data are detected, then the homes or business
locations of those people being tested can act as initial bounds of the study area. If
feasible, determining the source(s) of the chemicals found in biological samples (e.g., in
blood or urine) may be a priority. Identification of the source(s) would then provide
information to further refine the study area and population at risk for the study.

Chemical concentrations limited to specific resources or geographic features can
define a study population according to those with likely access to that resource or
location. Contamination of a recreational lake might lead to the population being
defined as those known and potential users of the lake; this might include recreational
anglers and their families and friends who might consume fish caught in the lake. At
this stage, the identification of sensitive population subgroups might be based only on
known sensitive groups in the defined population.

2.2.1.3. Population Defined by Multiple Sources — When multiple sources
are the initiating factor, exposures have typically not yet been estimated. The initial
boundaries of the population of concern then might be roughly defined by possible
dispersion or deposition characteristics of existing and possible future emissions as well
as populations with possible future exposures (U.S. EPA, 1998a). The initiating factor
sources could initially be considered in isolation. As the assessment proceeds, the
refinements would consider all sources so that each pollutant source would be
evaluated both for its individual incremental population risk as well as in the context of
combined risk with other sources.

2.2.2. Refining the Population Profile Based on Vulnerable Subpopulations. Once
the initial population characterization and study area have been defined, vulnerabilities
within those populations may be identified in a cumulative risk assessment. EPA’s
Framework adopts “vulnerability” concepts that encompass the topic of receptor
characteristics. Four areas are articulated where “human and biological ecosystems,
communities, and populations may be vulnerable: susceptibility/sensitivity, differential
exposure, differential preparedness (e.g., disease immunizations), and differential ability
to recover.” Given this context, receptor population characteristics may include diverse
factors such as genetic susceptibility, age, stress, disease state, economic status,
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ethnicity, health status, proximity to sources, activity patterns, etc. Once the potential
vulnerability factors are identified, risks may be calculated separately for populations
with specific receptor characteristics. Risk assessments stratified by subpopulations
can be conducted in a stepwise manner, beginning with single chemical assessments
for that subpopulation and expanding the analysis to examination of risk associated with
cumulative exposures.

Epidemiologic studies often involve examination of whether certain receptor
characteristics (i.e., vulnerability factors) contribute to the toxicity caused by chemical
mixture exposures. If certain factors may confound associations of interest they are
addressed by statistical adjustment or through specific design features. Effect measure
modification may also be considered if vulnerability factors modify the main association
between exposure and disease. For example, Perera et al. (2003) reported differential
effects of polycyclic aromatic hydrocarbons(PAH)-related exposures with lower mean
birth weight and smaller head circumference among African Americans versus
Dominican infants born in New York City. These data suggested that minorities may be
differentially exposed to environmental tobacco smoke (ETS), increasing their
susceptibility to environmental PAH levels. Additional research showed a multiplicative
effect between ETS exposure and a molecular marker of PAH exposure (benzo [a]
pyrene-DNA adduct), despite no PAH-related developmental effects in the absence of
ETS (Perera et al., 2004). For a cumulative risk assessment, a factor such as
differential exposure to ETS may be taken into account when evaluating the potential
health effects of an environmental mixture. In the assessment of rural communities, the
literature suggests that impacts from exposures to mixtures of pesticides may be
evaluated from a cumulative risk perspective (see Text Box 2-1).

2.3. INITIAL ASSESSMENT OF EXPOSURE DATA

Once a cumulative risk assessment is initiated and the population and study area
are defined, an initial exposure assessment is conducted. This section provides a
general description of the types of chemical information likely available and initially
needed in the early part of the exposure assessment process and its dependence on
the initiating factor. It also discusses specific population data to be collected initially in
order to conduct the exposure assessment. Chapter 3 discusses specific approaches
to cumulative exposure assessment.
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2.3.1. Initiating the Exposure Assessment when Health Endpoint is the Initiating

Factor. When an increased incidence of health endpoints initiates an assessment, and
exposures to environmental chemicals are suspected to be the cause, the initial goal of
the investigation is to determine if environmental chemicals present in a community are

linked in some way to those health endpoints. Specific populations may also be

evaluated for sensitivity to
the identified health
effects, the potential for
chemical exposures to
exacerbate an existing
condition in sensitive or
vulnerable individuals or
people who may have an
impaired ability to resist
these specific illnesses
due to social factors (e.g.,
poor nutrition or health
care access). These
types of analyses are
similar to epidemiologic
investigations, such as
those conducted to
determine if and why
there are elevated rates

Example of Pesticides and Farmer Characteristics
(Text Box 2-1)
A large, prospective epidemiologic study, The Agricultural Health
Study, is an ongoing effort to evaluate health effects in agricultural
cohorts in North Carolina and lowa from pesticide exposures
(Alavanja et al., 1996). One component of this study examines the
impacts of lifestyle, cultural, ethnic and genetic factors (i.e.,
vulnerability factors) on the health of farmers in conjunction with
pesticides exposures, making it an important contribution to the
literature on cumulative risk assessment. Results from this study will
likely be published for years to come, but a few articles are already
available. Current results include
e increased prostate cancer risk for study subjects with a
family history of prostate cancer (Alavanja et al., 2003);
e increased prostate cancer risk for applicators over 50 years
in age who used chlorinated pesticides (Alavanja et al.,
2003);
¢ identification of poor financial condition of the farm, limiting
the purchase of safety equipment, as a significant risk factor
for acute effects from high pesticide exposure events
(Alavanja et al., 2001);
e higher pesticide exposures, resulting in more pesticide-
related health effects in white farmers than in black farmers.
The higher pesticide exposures may be explained by farm
characteristics or economics (Martin et al., 2002) and
e association of specific pesticides (i.e., paraquat, parathion,
malathion, chlorpyrifos, thiocarbamate) with respiratory
symptoms of farmers (Hoppin et al., 2002).

of female breast cancer in a region (Aschengrau et al., 2003; Paulu et al., 2002). Text
Box 2-2 provides an example of an illness initiating factor which was initially attributed to

general organophosphate poisoning but later focused on exposure to a single pesticide.

In this case, a sensitive subpopulation, i.e., a group of children, who may have also
been differentially exposed due to their activity patterns, became ill due to an illegal

pesticide application.

Health registries can serve as important resources for evaluating the potential

health impacts of environmental exposures for cumulative risk assessments. For

example, most states maintain cancer registries, as do national organizations and some
federal agencies, e.g., the National Cancer Institute. Birth defect registries also exist in
over 30 states, but the quality of most data in these registries is considered inadequate
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for an effective tracking program (EHTPT, 2000), particularly regarding the implications
of linking such effects with environmental exposure to multiple chemicals.

For health

. T Example of lliness Initiating Factor from Pesticide Incident
endpoints initiating (Text Box 2-2)
factors with suspected Information reported  Seven siblings presenting with abdominal pains

. to health officials and respiratory arrest, symptoms of
environmental organophosphate poisoning. Two children died.
etiologies, the initial Setting observations  Adult resident recently sprayed an unknown
. insecticide in the home.
phase of the risk Investigative lllegal pest-control application of methyl parathion
assessment involves a discovery inside home at 3 times the concentration used in
agricultural spraying (this OP pesticide is only

data collection effort that intended for outdoor use).

: . Specific chemical Affects central nervous system: nausea, dizziness,
focuses on identifying toxicity headache, vomiting. High levels can be fatal.
chemicals (individually | Exposure Samples from sprayer, food, water, air.

. assessment Biomonitoring (e.g., blood or urine samples) to
or in groups) that are identify people exposed (multi-pathway).
known to cause the Risk management Decontamination of house and increased

) action publication of dangers of inappropriate OP uses.
effect in humans or Sl CDC (1984).

some animal species
(e.g., effect identified in rodent bioassays or in an occupational epidemiologic study).
Although Table 2-1 identifies a number of ilinesses that are linked to environmental
contaminant exposures, chemical combinations and exposure conditions can be highly
situation-specific, so that identification of chemicals and chemical mixtures related to
specified health effects is typically initiated through a literature review of both
toxicological and epidemiologic data. Because multiple chemicals are involved, it is
consistent with best risk assessment practice to include both critical (primary) and other
secondary effects in the literature review. The critical effect is the first effect observed
as the chemical’s dose is increased above a no-effect range in the relevant toxicity
study, while secondary effects are typically those seen at higher doses in the same
target organ or tissue and/or different physiological compartment(s). For example, the
acceptable level of a chemical to which humans may be safely exposed could be based
on hepatotoxicity, the most sensitive endpoint identified in a toxicological bioassay, but
the available literature indicate that the chemical is also a potential reproductive toxicant
at doses higher than those where hepatotoxicity was observed. This initial data
collection for the exposure analysis may be conducted in conjunction with the dose-
response and toxicity analysis, so that specific chemical mixtures of concern (given the
health endpoints) are identified, and chemicals with known toxic interactions can be
considered for additional exposure measurements and analysis. In summary, the goal
of this first step is to determine the pollutants of concern (either individually or in groups)
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TABLE 2-1

Examples of llinesses Possibly Linked to Multiple Environmental Factors®

Hegll’?he SE?ﬁ{ect Hégi?jtgemsilozligigirnsfs s/ Associated Levels Remarks Reference
Acute mylogenous | Benzene, ionizing Increased incidence of Benzene is present in gasoline, Hricko, 1994;
leukemia (AML) radiation, alkylating leukemia observed in automobile exhaust and cigarette U.S. EPA,

agents and lifetime occupational smoke. The latter also emits 1997b
topoisomerase studies at 10-50 ppm radiation. AML is also a secondary
inhibitors. benzene and higher. cancer after treatment for primary

These levels exceed the
U.S. occupational 8-hour
standard of 1 ppm for
benzene in air.

cancers, and links between AML and
genetic (inherited) conditions and
viruses have also been established.

Allergic contact

Nickel and chromium

The European Union (EU)

Delayed skin inflammation and rash

Nickel Institute,

dermatitis has prevented sale of can occur; nickel is commonly used | 1999; Amdur et
nickel-containing objects in some jewelry. Note that the EU al., 1993
that release over 0.5 pg nickel limit might not protect all
nickel/cm? skin per week. sensitized persons (no similar
U.S. limit has been placed on nickel
content in jewelry or other consumer
products).
Asthma Particulates, including A 14% increase in Asthma is exacerbated by both Norris et al.,

high molecular weight
(HMW) allergens
(polymers or proteins of
animal, plant, bacterial
or fungal origin in range
of 20-50 kilodaltons).

emergency room visits due
to asthma was associated
with very fine particulate
matter (PM2.5) averaging
12 pg/m?® (for 15 months).

indoor and outdoor pollutants as well
as allergens. Correlations have
been observed between asthma and
sensitivity to cockroaches and to
HMW allergens.

1999; O’'Connor
and Gold, 1999




TABLE 2-1 cont.

Hegll’?r? SE?ﬁiect Hégggﬁ';igigﬁ:ﬁfs sf Associated Levels Remarks Reference
Blackfoot disease | Arsenic Observed in people Blackfoot disease, a severe form of | U.S. EPA, 2007;
consuming well water with | arteriosclerosis, is a vascular Amdur et al.,
170 pg/L arsenic and complication of arsenic exposure. 1993
higher. (This concentration | Blackfoot incidence increases with
is much higher than the age.
U.S. drinking water
standard of 10 ug/L.)
Liver cancer Many (>100) chemicals | For aflatoxin (which can be | Causes of liver cancer are many and | NTP, 2002;
and risk factors, found in peanut butter), varied; this organ is the most Gold et al.,
including chlorinated Americans could consume | common site for mutagens and non- | 2001; CPDP,
solvents, aflatoxin, and | up to 0.15-0.50 ug/day. mutagens. To illustrate for aflatoxin, | 2004; ATSDR,
animal products (meat, | Organic solvents are effects can be confounded by 2001
€gygs). ubiquitous at low levels in | hepatitis B infection, which is
urban air and hazardous endemic in areas where high intake
waste sites. is common.
Lung cancer Dozens of chemicals, Average U.S. radon levels | Tobacco smoke is the leading cause | NTP, 2002
including those in of 4.4-11 becquerels/m®. of lung cancer. Lung cancers
cigarette smoke and increase multiplicatively when radon
radon. exposure occurs in addition to
cigarette smoking.
Neurological Lead in lead-based An increase in blood lead People can be exposed to lead via Baghurst et al.,
damage/ paint; mixtures of levels from 10-30 pg/dL many sources, €e.g., paint, soil and 1992; NYSDOH,
reduced polychlorinated resulted in an 1Q reduction | dust, drinking water, food, 2003; Birnbaum,
intelligence biphenyls (PCBs) and of 4-5% (4.4-5.3 points) in | occupational exposure, burning 1995; Kjellstrom

quotient (1Q)

dioxins; fetal irradiation;
methylmercury.

7-year-old children.
Increased maternal blood
mercury concentrations or
hair mercury

candles with lead wicks and hobbies.

et al., 1986,
1989;
Grandjean et al.
1997; Crump et




TABLE 2-1 cont.

lliness/
Health Effect

Hypothesized Causes/
Epidemiologic Links

Associated Levels

Remarks

Reference

concentrations resulted in
IQ reductions in 6-year old
children (regression
coefficient -0.5 1Q pts/1
ppm increase hair mercury)

al.,1998

Parkinson’s
Disease and
Parkinsonism
(which can be
reversible)

Many pesticides,
including
organophosphates,
organochlorines,
carbamates, various
herbicides and
household fumigants;
manganese, carbon
monoxide and carbon
disulfide

Increased risk of
Parkinson’s disease has
been observed in
connection with chronic
pesticide exposures.
Reversible Parkinsonism
has been seen following
acute pesticide exposures.
One occupational study
found 6% of workers
exposed to >5 mg/m*
manganese exhibited acute
Parkinson’s symptoms.

Risk factors have been identified for
people using well water and living in
farming areas, especially those with
a history of pesticide exposure.
Higher levels of organochlorine
pesticides in brain tissue from
Parkinson’s patients than the
general population. ldiopathic®
causes account for >85% of all
cases; suspected links exist to
MPTP,° organomercury,
encephalitis, major tranquilizing
drugs, carbon monoxide or disulfide
poisoning and frequent head
injuries.

Feldman, 1992;
Gorell et al.,
1999; Wright
and Keller-
Byrne, 2005;
Stephenson,
2000; Engel,
2001

2 This table illustrates ilinesses or health effects that have been linked with various environmental exposures (some lifestyle factors
are also shown) and that might initiate a cumulative risk assessment concern because of the number of possible chemical causative
agents and their likely joint toxicity.

® |diopathic is defined as having an unknown cause.

°MPTP is the drug 1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine.




that have been linked to the initiating factor effect and similar health effects and to
identify the combinations of subpopulations and pollutants of concern that might require
more detailed exposure assessment because of higher exposure and/or enhanced
toxicity in those subpopulations.

2.3.2. Initiating the Exposure Assessment when Elevated Chemical
Concentrations are the Initiating Factor. When increased environmental chemical
concentrations or biomonitoring results initiate a cumulative risk assessment, the initial
goal of the investigation is to determine if those concentrations could result in exposures
or doses that could lead to potentially important health effects in the community,
including secondary health endpoints and the potential for effects due to toxicological
interactions among chemicals. In addition, the population profile for the community may
be examined to identify any increased incidence of morbidity or mortality measures that
may be considered during the exposure assessment. The initial phases of these types
of analyses are similar to the steps undertaken in traditional risk assessment analyses
such as those presented in the Risk Assessment Guidance for Superfund (U.S. EPA,
1989a). From an exposure perspective, following identification of the chemicals of
interest, such analyses will determine the spatial bounds of the assessment, examine
the fate of the identified pollutants, determine whether (and which) individuals in the
community are or could be exposed, and quantify such exposures. These are standard
components of an exposure assessment.

When increased chemical concentrations initiate an assessment, the initial phase
of the data gathering focuses on identifying the chemicals present in the community,
documenting the locations of these elevated concentrations (existing data on the
locations of these elevated concentrations could be supplemented with information
provided by stakeholders about the locations of previous polluting operations in the
community) and examining the health effects associated with these chemicals. In
conjunction with dose-response analyses, the primary and secondary health effects
associated with the individual chemicals or groups of chemicals are identified. Because
a cumulative risk assessment is being initiated, the investigation includes an evaluation
of the potential for other chemical exposures in the community that could increase the
toxicity of the chemicals known to be at high concentrations. This could involve an
examination of potential sources of pollution in the community (e.g., using the Toxic
Release Inventory reports on pollutants typically released from industrial sources)
followed by monitoring of related environmental media. Other EPA documents (e.g.,
Human Health Risk Assessment Protocol for Hazardous Waste Combustion Facilities
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[U.S. EPA, 2005b]) can further aid in the identification of the types of compounds
typically released from a source class. In summary, the goals of this first phase are

(1) to identify likely multi-chemical exposures among chemicals with high
environmental concentrations or elevated biomonitoring levels;

(2) to characterize the primary and secondary health effects potentially
associated with those chemicals and identify any related morbidity or mortality
in the population; and

(3) to determine if there are other pollutants (either individually or in groups) to be
monitored in other media (e.g., household pesticide use) because of their
influences on exposure or because they produce similar health effects.

2.3.3. Initiating the Exposure Assessment when One or More Sources is the
Initiating Factor. When one or more sources initiate a cumulative risk assessment, the
initial goals of the investigation are to determine if the chemicals released from those
sources could cause exposures high enough to cause health effects in the community
and to examine the community’s population profile to identify any increased incidences
of morbidity or mortality that may be considered during the exposure assessment. With
multiple sources it is important to determine which chemicals from those sources will
reach the population(s) of concern. For example, releases of highly volatile chlorinated
solvents into ambient air are usually only considered significant for populations close to
the source as they disperse rapidly (ATSDR, 2001). Sources of chemical pollutants
include (1) point sources, such as industrial and commercial boilers, electric utility
boilers, turbine engines, wood and pulp processers, paper mills, industrial surface
coating facilities, refinery and chemical processing operations and petroleum storage
tanks and (2) area sources such as industrial wastewater treatment ponds, quarry
operations, tank farms and on-road and off-road vehicles. The initial phases of these
types of analyses are similar to the steps undertaken in traditional risk assessment
analyses that analyze single sources such as those presented in the Risk Assessment
Guidance for Superfund (U.S. EPA, 1989a) and those presented in the Methodology for
Assessing Health Risks Associated with Multiple Pathways of Exposure to Combustor
Emissions (U.S. EPA, 1998a) and the Human Health Risk Assessment Protocol for
Hazardous Waste Combustion Facilities (U.S. EPA, 2005b). Following identification of
the source(s) and chemicals of potential interest, aspects of which are discussed next,
such analyses will

e characterize the source(s) by compiling basic facility information;

e determine the spatial bounds of the assessment;
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¢ examine the fate of the released pollutants;

e determine whether (and which) individuals in the community could be exposed;
and

e quantify such exposures.

These steps are standard components of an exposure assessment.

When one or more sources initiate a cumulative risk assessment, the initial
phase of the data gathering focuses on identifying the types of chemicals released from
those sources, including potential future releases, that could impact the community.
Different types of sources may be involved, so that exposure assessment guidance
from several U.S. EPA Program Offices might have to be consulted. Most of these
Program Offices have procedures for determining the important chemicals released
from different point sources of concern. For example, Chapter 2 of the draft Human
Health Risk Assessment Protocol for Hazardous Waste Combustion Facilities (U.S.
EPA, 2005b, Volume 1) presents an approach for identifying compounds of potential
concern that are emitted from hazardous waste combustors. In addition to the
chemicals released from the identified sources, the examination of other sources,
including nonpoint sources, of specific pollutant exposures to the community may also
be considered. In conjunction with dose-response analyses, the primary and secondary
health effects associated with the individual chemicals or groups of chemicals are
identified so that the exposure assessment can provide information to categorize the
identified chemicals from multiple sources into groups that jointly influence the same
health effects. In summary, the goal of this first phase is to determine those pollutants
(either individually or in groups) from the identified sources that are of concern for the
community because of likely co-exposures at concentrations of toxicological
significance.

2.3.4. Summary. During the initial assessment step, the focus of the cumulative risk
assessment is on determining what emissions sources, chemicals or population
locations to include and what chemicals to evaluate together. The population profile for
the community is also being examined to identify any increased incidence of morbidity
or mortality measures that may be considered during the exposure assessment. In
evaluating which chemicals are of concern for a community, it is useful to consider the
specific initiating factors of the cumulative risk assessment and any issues, sensitivities
or vulnerabilities that might be of special interest to the stakeholders.

Although more detailed approaches to exposure assessment are discussed in
Chapter 3, some insight on focusing the assessment can be gained from criteria
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commonly used for retaining or excluding chemicals. The chemical selection criteria
recommended by EPA Program Offices typically include

toxicity;
mass released or mass present in media;

the potential for physical or chemical interactive effects with other chemicals in
the area and with other media;

the tendency to persist, bioaccumulate and/or be transported between
environmental media and

the potential for relatively high exposures to sensitive or vulnerable populations.

In addition, for a population-focused cumulative risk assessment, the chemical selection
criteria also include consideration of

the possible contribution to induction of health effects that exist at relatively high
levels in the study population;

likelihood of exposure to the population of concern;

potential for overlapping exposures (times and routes) to toxicologically similar or
interacting chemicals;

specific genetic traits or other physical characteristics of the population that
would increase susceptibility to chemicals linked to the illnesses observed in the
population;

cultural practices that might cause the population to be differentially exposed to a
chemical or group of chemicals;

public health monitoring data and

chemicals that may be linked to ilinesses or exposures in identifiable population
subgroups such as children or the elderly.

Depending on the community and the initiating factor, these criteria could be adapted or

augmented.

2.4,

INTEGRATION OF PUBLIC HEALTH INFORMATION
Regardless of the initiating factor, it may be useful to collect and evaluate

available public health information relevant to the investigation and to the identified
population. Examples of such data include cancer and other disease rates, blood lead
levels, hospital admissions, and mortality records. Such information can be used for

comparison with initiating factor data, e.g., to verify suspected health effects given the

chemicals found in the environment or, conversely, to explain health effects in a

community that may not be caused by chemical exposures.
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Public health information was used in a community-level investigation in Chester,
PA (U.S. EPA, 2002b) after the EPA was approached by community representatives
regarding possible excessive chemical exposures (e.g., to diesel emissions and drinking
water disinfection by-products) and health effects (e.g., cancer). As part of the
cumulative risk assessment that was conducted, EPA used public health information,
examining blood lead levels and also comparing disease rates between Chester and the
state of Pennsylvania. In both males and females respiratory cancer rates in Chester
were found to be much higher than the state average. Incidence rates for leukemia,
prostate cancer, and all cancers combined were statistically significantly higher for
males compared to incidence rates for the state, the county and Philadelphia. EPA also
identified a serious public health problem in Chester by examining venous blood lead
test level results for 6783 children over a 5-year period. Results indicated that
approximately 50% of the children tested had blood levels in the range where lead
poisoning is a concern and approximately 67% had blood lead levels above the
accepted level of concern of 10 ug/dl (U.S. Consumer Product Safety Commission,
2005). These two investigations using public health data confirmed that adverse health
effects were being observed in Chester, PA. As a result, the cumulative risk
assessment included all identified carcinogens, lead and other environmental chemicals
as relevant chemicals to being evaluated.

2.5. EPIDEMIOLOGIC INVESTIGATIONS IN CUMULATIVE RISK ASSESSMENT
Different approaches to the cumulative risk assessment may be necessary
depending on the type of initiating factor that is identified. When population iliness is
the initiating factor, an epidemiologic investigation may be warranted to ascertain, if
possible, the relationship of environmental or other exposures (or stressors) to the
occurrence of iliness. When the initiating factor is a particular source, environmental
concentration or biomonitoring result, the investigation may apply epidemiologic
methods that include an examination of chemicals and their sources. In general, many
health effects can have multiple risk factors and the process of attributing risks to
individual stressors is often complex. An example that reflects this multi-factorial risk
perspective is an impoverished population whose principal diet is fish and foods with
high fat content, with a subpopulation characterized by lifestyle risk factors such as
alcohol abuse and smoking. The population may have elevated heart disease and
cancer rates that could be due to dietary or other behavioral risk factors and/or
environmental exposures, yet the community focuses their concerns on environmental
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exposures. The initiating factor (e.g., elevated cancer mortality) in this case may be
addressed by an epidemiologic investigation. When health endpoints are initiating
factors for cumulative risk assessment, the analytic methods may need to be in context
of this multi-factorial risk perspective.

Several key steps are involved if health endpoints are initiating community
concerns which may lead to a cumulative risk assessment. An initial step is a thorough
review of the expected etiology of the health endpoint(s) and identification of known risk
factors is necessary at an early stage. Epidemiologic studies of varying degrees of
complexity can be conducted depending on the nature of the identified initiating factor
data. A preliminary analysis of the health endpoint (e.g., identified by a disease cluster)
may include an assessment of the potential magnitude of the problem. This includes
identification of the population at risk and delineation of geographic and temporal
boundaries for disease ascertainment. Complete case ascertainment is another critical
step in determining the magnitude of a potential disease cluster. Although a preliminary
assessment of identified cases may include those identified by the community (e.g.,
through self-report), clinical confirmation of case diagnosis (e.g., medical chart review or
diagnostic confirmation by physicians) will be needed. Diagnostic or pathologic
verification will help distinguish whether the reported cases were in fact truly similar
etiologically and should be considered as part of a disease cluster. This preliminary
assessment also includes an examination of population characteristics of identified
cases in order to determine if the disease incidence varies among any susceptible
populations (e.g., children).

Once baseline levels of disease occurrence are determined, statistical analyses
are conducted to determine if geographic or temporal excesses of disease are
occurring. This may include use of existing environmental monitoring or public health
surveillance data. Expected rates of disease can be compared to observed levels in a
community to determine if disease rates are in excess. Comparisons of disease
occurrence (or measures of mortality) can be made between the population residing in
the area of concern and populations in other geographic areas. Temporal trends in
disease incidence can also be examined in a community using time-series analyses if
longitudinal health data are available. If the initial assessment determines that elevated
risks are occurring in the population of concern, then additional epidemiologic studies
can be conducted to further determine whether or not specific exposures are linked to
the health endpoints of concern. Descriptive epidemiologic studies (e.g., an ecological
study) using population-level data could help examine whether disease occurrence
rates over time can be compared to existing exposure occurrence data. Analytical
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epidemiologic studies using individual-level data to test specific etiologic hypotheses
could include retrospective studies using existing exposure data or, alternatively,
prospective studies involving collection of additional environmental samples, confounder
data and biomarker data.

In keeping with best statistical practices, statistical analyses often take into
consideration the likelihood that type | and type Il errors result in the presence or lack of
an association between disease and the exposures or stressors being examined.
Considerable caution is advisable in most instances of rare disease clusters, since
statistical power may be inadequate for cluster identification. The ability to infer
causality of elevated disease rates to specific exposures is often limited in
epidemiologic investigations of clusters. Although epidemiologic studies can be
conducted to address health iliness and other initiating factors of cumulative risk
assessments, the utility of using epidemiologic data to draw causal inferences is beyond
the scope of this report. Determining causality for specific exposures generally includes
weight of evidence considerations across all existing epidemiologic and toxicological
studies. Effective risk communication is also critical throughout the investigation and
assessment processes in order to keep the public and stakeholders informed of the
status of ongoing investigations, including the study objectives, expectations and
limitations of the data and analyses. This is especially important if prospective studies
are later conducted as a result of initial assessments and may help bridge differences in
perception of risk between the public and risk assessors and other investigators.

2.6. LINKING THE LIST OF RELEVANT CHEMICALS TO THE POPULATION
PROFILE THROUGH A CONCEPTUAL MODEL

Following the development of population profiles and the initial data collection
activities, the relevant chemicals and endpoints of concern may be evaluated for
linkages to sensitive population subgroups in the community or the population being
assessed. In addition to identifying and examining chemical releases from local
sources, the cumulative risk assessment could include an examination of possible
regional and national sources of these potentially hazardous chemicals. The
assessment could also include an evaluation of any unique exposure sources or
pathways for the sensitive populations and an examination of the spatial relationships
between the identified sources and residences, sources of food, playgrounds, schools,
etc. to identify individuals or groups of people in the community who might be exposed.
Other community-based methods highlight the importance of community involvement in
the risk assessment planning process (U.S. EPA, 1997a, 1998a).
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One of the desired outputs from the Planning and Scoping phase of cumulative
risk assessment (U.S. EPA, 2003a) is a conceptual model. Conceptual models provide
both a written and visual representation of the structure and dynamics of the system
(e.g., the community or physical site) being assessed that can be subsequently
converted into an implemented approach (Suter, 1999; Suter et al., 2003). Conceptual
models typically identify the links between main system components (i.e., the sources,
chemicals, exposure pathways, exposure routes, subpopulations and health endpoints)
that will be analyzed. Conceptual models identify which sources, endpoints and
processes are included and which are excluded and what assumptions are being made.
Once the initial exposure and population descriptions are completed, the exposure and
dose-response analysts jointly develop a preliminary conceptual model to ensure that all
relevant exposures and endpoints are included. During the analysis phase of the
exposure assessment, the preliminary conceptual model is refined by incorporating
further information gained during the analysis steps (Chapter 3, Section 3.3).

Figure 2-2 illustrates some key elements of a conceptual model for evaluating
cumulative exposures and shows the complexity of the exposure scenario. From left to
right, Figure 2-2 begins with the initial focus on the health of the population and the
identification of vulnerabilities that influences the collection of appropriate exposure and
dose-response data. From bottom to top, the figure shows the factors that influence
cumulative risk assessments that are associated with vulnerability and multiple
chemicals, exposures and routes. From right to left, Figure 2-2, depicts the typical flow
of information for developing a risk assessment, depicting sources, processes,
receptors and flows between them.

Conceptual models for cumulative risk cannot present all the complexities that
are involved, especially those dealing with physical and toxicological interactions.
Consideration of all combinations and their potential interactions can be conceptually
difficult and impractical to present, so it is useful to first prioritize the potential
combinations of chemicals, routes, effects. That step is better represented by a
decision tree or influence diagram. A site-oriented, second-tier conceptual model may
also be useful, as depicted in Figure 2-3. In addition to the usual boxes describing the
scenario, processes, receptors, etc., there are also indications of places where
environmental, toxicokinetic and toxicodynamic interactions could be considered.
Those potential interactions can then be simplified by grouping (e.g., Section 3.3.2.2 for
exposure-based grouping) and prioritized using decision criteria. For example,
toxicological interactions could be screened based on toxicological significance, as
indicated by the relative importance of each chemical’s environmental concentration
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using screening values such as the HQ. Schematic diagrams and decision flowcharts
for joint toxicity and toxicological interactions are given in Figures 4-6a, b, c and d.
Once that initial screening or grouping is completed, a revised conceptual model could
be created, followed by more detailed analysis of the toxicological interactions such as
is described in Chapter 4.

For cumulative risk assessments that encompass multiple exposure scenarios
(e.g., sources, chemicals, pathways, effects), such as at a contaminated site, it is
preferable to develop a hierarchy of conceptual models instead of trying to represent the
multiples in one model (Suter, 1999). As described in the EPA Risk Assessment
Guidance for Superfund (U.S. EPA, 1989a) and from a cumulative exposure
assessment perspective, unique exposures in populations living near a site might
require a detailed evaluation. In the next chapter, Figure 3-2 displays in more detail the
components of a cumulative exposure assessment along with primary exposure routes
for potential receptors, suggesting possible populations of elevated exposure, such as
individuals who consume large quantities of local fish. More detailed conceptual models
and diagrams for cumulative exposure are presented in Chapter 3 (e.g., Figures 3-5,
3-9, 3-11, 3-12) that suggest specific processes to be evaluated.
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3. EXPOSURE ASSESSMENT OF MULTIPLE CHEMICALS, EXPOSURES AND
EFFECTS

This chapter provides detailed information on the exposure assessment of
multiple chemicals, exposures and effects, a subset of cumulative risk issues that are
described in Chapters 1 and 2. Chapters 1 and 2 of this document address several
important cumulative exposure assessment concepts including a discussion of the
initiating factor, the identification the exposed population and the development of a
conceptual model for a cumulative risk assessment. Chapter 3 highlights existing data,
methods and approaches that can be used to address cumulative exposure assessment
issues that are posed as questions in Text Box 3-1. These methods can be used to
determine if individuals are co-exposed to multiple pollutants and over which time
periods these co-exposures occur. In

collaboration with the toxicity analyst, Cumulative Exposure Assessment Questions
(Text Box 3-1)

the exposure analyst can evaluate _ _
How are people exposed to multiple chemicals?

whether the co-exposures occur over

toxicologically relevant time periods What are the intensity and duration of these

and at high enough doses to be of exposures?

Are there uniquely susceptible or vulnerable
subpopulations?

In which media, at what levels, where and when?

toxicological concern. Section 3.1

defines cumulative exposure
assessment as conducted in this chapter. Section 3.2 provides an overview of some
exposure assessment documents that describe current EPA practice. Section 3.3
discusses approaches for conducting of a population-focused cumulative exposure
assessment, giving a brief overview of the basic steps an analyst undertakes in an
exposure assessment and highlighting the issues that are not routinely evaluated in a
conventional (i.e., single chemical-focused or single source-focused) exposure
assessment. This includes grouping potential chemicals of concern by exposure
pathway and media with examples from different chemical groups (Section 3.3.2.2). In
Section 3.4, cumulative concepts for atmospheric pollutants are illustrated.
Retrospective studies are discussed in Section 3.5. Section 3.6 summarizes the
information in this chapter.

3.1. DEFINING EXPOSURE ASSESSMENT FOR CUMULATIVE RISK
ASSESSMENTS THAT EVALUATE MULTIPLE CHEMICAL EXPOSURES

In cumulative risk assessments that examine risks posed by multiple chemicals,
exposure assessments evaluate a population’s chemical exposures through multiple
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routes of exposure over time. Such assessments may encompass multiple exposure
timeframes in which the timing and intensity of exposures to different chemicals are
examined relative to each other. The analysts seek to determine whether the
exposures to multiple chemicals can lead to toxicokinetic interactions” or toxicodynamic
interactions®. In addition to providing information about multiple chemical exposures in
the general population, these exposure assessments identify potentially susceptible or
vulnerable subpopulations® in the study area and potentially unique pathways of
exposure in those subpopulations.

Cumulative exposure assessments will likely rely on environmental monitoring
data and environmental fate models. The community’s boundary may define the
geographic region of study for a cumulative exposure assessment, unlike chemical-
focused assessments or single source-focused assessments. If the timing of different
chemical exposures is important, the analyst can use fate models to estimate changes
in the concentrations in environmental media over time. The pollutants may occur in
these media as a consequence of releases from multiple and different sources that
could be either close to or distant from the population of concern. The environmental
fate information needed for a such an assessment could be site dependent; for
example, the data could include the degradation of chemicals or chemical mixtures in
the environment, interactions of pollutants in the environment that influence their fate
and interactions between chemicals and the environment (e.g., Killing off or promoting
soil microbes that normally degrade some of the chemicals or altering the soil binding
so that chemical transport through soils is enhanced).

While approaches to exposure assessment modeling are stressed in this
chapter, the use of biomonitoring data (e.g., biomarkers of exposure) holds a great deal
of promise for future cumulative risk assessments. The use of biomarkers in cumulative
risk assessments currently is limited. They can provide key quantitative exposure
estimates in cumulative risk assessments (e.g., biomarker data are used to estimate

! Toxicokinetic interactions refer to alterations in the absorption, distribution, metabolism or elimination of
a toxic chemical. For example, these interactions can be mediated by the induction or inhibition of
enzymes involved in xenobiotic activation or detoxification. See Appendix C U.S. EPA (2000a) for
complete discussion.

2 Toxicodynamic interactions encompass all interactions that do not directly affect absorption, distribution,
metabolism or elimination of a toxic chemical. Toxicodynamic interactions affect a tissue’s response or
susceptibility to chemically-mediated toxic injury. Modes of toxicodynamic interactions include, among
others, depletion or induction of protective factors, alterations in tissue repair, changes in hemodynamics
and immunomodulation. See Appendix C U.S. EPA (2000a) for complete discussion.

® Vulnerable or susceptible populations in the study area can be identified during either the exposure or
dose-response assessment phases of a cumulative risk assessment. This identification is based on
properties of the chemicals being evaluated as well as social, cultural or genetic factors that influence
vulnerability or susceptibility.
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current chemical exposure levels in an affected population or the general population).
Such data also can be used to verify selected exposure model results (e.g., show that
specific chemical exposures and absorption are occurring in the population or, if the
data are collected in a different location or under different conditions, provide evidence
showing that human absorption of the chemical from environmental exposures are
possible). For example, some studies have used existing blood chemical or urine
chemical concentration data, such as data published in NHANES (NCHS, 2002).

Exclusive use of biomarker data in cumulative exposure assessment efforts is
currently not practicable when considering a large number of diverse chemicals due to
analytical and resource limitations. Analytical limitations include considerations such as
whether sensitive biomarkers for many types of environmental chemicals have been
developed and whether the chemical’s biological half-life after absorption is sufficient to
estimate exposure over a relevant exposure period. Collection of human biomarker
data can be invasive and costly, resource limitations may constrain the ability of
researchers to collect such data.

If collected, the interpretation of biomonitoring data and application to risk
assessment can be challenging. While biomonitoring identifies individuals who are
exposed and have measured internal doses reflecting absorption of a chemical, to
estimate the individuals’ actual exposures, the biomonitoring data would need to be
integrated with additional information (e.g., exposure modeling information) to identify
the pathways, timing and routes of exposure. Additional exposure and environmental
modeling would be needed to identify sources of chemicals in the contaminated media.
Although the use of biomonitoring data holds great promise for cumulative risk
assessments, few methods exist at this time for such applications (U.S. EPA, 2003a).

When conducting cumulative risk assessments, the analyst may identify and, in
some situations, wish to quantify the uncertainties associated with exposure estimates.
Identifying the uncertainties in the exposure assessment is critical to a cumulative risk
assessment, because limitations and uncertainties in the exposure assessment need to
be highlighted in the risk characterization.

When possible, the analyst may consider developing a sensitivity analysis or
quantitative analysis of uncertainty for the exposure assessment. The sensitivity
analysis will be used to identify key input values to the exposure model (i.e., parameters
that significantly influence the exposure modeling results), highlighting important input
parameters to analyze in a quantitative uncertainty analysis.

In quantitative uncertainty analyses, the uncertainty of each input parameter can
be characterized through a probabilistic distribution for use in Monte Carlo simulations.
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Although detailed discussion of this topic is beyond the scope of this document, many

available resources provide guidance on performing probabilistic exposure and risk

assessments (e.g., Cullen and Frey, 1999); these include the following EPA sources:
e Guiding Principles for Monte Carlo Analysis (U.S. EPA, 1997f)

e Superfund’s Process for Conducting Probabilistic Risk Assessment (U.S. EPA,
2001e)

e Framework for Cumulative Risk Assessment (U.S. EPA, 2003a)

Finally, we note that using the methods described in this chapter for a large-scale
cumulative exposure assessment at this time would be very resource intensive.
However, the application of approaches discussed in this chapter is considered feasible
for more focused cumulative analyses (e.g., for relatively small populations, small
geographic areas and limited numbers of chemicals, sources and pathways). In
addition, the cost and time needed to conduct a cumulative risk assessment are
expected to decrease as the data, approaches and tools to support these analyses
evolve, experience is gained and the analyses become more routine.

3.2. U.S. EPA EXPOSURE ASSESSMENT GUIDANCE

The general methods the EPA uses to evaluate human exposures are presented
in the Guidelines for Exposure Assessment (U.S. EPA, 1992a). EPA Program Offices
follow these guidelines and develop additional guidance documents that describe
exposure assessment methods relevant to the specific types of chemicals they
evaluate. For example, the basic process for assessing exposures at Superfund sites is

described in the Risk Assessment Selected Information Guides (Text Box 3-2)

Guidance for Superfund (U.S. EPA, Guidelines for Exposure Assessment (U.S. EPA,
1989a) (see Text Box 3-2) and U.S. EPA 1992a)

(1992a) provides overall guidance in this Risk Assessment Guidance for Superfund
area (U.S. EPA, 1989a)

The assessment Of exposures to MethOdO/Ogy for ASSGSSing Health Risks
. . o Associated with Multiple Pathways of Exposure to
chemicals released during combustion is Combustor Emissions (U.S. EPA, 1998a)

described in Methodology for Assessing Human Health Risk Assessment Protocol for
Health Risks Associated with Multiple Hazardous Waste Combustion Facilities (U.S. EPA,
2005b)

Pathways of Exposure to Combustor

.. . General Principles for Performing Aggregate
Emissions (U.S. EPA, 1998a) and in Exposure and Risk Assessments (U.S. EPA,
Human Health Risk Assessment Protocol | 2001a)
for Hazardous Waste Combustion Guidance for Developing Ecological Soil Screening

Levels (U.S. EPA, 20039g)
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Facilities (U.S. EPA, 2005b). While these documents focus on conventional exposure
assessment approaches, they also present many cumulative exposure assessment
issues.

At times, Program Office guidance is developed specifically to address
cumulative exposure issues. For example, in response to the 1996 Food Quality
Protection Act, the Office of Pesticide Programs developed General Principles for
Performing Aggregate Exposure and Risk Assessments (U.S. EPA, 2001a). Finally,
EPA documents that describe exposure approaches to chemical mixtures, such as the
Site-Specific Assessment Procedures volume in the review draft Exposure and Human
Health Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) and Related
Compounds (U.S. EPA, 2003c), describe methods for examining cumulative exposure
issues for specific chemical classes that can be applied in other situations.

In summary, there are a number of EPA resources that describe methods and
approaches that can be used to address various aspects of exposure assessments that
can comprise cumulative risk assessments. Exposure models are commonly applied to
help integrate data, fill gaps and focus the scope of a more detailed phase of the risk
assessment process. Models can also contribute an analytic rigor to the analysis.
Various models and several tools are described in subsequent sections of this chapter
and several others are highlighted in Appendix A.

Prior to selecting any model, analysts may seek to understand the development
and evolution of a model. Analysts also would evaluate the strengths and limitations of
an exposure model to be used in a cumulative risk assessment and determine whether
the model’s accuracy and the conditions under which the model was developed are
consistent with the goals defined during Planning and Scoping (i.e., examine the
conditions for which the model was developed and determine if the use of the model in
the exposure assessment will necessitate an extrapolation beyond the conditions for
which the model was developed) (NRC, 2007). Verification, validation and calibration
are three key elements of this model evaluation process.

Verification focuses on assuring that the model reflects the processes it aims to
characterize, by evaluating the breadth, accuracy and conformance or compliance of
the underlying concepts and model framework with established guidelines. This
process helps answer whether the model results are logical and whether they reflect the
current understanding of relationships among exposure, dose-response and risk
characterization. The EPA has drafted guidance to support the evaluation of models for
various applications (U.S. EPA, 2003k) as well as guidance to address issues of
verification and validation (U.S. EPA, 2002j). These terms are described in the
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following discussions and have also been defined to support specific program
applications (see U.S. EPA, 2006a).

Validation focuses on evaluating the analytic quality and soundness of the model,
documenting its scientific basis and verifying the code, comparing the output with that of
other models and conducting empirical comparisons of model predictions with field
study data. This process also involves ensuring that the goals identified for the model
during the planning or scoping phase are met, determining the causes of any failure to
meet requirements and documenting the results.

Calibration involves comparing model results with information of known accuracy
and making adjustments to the model until its results lie within reasonable bounds of the
accurate information. Following calibration, the model is tested with a different set of
data also of known accuracy. If the model results lie within reasonable bounds of this
new dataset, this indicates success and suggests that the model can provide valid
predictions when applied to other independent data sets.

Complex cumulative health exposure assessments may utilize many different
models. These models will always be limited since they rely on assumptions to address
specific knowledge gaps or for analytic simplification. While some of the models may
have undergone verification, validation and calibration, other models may not.
Depending on the availability of data for development and testing, for some of these
models, a model evaluation, that is an examination of whether the model provides
reasonable results (often assumed to represent a lower level of assessment for model
viability) may be all that is feasible given resource constraints placed on these
assessments. In some studies model evaluation also can involve benchmarking against
other models to assess differences among outputs compared with expectations based
on experimental data, to quantify uncertainties and sensitivities and to guide refinement
of model components and underlying assumptions. Note that a similar process of
verification, validation and calibration also applies to the data input to these models
(U.S. EPA, 2002j). Models that have been verified or validated may be given more
credibility in the assessment and may be more useful than models that have not
undergone validation. This likely will be the case if the conditions under which the
model will be applied are similar to those under which it was developed. If a model has
not undergone model evaluation, it may not be useful in a cumulative risk analysis
(NRC, 2007).

Given difficulties in obtaining sufficient data for full validation of a cumulative risk
model, the first step may simply be to determine whether results are reasonable based
on current scientific knowledge as it continues to evolve. In addition, partial validation
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can be conducted by addressing only those components of the model for which better
characterization information exists. Sensitivity analyses can help focus these efforts,
targeting those elements that have the greatest impact on the model outputs.
Comparing these models with other models that frame the cumulative risk question from
different perspectives (e.g., those that emphasize different elements) also can
strengthen the modeling process.

As an example of progressive model validation, many years ago the dioxin data
from the Seveso plume were combined with health effects data from the local
community in order to reconstruct doses and improve the extant scientific model of
human toxicity. Early conceptual models have since been updated with human data,
including those from recent individual exposure incidents (CNN, 2004; Edmond et al.,
2005; also see model development description in NRC, 2007). Thus, model
representation of human exposure, toxicity and risk continues to be refined as new data
become available.

3.3. CUMULATIVE EXPOSURE ASSESSMENT: ANALYSIS PHASE

As described in U.S. EPA risk assessment guidance documents, the analytic
phase of an exposure assessment begins after the analyst has developed a preliminary
list of chemicals of potential concern and has identified the population and
subpopulations of concern. The materials presented in Chapter 2 identify data sources
and approaches that can be considered when conducting a cumulative exposure. The
applicable procedures differ depending on the initiating factor. If the initiating factor is
sources, typically there will be a well characterized list of chemicals known to be
released from the identified sources under both typical and abnormal operating
conditions. If the initiating factor is chemical concentrations then the initial list of
relevent chemicals will be identified during the characterization of the initiating factor. In
a cumulative risk assessment, the exposure analyst will typically consult with the toxicity
analyst to determine if other chemicals need to be considered for inclusion in the
analysis because compounds of concern are known to interact toxicologically with the
chemicals that initiated the cumulative risk assessment. If the initiating factor is
population illness, the toxicity and exposure analysts will colaborate closely to identify
the types of chemical exposures that could be associated with the illness and to
determine if such exposures could occur within the population (e.g., given the emission
sources in the area or past land uses).

As described in Chapter 2, the linkages between relevant aspects of the analysis
can be depicted using a conceptual model. Figure 3-1 provides an example conceptual
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FIGURE 3-1

Conceptual Model for Hypothetical Cumulative Exposure Assessments
lllustrating Pathways Considered and Complete Pathways
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model for a contaminated site. Although the initiating factors could vary across
communities, as indicated in Figure 2-1, the same exposure assessment steps are
addressed (see Text Box 3-3). In each of Sections 3.3.1, 3.3.2 and 3.3.3, cumulative
exposure issues are identified and existing approaches are shown that can be used to
address the issue. Typically, exposures are estimated for complete exposure
pathways. Complete implies

that each exposure assessment Exposure Assessment: Analysis Steps
component is present from the (Text Box 3-3)

occurrence of the chemical through Characterize the Identify environmental features
relevant exposure pathways and routes ?;%013)‘”6 setting and potential receptors

to the receptor. Exposures may be ' , _

] Identify potential Describe sources, release
estimated for pathways that are not exposure pathways  mechanisms, receiving media
currently complete but are considered | (3:3-2) and [ocations for chemicals
likely to be complete in the future. Quantify exposures  Estimate medium-specific

through multiple chemical concentrations at
exposure routes points of human exposure and
3.3.1. Exposure Setting. Describing (3.3.3) calculate intakes (considering
time, frequency, duration)

the environmental characteristics of the
study area and identifying the people who were, are or could be exposed to multiple
chemicals are the two main elements of the exposure setting for a community-based
assessment. The following subsections describe cumulative risk assessment issues
related to these elements.

3.3.1.1. Environmental Features — Characterizing the exposure setting
potentially involves compiling basic data on topography, surface hydrology, soil geology,
vegetation, groundwater hydrology, climate and meteorology, land use, pollution
sources and demography of the community. The analyst routinely assembles
geographic and meteorologic data when conducting an exposure assessment. Basic
geographic information about a community is available through a variety of sources
including those offered by the U.S. Geological Service and U.S. Department of
Agriculture. Climate and meteorologic data are available from the National Oceanic and
Atmospheric Administration, e.g., the National Weather Service. Analysts also identify
land uses. Land use analyses include the identification of all residential areas, work
places, recreational areas and places where foods are grown or collected as well as
relevant pollution sources inside and outside the community. For example, regional—or
outside—emission sources could impact pollutant levels in the community and in some
analyses these require identification. Community input to these identification processes
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is important. This includes gaining an understanding of how different locations in a
community are currently used and how they were used. Past uses may provide the
analyst with important insights in to once-common polluting practices and to potential
past exposures.

In a community assessment, in addition to examining the contaminants present,
the analyst may need to examine environmental conditions in the broader region. For
example, if there are atmospheric sources of concern for an affected community in
which there is a Superfund site, the EPA requires that the assessment include an
examination of the concentrations in the local environment from these atmospheric
sources and the potential for airborne contamination from the Superfund site (U.S. EPA,
1989a). Ambient data for such an analysis can be obtained from various organizations,
such as U.S. EPA regional offices and state, county or city environmental agencies.
Pollutant release data can be obtained from the Toxics Release Inventory,
http://www.epa.gov/tri/chemical/index.htm#chemlist; Appendix A lists additional
resources providing such data.

To illustrate how different types of data can be used, Text Box 3-4 illustrates data
sources tapped for a recent cumulative study of air toxics in an urban area. The
broader scope of a cumulative exposure assessment could include background data on

chemical concentrations in local soil and
Example Data Sources and Uses

water, both naturally occurring (such as (Text Box 3-4)

metals) and anthropogenic chemicals A recent air screening hazard assessment

(such as PAHs, PCBs and dioxins) as (U.S. EPA, 2004c) uged da)ta from sgzveral regional
and local sources, including emissions data from the

well as concentrations of chemical TRI, Cumulative Exposure Project (CEP), and

Regional Air Pollutant Inventory Development

pollutants in the U.S. food supply. For System (RAPIDS), as well as outdoor air monitoring

example, Volume 2, Properties, data. These data were combined and compared to
. identify any consistently higher hazard areas,
Environmental Levels, and Background pollutants and sources. Two methods were used to
Exposures, of the draft U.S. EPA dioxin estimate relative inhalation hazards of outdoor air
. ) toxics: one for emissions mass (using TRI and
document (2003c) lists typical RAPIDS data) and the other for outdoor

concentrations of dioxin congeners in the concentrations (using CEP and monitored data).
Emissions data enabled sources and release

U.S. food supply. These nationally locations to be identified which improved the

: exposure assessment. (Note that TRI and RAPIDS
representative samples could be emissions databases differ: TRI data are self-
incorporated into a cumulative exposure reported by facilities, while RAPIDS data are

t if rel t Such estimated by states from permits and other
assessment, It relevant. such exposure information sources.) Ambient data provided limited

pathways when combined with local information on spatial distribution, without regard to
C specific sources. A WOE approach was used to
exposure pathways may be a significant assess data among different sources.

source of exposure.

3-10


http://www.epa.gov/tri/chemical/index.htm#chemlist

The analysis of environmental features identifies potentially vulnerable
populations (see Section 3.3.1.2) and the location of sites where people in a community
could be exposed. Community members may provide valuable input into the
identification of such sites, the relevant activities that may occur there and the frequency
with which the site is or may have been used. This information can provide insights into
potential exposures and potential subpopulations being exposed through use of the
location. When performing cumulative exposure assessments, the analyst may need to
evaluate exposures where community members gather. For example, community
members gather in schools and at playgrounds, and the analyst may need to evaluate
exposures in susceptible populations (e.g., asthmatic children) at these locations. The
analyst also may want to examine exposures that occur in and around facilities that care
for the elderly and disabled members of a community. Depending on the chemicals
being evaluated, the exposure and toxicity analysts may wish to colaborate closely to
identify other settings where chemical exposures could occur in vulnerable populations
(see Section 3.3.1.2 for further discussion).

3.3.1.2. Receptor Characteristics Considered in Cumulative Risk
Assessments — During characterization of the exposure setting, the analyst identifies
individuals and population groups that could be exposed to contaminants. Then,
information on the residential locations, activity patterns and workplaces is collected.
Cumulative risk assessments also examine exposures among both “typical’
members of a community and vulnerable populations. Usually, the exposure analyst
and the toxicity analyst work together to identify the potentially vulnerable populations.
U.S. EPA’s Framework for Cumulative Risk (2003a) adopts “vulnerability” concepts
described by Kasperson that encompass the topic of receptor characteristics. The EPA
document details four areas of vulnerability:
o Differential exposure
e Susceptibility/sensitivity
e Differential preparedness
e Differential ability to recover
Typical exposure assessments routinely identify some subpopulations that are,
or may be, differentially exposed due to close proximity to a source or contaminated site
and some exposure assessments also may identify subpopulations that exhibit activity
patterns that may result in elevated exposures to pollutants (e.g., subsistence fishing).
In these cases, detailed recreational uses and activity patterns are based on survey
data, especially for fishing and hunting. Such data may be obtained from state or
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county departments of environment, conservation, natural resources or parks and
recreation. The analyst may conduct community-specific surveys to fill important gaps
(U.S. EPA, 1998a). The analyst also may meet with specific groups that are or could be
affected, in order to assess possible unique exposures. For example, Native Americans
may gather special vegetation or wildlife for food, medicine or ceremonies or visit lands
that are sacred.

Exposures in subpopulations exhibiting susceptibility/sensitivity, differential
preparedness and differential ability to recover are not always considered in typical
exposure assessments but are given special consideration in a cumulative risk
assessment. Exposures may be calculated separately for identified subpopulations with
specific receptor characteristics to yield more realistic exposure estimates for those
subpopulations. The receptor population characteristics considered in a cumulative risk
assessment may include diverse factors such as genetic susceptibility, age, stress,
disease state, economic status, ethnicity, health status, availability of health care, etc
(see Figure 1-6). Itis particularly important that the analyst evaluate whether certain
potentially susceptible populations are exposed to high levels of pollutants. Examples
of information the analyst can use to support this evaluation are highlighted in
Text Box 3-5. Pregnant women can represent a subgroup of special concern due to the

fetus’s sensitivity for potential
Information for Susceptibility Assessment

effects under some types of (Text Box 3-5)
chemical exposures. For Type of Information Resources
example, the fetal nervous Demographic data U.S. Census Bureau (www.census.gov)
. . Subpopulation groups EPA report: Sociodemographic Data Used
SyStem is considered the most for Identifying Potentially Highly Exposed
thvl d the EPA’ Locations (e.g., schools, Plat maps, city and county health
methyimercury an e S hospitals, nursing homes) departments
reference dose (RfD) has been | Exposure data (e.g., blood  State registries, county and city health
developed based on lead levels) department reports
P Cancer registries Centers for Disease Control (national data
neurological effects associated and links to state cancer registries,
ith int teri www.cdc.gov/cancer/npcr/statecon.htm)
with intrauterineé exposures Other health effect State registries of birth defects, asthma
(U.S. EPA, 2001b). registries registry

Young children can be more biologically sensitive to many chemicals because
certain protective body functions (e.g., liver enzyme production) are developing during
the early stages of life and not yet fully protective. They also can incur higher
exposures than the general population because of their different behaviors (e.g., pica or
recreational swimming) and because their doses per unit body weight are higher than
those of adults. Following the 1997 Executive Order for the protection of children from
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environmental health and safety risks, the EPA continues to develop approaches to
account for differences such as body weights and toxicokinetics so risks to infants and
children can be evaluated in further detail whenever there appears to be a greater
concern for adverse health effects than for the general population.

Other people with higher than average biological sensitivity to environmental
stressors include those with allergies and with pre-existing medical conditions (e.g.,
asthma). Some state health departments have established health registries for health
conditions, such as asthma, and for exposure measurements, such as blood lead
levels. The analyst also may contact these agencies to determine if any clusters of
affected individuals live in the community. Elderly and immunocompromised
populations can be more susceptible to environmental exposures due to their health
status. Other factors, like socioeconomic status, can affect access to health care or
contribute to poor diet. Thus, poverty could indicate a potential increased susceptibility
or biological sensitivity.

3.3.1.3. Cumulative Exposure Assessment Practices for Receptors — Once
the land uses and sources of pollutants in the community have been identified (Section
3.3.1.1), it is common practice in exposure assessments to identify representative
default receptors, such as a current or future resident, trespasser, home gardener and
recreational angler. Exposures among these default receptors are subsequently
estimated. The Exposure Factors Handbook (U.S. EPA, 1997c) provides factors
associated with these receptors (e.g., quantities of homegrown vegetables consumed
daily).

In typical assessments, the individual receptors are located in close proximity to
a pollution source (e.g., at the fence line, the nearest housing development or the
closest fishable lake). The analysts may have to use atmospheric dispersion models to
identify sites proximal to multiple pollution sources. The analyst may evaluate other
receptors who are, or could be, subjected to higher than average exposures, including
people living near multiple sources of pollution (e.g., waste facilities, urban industrial
areas or transportation corridors), residents of older homes with lead-based paint and
people whose jobs or recreational activities can cause specific chemical exposures or
increased opportunities for exposure. The exposure analyst also evaluates exposures
in vulnerable populations (Section 3.3.1.2). If these screening practices do not reveal
exposures of concern, the exposure analyst can drop the receptors from the analysis,
after consultation with the dose-response analyst.

3-13



If the exposure levels are deemed to be of concern, then the analyst can use
demographic data to estimate the typical ages and ethnicities of these hypothetical
community members who may be differentially exposed to pollutants from a source.
These data may be used to refine the exposure estimate (see Section 3.3.3).

3.3.2. Exposure Pathways and Routes. An exposure pathway describes how
chemicals are transported from a source to a person or subpopulation. An exposure
route identifies the way the contaminant actually enters the body. For environmental
pollutants, the major exposure routes are inhalation, ingestion and dermal absorption.
This section identifies considerations for how exposure pathways can be evaluated in
an assessment. The basic process elements are summarized in Text Box 3-6.

The overall analysis plan for a risk Exposure Pathway Elements (Text Box 3-6)

assessment typically describes the general
yp y 9 Locations of sources, mechanisms by which

data, models and assumptions that will be | chemicals could be released from sources, and

used to characterize exposure (Chapter 2) identification of receiving environmental media

A . hasis f Iati isk Transport of chemicals in the receiving media and
main emphasis for cumulative rs movement from receiving media into other

assessments is on how sources, chemicals,| environmental media (e.g., from soil to airor

. water), degradation and transformation (change in

media and receptors can be grouped for speciation, sorption, etc.)

joint pathway analyses. Various examples | Estimated concentrations of contaminants at
are offered in this section. with additional points of potential human contact (i.e., exposure

’ points) and associated routes of exposure (e.g.,
detail for one pathway (air) offered in incidental ingestion of soil, inhalation of airborne
chemicals or drinking water)

Section 3.4 to illustrate how cumulative risk

assessment issues can be considered. If the initiating factor is population iliness, then
the exposure analyst would have to collaborate with the toxicity analyst to identify
possible relevant chemicals and then determine if there are possible sources of such
contaminants in the local environment. [f the initiating factor is elevated chemical
concentrations or multiple sources, then the sequence of steps is similar to that which
follows.

3.3.2.1. Sources and Fates of Chemicals and Chemical Mixtures — When
performing a cumulative risk assessment initiated by environmental contaminants, the
analyst would want to identify all sources being considered and all potential exposure
pathways for each medium of exposure. The analyst then reviews the pathways to
determine if they are relevant. The completeness of each exposure pathway is then
evaluated. A pathway is complete when these four components are present:
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e A source and a mechanism of contaminant release

¢ An environmental transport medium

e A point of human contact with the contaminated source or transport medium

e A route of exposure at that point
The exposure analyst develops criteria for inclusion in the cumulative risk assessment
after discussion with the toxicity analyst; then resources can be efficiently focused on
toxicologically relevant exposures. The pathways selected for inclusion are then
characterized, and the exposures from all relevant pathways are jointly evaluated for the
cumulative risk assessment.

In cumulative exposure assessment, an evaluation of environmental
transformation of each chemical under consideration is a critical component for each
selected pathway. While environmental transformation is recognized as a major factor
for organic compounds, some metals can be altered in the environment, e.g., via
methylation by biological processes, which can change bioavailability and toxicity.

For example, BIOCHLOR is a numerical screening model developed by the Air
Force and maintained by the EPA to assess monitored natural attenuation (MNA) for
sites contaminated with chlorinated solvents. The code simulates solute transport for
sequential reactions from a single parent chemical, involving up to four fate products
(Jones et al., 2006). It can be run either with or without biotransformation assuming
sequential first-order decay (notably for reductive dechlorination, which is generally the
main biodegradation process at these sites). The model has been applied for a number
of projects to integrate site-specific information into evaluations of solvent degradation.
These projects extend beyond industrial Superfund sites (Clement et al., 2002) and U.S.
federal sites (U.S. DOE, 2005) to international sites (Nakashima et al., 2005), with a
variety of case studies reviewed by McGuire et al. (2004). Where site-specific data are
unavailable, the User's Manual provides ranges for a number of input parameters
(available from U.S. EPA, 2002k), which can be used to help focus site investigations in
support of MNA suitability or performance assessments as indicated.

Environmental transformation is a critical consideration when addressing
exposures to environmental mixtures. For organic chemicals such as common
solvents, environmental transformation or degradation can produce a number of new
chemicals of potential concern in addition to those originally released. While some
degradation products are less toxic than their parent compounds, this is not always the
case. Thus, itis helpful to review historic operations records and other readily available
data to consider additional contaminants that might warrant consideration. To illustrate,
the solvent tetrachloroethylene is a common groundwater contaminant, and this volatile
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organic compound (VOC) is converted over time to the more toxic vinyl chloride. Key
properties of selected organic chemicals and degradation products are illustrated in
Table 3-1 to show that data are available to characterize environmental fate of multiple
pollutants and cumulative exposures.

When evaluating environmental fate and transport across media for these
assessments, it is important* that mass be maintained when predicting concentrations
of parent chemicals and degradation products. Chemical speciation can also be
important for cumulative risk assessments. Different oxidized or reduced forms of
metals react differently in the environment and have different toxicities; trivalent and
hexavalent chromium provide a good example, with the latter being much more toxic.
Thus, it is important to characterize the soil and water chemistry at sites to assure that
appropriate physicochemical characteristics are being reflected in the assessment. In
evaluating combined chemicals, care must be taken to assure that assumptions are
internally consistent among all chemicals within a given setting. For example, assuming
the presence of a reduced form of a metal may be incorrect, especially in an aerated
environment where other chemicals are assumed to be in the oxidized form.

When evaluating contaminant fate, it is important to consider setting conditions
that can contribute to chemical-chemical interactions. This applies to natural systems
such as fields or ponds as well as manmade systems such as drinking water distribution
networks, where chemical interactions (often combined with microbial processes) can
convert introduced compounds to other forms. Main environmental reaction processes
are oxidation, complex formation with various ligands and biologically mediated
reduction (methylation).

The environmental fate of mercury (Hg) illustrates the importance of considering
setting conditions. Hg could be released from a combustor as an elemental vapor and
converted in the local atmosphere to a reactive gaseous form. Reactive gaseous Hg is
thought to deposit rapidly to the surface of the earth. In aqueous environments and in
wetlands, mercury can be transformed to methylmercury, which bioaccumulates in fish.
Setting conditions, including wind direction; wind speed; local atmospheric chemistry;
proximity of Hg releases to wetlands, lakes or rivers; the aquatic chemistry in these local
bodies of water; and the size of the watershed, influence methylmercury levels in local
fish.

* Although models may not explicitly conserve mass, post-processing can be applied to assure that this is
maintained.
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TABLE 3-1

Properties of Selected Organic Chemicals and Degradation Products to Demonstrate Availability of Information*

Chemi Key ; General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
emical |Degradation Persi . : 7 - . Toxicity | Relative
Products ersistence and Reaction Mechanism (unitless) (unitless) Concentration Value | to Parent
Pesticides
Aldrin (see below) |Binds tightly to  |Air Hydroxyl 6.5 (5.7-7.4) 7.7 (5.4-7.7) Air 0.00003 ppb  |RfD NA
soil and does not |36 minutes radical (bioaccumulation|(expected to (mean for 1970-72 |0.00003
leach readily, so |(Howard, 1989) oxidation likely) strongly adhere [from 13.5% positive [mg/kg-d
is not usually - to soil) samples, 16 states)
found in Water (not specified) | Howard, 1989, DWUR:
groundwater; 5 weeks ATSDR, 2002a) [(ATSDR, 2002a)|Water 0.001 ppb  |0.49 per
moderately (Howard, 1989) (STORET median, |mg/L
persistent, Soil: (not specified) ambient water,
bioaccumulates  120-109 days 40% detects; 1985) |IUR:
(ATSDR, 2002a; , 4.9 per
Howard, 1989) Sediment 0.1 ppb [mg/m
(STORET median,
33% detects; 1985)
(ATSDR, 2002a)
Dieldrin As for aldrin, but |Air Photo- 6.2 (4.3-6.2) 6.7 Air 0.0001 ppb RfD Noncancer
very persistent not specified degradation  |(bioaccumulation|(expected to (mean for 1970-72 (0.00005 |(oral)
(Howard, 1989) likely) strongly adhere [from 94% positive |mg/kg-d [60%
] to soil) samples, 16 states)
Water: Evaporation | ATSDR, 2002a) DWUR |Cancer
hours to months (ATSDR, 2002a)|Water 0.001 ppb |0.46 per |(oral-inhin)
(Howard, 1989) (STORET median, |mgiL  |94%
Soil (not specified) ambient water,
2.5-7 years 40% detects; 1985) [IUR
(ATSDR, 2002a; _ 4.6
Howard, 1989) Soil per |
1-49 ppb (mean) mg/m
Sediment 0.8 ppb
(STORET median,
33% detects; 1985)
(ATSDR, 2002a)
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TABLE 3-1 cont.

. Key . General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS Tox@ty
Chemical | \Degradation Persistence and Reaction Mechanism (unitless) (unitless) Concentration Toxicity | Relative
Products Value | to Parent
Chlordane NA As for dieldrin, Air (not specified) |5.5 3.5-4.6 Surface and RfD NA
(this and in surface 1.3 days (estimate for (4.2-44 groundwater 0.0005
compound is |water will (ATSDR, 1994a) pure chemical) |estimated) mg/kg-d
not typically |volatilize and 4.1 (mean) 0.1 ppb
transformed |adsorb to 6.2 hours Hydroxyl (bioaccumulation|expected to (mean in selected |RfC
in the sediments (Howard, 1989) |radical likely) adhere to soil) |areas) 0.7 ug/m®
environment) oxidation
Water (not specified) (U.S. EPA, (U.S. EPA, Soil DWUR
240 days 2006b; ATSDR |19963a, 2006b; [<1-140 ppm 0.01 per
(U.S. EPA, 2000b) 1994a; Howard, |ATSDR, 1994a) mg/L
1989) (ATSDR, 1994a)
7.3-7.9 hours Volatilization IUR
(Howard, 1989) 0.1
3
Soil (not specified) per mg/m
3.3 years

(Howard, 1989)




TABLE 3-1 cont.

Chemi Key : General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
emical |Degradation Persi : : 7 - . Toxicity | Relative
Products ersistence and Reaction Mechanism (unitless) (unitless) Concentration Value | to Parent
Solvents
Carbon (see below) ([Stable in air; Air Oxidation 2.6-2.8 2.0 Air RfD NA
tetrachloride volatilizes rapidly |330 years (expected to 0.2 ppb (mean) 0.0007
from soil and - (ATSDR, 2003a; |[move with mg/kg-d
surface water;  |Groundwater: Reaction Howard, 1989) |groundwater)  |Drinking water
little binds to soil |0-4-4-5 days with minerals 0.5 ppb (mean for [DWUR
(moderately Surface water: Aerobic (ATSDR, 2003a) |the 3% of samples |0.0037
soluble so can 0.5-1 years biodegradation with detectable per mg/L
leach to levels)
groundwater); 7-28 days Anaerobic IUR
does not biodegradation (ATSDR, 2003a) [0.015 5
bioaccumulate 7000 years Hydrolysis per mg/m
Soil (Based on
0.5-1 years aerobic
(data from ATSDR |conditions)
2003a)
Chloroform  [Persistent in Air Hydroxyl 2.0 2.0 (mean) Drinking water: RfD Noncancer
groundwater; 80 days radical (not likely to (expected to 23 ppb (mean) 0.01 (oral)
does not (Howard, 1989) oxidation bioaccumulate) [move with mg/kg-d (7%
bioaccumulate e groundwater) (ATSDR, 2003a)
Water Volatilization (ATSDR, 19973, IUR Cancer,
36-40 hours Howard, 1989) |(ATSDR, 1997a) 0.023 |(inhaln)
(Howard, 1989) per mg/m3 150%
Surface water Hydrated
44 days electrons

(ATSDR, 1997a)




TABLE 3-1 cont.

Chemi Key : General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
emical |Degradation Persi : . 7 X . Toxicity | Relative
Products ersistence and Reaction Mechanism (unitless) (unitless) Concentration Value | to Parent
Chlorine Reacts with water |Air Hydrolysis 0.9 Not identified Air RfD Noncancer
to form seconds to (organic carbon |0.0006-0.02 ppm [0.1 (oral):
hypochlorous and |minutes (not likely to in soil does not mg/kg-d [0.7%
hydrochloric (NPI, 2005) bioaccumulate) |appear to play a |{(HSDB, 1991;
acids; volatilizes major role) ARB, 1997)
from soil; persists |Surface water (TCEQ, 2003)
in groundwater; |seconds to Drinking water
does not minutes 0.2-1 mg/L
bioaccumulate (U.S. EPA, 1994b) (WHO, 1996)
1.4-2.7 mg/L
(finished water in
several U.S. cities)
(U.S. EPA, 1981)
Tetrachloro- |(see below) |Volatilizes rapidly [Air Hydroxyl 2.5-34 1.8-3.6 Air RfD NA
ethylene from surface 70-250 days radical (not likely to (expected to 0.50 ppb (mean, 0.01
water and soil; (ATSDR, 1997b) |oxidation bioaccumulate) [moderately bind |including areas mg/kg-d
can leach slowly . to soil and can [close to emission
to groundwater, | 110 days Tropospheric | ATSDR, 1997b; |leach to sources)
(only slow soil  |(Mackay etal,, reaction Mackay et al., |groundwater)
biodegradation); 2006) 2006, Drinking water
does not Water Hydrolysis Howard, 1989) |(ATSDR, 1997b; (0.75 ppb (median,
bioaccumulate |0 8-6 years Mackay et al.,  [from ground water,
(ATSDR, 1997b) 2006) for the 8% of
samples with
4-4.5 hours Volatilization detectable levels)
(ATSDR, 1997b)
. Sediment
180 days Aerobic .
(TOXNET, 2005) |biodegradation 5 ppb (median)
98 days Anaerobic (ATSDR, 1997Db)
(HSDB, 2006) biodegradation
Soil Volatilization
2-16 days
(ATSDR, 1997b;
Mackey et al.,
2006)

3-20




TABLE 3-1 cont.

Chemi Key : General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
emical |Degradation Persi : : 7 - . Toxicity | Relative
Products ersistence and Reaction Mechanism (unitless) (unitless) Concentration Value | to Parent
Tetrachloro- |[Trichloro- Volatilizes quickly |Air Hydroxyl 2.3-2.6 2.0-2.7 Air NA NA
ethylene ethylene from surface 6.8 days radical (not likely to expected to 0.56 ppb (mean,
(cont.) water; binds to (ATSDR, 1997c) |oxidation bioaccumulate) [moderately including areas
soil; persistent in ) bind to soil and |close to emission
groundwater; Water Aerobic  |(ATSDR, 1997c; |move with sources)
does not 100 days biodegradation|ioard, 1989;  |groundwater)
bicaccumulate  |(Mackay etal., Mackay et al., Drinking water
2006) 2006) (ATSDR, 1997¢; |1 ppb (median,
400 days Anaerobic Howard, 1989; |from groundwater,
(Mackay et al., biodegradation Mackay etal., |for the 10% of
2006) 2006) samples with
detectable levels)
320 days Hydrolysis
(Mackay et al., Sediment
2006) <5 ppb (median)
Months to millions |Hydrolysis (ATSDR, 1997¢)
of years
(ATSDR, 1997c)
1,1-Dichloro- |Volatilizes Air Hydroxyl 1.3-2.1 1.8-2.2 Air RfD: Noncancer
ethylene relatively quickly (2.3 days radical (not likely to (not expected to |4.6 ppb (mean); 0.05 (oral):
from surface (ATSDR, 1994b; |oxidation bioaccumulate) |bind to soil; mg/kg-d  |20%
water and soil; Mackay et al., expected to Drinking water
moves with 2006) (ATSDR, 1994b; [move with 0.6 ppb (mean, for |RfC: .
groundwater; ... _|Mackay etal.,, |groundwater) the 3% of samples |0.2 mg/m
stable in water; |11hours Photooxidation| 50 with detectable
degradation (Mackay et al., (ATSDR, 1994b; [levels)
expected to be 2006) Mackay et al.,
slow; does not  |\water Volatilization 2006) (ATSDR, 1994b)
bioaccumulate (4 days (mean)
(U.S. EPA, (ATSDR, 1994b)
2006¢)
670-4300 hours Aerobic

(Mackay et al.,
2006)
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TABLE 3-1 cont.

Chemi Key . General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
emical |Degradation Persi . : 7 - . Toxicity | Relative
Products ersistence and Reaction Mechanism (unitless) (unitless) Concentration Value | to Parent
Soil <10 days (not specified)
(Mackay et al.,
2006)

1,2-Dichloro- |Volatilizes quickly [Air Hydroxyl 2.1 1.6-1.8 Air RfD Noncancer

ethylene, from surface 3.5-5 days radical (not likely to (not expected to |0.037 ppb (median) [0.02 (oral)

trans- water and soil; (ATSDR, 1996; oxidation bioaccumulate) |bind to soil; mg/kg-d  [50%

(the cis- form [moves with Howard, 1989; expected to Drinking water and

is also groundwater; Mackay et al., (ATSDR, 1996; |move with groundwater

produced but |does not 2006) Howard, 1989; [groundwater) 173 ppb (mean)

no toxicity bioaccumulate . Mackay et al.,

value exists) Surface water | Volatilization |>00g) (ATSDR, 1996; |(ATSDR, 1996)

3-6.2 hours Mackay et al.
Howard, 1989)

Vinyl chloride [Volatilizes quickly |Air Hydroxyl 1.4-2.8 0.5-2.0 Air RfD Noncancer
from surface 1.5 days radical (not likely to (not expected to |0 to 0.04 ppm 0.003 (oral)
water and soil; (Howard, 1989; oxidation bioaccumulate) |bind to soil; (generally not mg/kg-d  [333%
moves with Mackay et al., expected to detected, but can
groundwater; 2006) move with be elevated near |DWUR
does not . |(ATSDR, 1997d; |groundwater) landfills or industrial |(from
bioaccumulate |11 weeks Tropospheric | oward, 1989:; facilities with this  |birth)

(Mackay et al., reactions Mackay etal., |(ATSDR, 1997d; |chemical or 0.0021
2006) 2006) Mackay et al., |parents) per mg/L
Water Volatilization 2006) .
0.81 hours Drinking water IUR
(Howard, 1989; 1,8.4 ppb (from
Mackay et al., (maxima for birth)
2006) random and 0.0088
nonrandom sites, |per
Soll (not specified) respectively; mg/m3
30-180 days detected in 0.74%
(Mackay et al., of groundwater
2006) supplies)

(ATSDR, 1996)
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TABLE 3-1 cont.

. Key . General Fate/ Environmental Half-Life Log Kow Log Koc lllustrative U.S. EPA.IRIS TOX'C.'ty
Chemical [Degradation . . : 7 - . Toxicity | Relative
Persistence and Reaction Mechanism (unitless) (unitless) Concentration
Products Value | to Parent
Carbon As described above (for listing its as a primary chemical solvent) RfD Noncancer
tetrachloride 0.0007 (oral)
mg/kg-d  [1400%
(and other
toxicity
values)

*Organic compounds illustrated here are often found at Superfund sites; others also commonly found include acetone, 2-butanone and methylene
chloride; polycyclic aromatic hydrocarbons (PAHs)/naphthalene, pentachlorophenol and polychlorinated biphenyls (PCBs); and benzene, toluene
and xylene (designated by U.S. EPA as “pending” for this list). (Source: U.S. EPA’s Common Chemicals Found at Superfund Sites,
http://www.epa.gov/superfund/resources/chemicals.htm.) General fate content is highlighted from the ATSDR toxicological profiles as also
supported by various EPA facts sheets (as indicated), and many properties and environmental levels are also from the toxicological profiles.

NA = not available. Gray shading indicates the entry is not applicable because this is the parent compound. Toxicity values are highlighted from
the EPA IRIS database (U.S. EPA, 2007); the RfD (reference dose) and RfC (reference concentration) address the noncancer endpoint, while the
DWUR (drinking water unit risk) and IUR (inhalation unit risk) address the cancer endpoint; inhln = inhalation.

The environmental half-life represents the time it takes for the initial amount of a chemical to be reduced by half in that medium. To
streamline the presentation (with many of the values having been calculated or estimated), numbers are generally rounded to two significant
figures or one decimal point. The Kow indicates whether a chemical is hydrophilic and will be predominantly found in water, or is lipophilic and will
be found in fatty tissue of animals or associated with other organic materials in aquatic systems. The Kow values are presented as logarithms
because this measure varies widely across compounds. A log Kow of 0 indicates an equal affinity for lipids and water. A high log Kow indicates
the chemical is not very soluble and will not move with water; a low log Kow indicates the chemical is very soluble and will move with water (it also
indicates the chemical will be readily absorbed from the gastrointestinal tract after being ingested or from the lungs after being inhaled). As the log
Kow increases, the solubility in lipids increases, which means the potential to bioconcentrate in aquatic organisms increases; when the log Kow
reaches 5 to 6 it indicates the chemical can bioconcentrate significantly in aquatic organisms. As it increases above 6, the chemical is less likely
to bioconcentrate, approaching no bioconcentration at a log Kow of 12. The Koc indicates how the organic compound will partition between water
and the organic carbon portion of soil/sediment and biota. The Koc indicates whether or not a chemical will move with ground water. These
values are also presented as logarithms because, like Kow, this measure varies widely across compounds. A high log Koc (e.g., 3.5 or higher)
indicates the chemical is likely to sorb to soils, sediments, or sludges and is less likely to move with surface water or groundwater. A low log Koc
(e.g., 2.4 or below) indicates the chemical is not likely to sorb to soils, sediments or sludges and thus is more is likely to move with water.
Contaminants with a log Koc between 2.4 and 3.5 likely partition to soils, sediments or sludges and surface water or groundwater. (Source: U.S.
EPA Pollution Prevention (P2) Framework, Environmental Fate Models, see http://www.epa.gov/oppt/p2framework/docs/envfate.htm).

Note that these chemicals were selected to illustrate fate links for pesticides of historical interest and for solvents commonly found at
contaminated sites. The level of information highlighted in this table these will typically not exist for all compounds for a given cumulative risk
assessment. The unavailability of key data for one or more chemicals being assessed can represent a main source of uncertainty for the analysis,
and it is important to address this as part of the risk characterization discussion.
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Major ions in the environment with which introduced chemicals can react include
iron and manganese cations and anions of sulfur and phosphorous anions. Naturally
occurring metals such as arsenic (As), Cd, chromium (Cr), Hg, nickel (Ni), Pb and zinc
(Zn) are also common, introduced contaminants in terrestrial and aquatic systems, from
releases such as combustor emissions and effluent discharges. Metal cations can exist
as potentially toxic uncomplexed species or as relatively nontoxic complexed forms,
usually with organic ligands or non-metallic inorganic anions such as oxides, sulfates or
phosphates.

The potential for chemical-chemical interactions depends on many factors related
both to the chemical (e.g., for metals, the activity, solubility, electronegativity,
coordination number and density) and the nature of the medium (e.g., for aquatic
systems, the pH and temperature, oxidizing and photolysis potential; organic, particulate
and microbial content and salinity and presence of other chemicals). To illustrate for
one of these factors, the pH of natural or treated waters affects both the type of metal
complexes that form and the fraction of various species that would precipitate. For
example, metal carbonates are expected to precipitate as the pH rises above 8, while
the cation and anion would stay in solution at an acidic pH below 6. Thus, when
assessing the joint fate of contaminants to estimate exposure levels for a cumulative
risk assessment, characterizing the setting well can be key to a realistic analysis.

The various chemical interactions in a drinking water distribution system also
illustrate the types of interactions that analysts may encounter when conducting a
cumulative risk assessment. Free chlorine (Cly), which can be represented by
hypochlorous acid (HOCI) or hypochlorite (OCI), is a common disinfection residual. Cl,
is a potent oxidizer that is a strongly electronegative and acts as an electron acceptor in
forming complexes with a wide variety of both inorganic and organic chemicals that
could be present in finished water. For example, it can combine readily with
(1) ammonia, to form chloramines (2) reducing agents such as ferrous ion (Fe?*), to
form the chloride and (3) humic material, to form trihalomethanes. In aerobic systems,
chlorine can also rapidly convert the trivalent form of As (arsenite) to the pentavalent
form (arsenate), which is less toxic when based on environmental exposure levels (due
to less cellular uptake than the trivalent form, while equivalent intracellular levels are
equipotent; ATSDR, 2000d). Biological processes can also combine to produce organic
forms of As, which are generally less toxic than inorganic forms that may have been
introduced to the system. Thus, for both natural and manmade systems, a number of
chemical-chemical interactions can influence the exposure profile for a cumulative risk
assessment.
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For radioactive compounds, the natural physical decay process causes
radionuclides to change over time. For these contaminants, natural attenuation
(radioactive decay) will reduce contaminant levels over time. The basic concepts of
half-life and natural attenuation over time are illustrated in Figure 3-2 (from Brown,
1999). Table 3-1 shows that the half-life for tritium is approximately 12.3 years.

Figure 3-2 illustrates natural attenuation over time showing that ambient levels of tritium
are predicted to be approximately 10% of original levels after 50 years. The parallel
evaluation for non-radioactive chemicals reflects environmental half-life.

Once released from different sources in various forms, chemicals can migrate to
other locations and media. The degree to which a particular chemical substance favors
a given transport path depends on the form of the chemical released, its physical state
and the nature of any particulate matter to which it might adsorb upon or following
release. These pathways are generally predictable from the known release processes
and expected physical forms of the chemicals.

The transport and fate of mixtures of chemicals released to the environment are
not random but can be predicted to varying degrees by considering a number of factors
related to the release, migration and persistence of their constituents. Following release
from a source, mixture components are typically differentially transported through the
environment. These chemical mixtures are subject to transformation reactions in the
environment, which can change their composition. Some chemicals are degraded,
while others are formed through various environmental reactions. Changes in the
mixture composition can be specific to the environmental medium. It is important to
document these changes in the mixture composition. The differential nature of transport
can be an important consideration in the toxicity of a mixture because the composition
of the mixture to which a community is exposed could be very different from the mixture
that has undergone toxicological testing. Sufficient similarity is a key concept for
evaluation of a complex mixture. It is applied when inadequate toxicity data are
available directly on a mixture of concern, but toxicity data can be acquired on a mixture
composed of similar chemical components in similar proportions. If the two mixtures
are judged to be sufficiently similar, then the toxicity data for the latter can be used as
surrogate data in conducting a quantitative risk assessment for the mixture of concern.
The EPA has proposed this general concept for the evaluation of complex mixtures in
its risk assessment documentation (U.S. EPA, 2000a). The exposure analyst and dose-
response analyst logically would jointly discuss this issue. It can be helpful for the
exposure analyst to consider three broad categories of transfers that can occur between
environmental compartments:
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e Differential transfer between different abiotic media (e.g., soil and surface water)
o Differential transfer between abiotic and biotic media
o Differential transfer between different biotic media

Mixture components can be differentially transferred between abiotic media. For
example, DBPs, such as chloroform and bromodichloromethane, are highly volatile;
others, such as monochloroacetic acid, are not (U.S. EPA, 2003b). Consequently, the
composition of a DBP mixture in the indoor air differs considerably from the DBP
mixture in a glass of water. The insecticide toxaphene provides a second example.
Technical grade toxaphene, which contains over 670 chemicals, was one of the most
heavily used insecticides in the U.S. until 1982 when it was canceled for most uses. It
was used primarily in the southern U.S. to control insect pests on cotton and other
crops. Some components of technical toxaphene may volatilize to air; others do not
dissolve well in water. The composition of the toxaphene mixture will differ depending
on whether it is measured in soil at a hazardous waste site, the air around the site or
sediment at the bottom of lakes or streams near the site (ATSDR, 1996).

Mixture components can be differentially transferred between abiotic and biotic
media. For example, the Site-Specific Assessment Procedures volume in the review
draft Exposure and Human Health Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-
Dioxin (TCDD) and Related Compounds (U.S. EPA, 2003c) provides methods for
predicting differential uptake of different dioxin congeners from the atmosphere into
plant tissue and the selective retention of dioxin congeners in fish adipose tissues.
Some components of technical toxaphene have been measured in shellfish and fish
(ATSDR, 1996).

Mixture components can be differentially transferred between biotic media. For
example, the Site-Specific Assessment Procedures volume in the review draft Exposure
and Human Health Reassessment of 2,3,7,8-Tetrachlorodibenzo-p-Dioxin (TCDD) and
Related Compounds (U.S. EPA, 2003c) provides methods for predicting the selective
uptake and retention of different dioxin congeners from grass into the adipose tissues of
grazing cattle.

3.3.2.2. Grouping Chemicals for Cumulative Risk Analysis — Mixtures
occurring in a community may originate from different sources. This section provides
six tables that illustrate how information about sources of chemical pollutants, chemical
properties and fate can be organized to guide chemical groupings for cumulative risk
assessments in contaminated communities. These tables provide context regarding the
normal uses of chemicals often found in mixtures and their behavior in the environment
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that leads to their coexistence in media to which people can be exposed. The grouping
of the chemicals could be based on the potential for their co-occurrence in each
compartment/medium, potential for interactions affecting transformation and potential
for co-occurrence and interaction along each transport pathway between media.
Figure 3-3 provides an overview of how this information might be organized according
to media and the processes of fate and transport.

While chemicals can be easily grouped based on common sources and releases
(e.g., chemicals in diesel exhaust), the usefulness of groupings for various chemical
classes can be improved based on typical primary release mechanisms that would be
expected to control initial contamination and migration behavior in the environment as
illustrated in Table 3-2. Released chemicals can disperse quickly over a fairly wide area
by convection (such as via wind or surface water flow), and they can also migrate
following waste placement. The dominant processes at a given location determine what
will be the “receiving medium” into which a particular class of chemicals is introduced
and from which they can migrate.

Contaminant properties relevant to fate and transport include volatility, water
solubility and partition coefficients for

e water and available organic phases (as represented by the octanol-water
partition coefficient, Kow);

e water and solid phases (soil-water partition coefficient, Kd); and
e water and air (Henry’s constant, Ky).
Additional properties for soil and sediment include the fraction of organic carbon

(foc) and the clay content, which provide an indication of the amounts and types of
sorption sites are available. Table 3-3 can be used to group chemicals per their
expected general partitioning in media based on well-known physical constants for the
chemicals and media. Chemical-specific soil-water partition coefficients in various soil
textures can be displayed to help evaluate possible chemical grouping based on similar
mobility as shown in Figure 3-4.°> The analysts may evaluate the soil type,
geochemistry and other data to determine generally appropriate values and site-specific
studies important to the selection of the actual values for key contaminants. This
concept is illustrated in Text Box 3-7. Table 3-5 gives examples of Kow and solubility
values for selected chemicals to support these types of groupings.

® Note that the Kd values overlap given the wide range of soils used to develop the figure. Kd values for
specific types of soil or additional data may be needed to implement this grouping step.
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TABLE 3-2

Grouping Chemicals by Common Migration Behavior

Migration Initiation
Process

Organic Chemicals

Inorganic Chemicals and
Gases

Volatilization to air

Chlorinated solvents,
Petroleum-based solvents,
Fuels

Cl,, ammonia, tritium, SO,
NOy, CO, CO,

Dissolution in
groundwater

Chlorinated solvents,
Aromatic hydrocarbons
(benzene, toluene,
ethylbenzene, xylene),
Pesticides

Cations and Anions

Dissolution in surface
water

Phenols, amines, ethers,
alcohols, organic acids

Cations and Anions (e.g.,
perchlorates)

Particulate emissions
from combustion
(stacks)

Products of incomplete
combustion (PICs)

- PCBs, PAH, dioxins,
furans

Heavy metals

Gaseous emissions
from combustion
(stacks)

Light hydrocarbons

S0O,, NO,, CO, ammonia

Dust-blown migration

Nonvolatile organics
- PAHs, PCBs, dioxins

Heavy metals

Waste placement

All listed above

All listed above

Leaching to
groundwater

Chlorinated solvents
(DNAPLs)

NA

Heavy metals are as indicated in Table 3-1. Acronyms not previously defined (in
Table 3-1) are CO = carbon monoxide; CO, = carbon dioxide; DNAPLs = dense non-
aqueous phase liquids; NOx = nitrogen oxides; and SO, = sulfur dioxide.
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Grouping Chemicals by Environmental Fate Measures®

TABLE 3-3

Environmental
Compartment

Persistence
(environmental half life)

Environmental Partitioning
(equilibrium-based)®

Mobility
(convection- and dispersion-based)®

Organic matter in soil and
sediments,
soil organisms

High for
High Kow/Kd

Low biodegradability

Presence favored by

High Kow/Kd

High persistence

High binding for
High-Kow/Kd organics and inorganics

Low binding for

Low for Low-Kow/Kd organics and inorganics
High Kow/Kd
High biodegradability

Soail inorganic phase High for Presence favored by High mobility for

High-Kd inorganics

Low-Ksp inorganics
(including metals that form
complexes in soil)

High-Kd and low-Ksp inorganics

Cations, anions, water- soluble organics
(low Kow/Kd)
High-Ksp colloids

Low mobility for

Low for High-Kow/Kd organics
Low Kow/Kd organics/inorganics High-Ksp solids
Surface water Higher for Presence favored by High transport for

Insoluble (high Kow)
Non-photodegradable
Non-biodegradable

Lower for

Water soluble (low Kow)
Volatile (low Ky)
Photodegradable
Biodegradable

Low Kow/Kd

High Ky
(low volatility to air)

High-Ksp inorganics

High solubility
Low volatility

Low transport for
Precipitates (low Ksp)
Low solubility

(high Kow)
Biodegradable
Photodegradable
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TABLE 3-3 cont.

Environmental

Persistence

Environmental Partitioning

Mobility

Compartment (environmental half life) (equilibrium-based)® (convection- and dispersion-based)
Groundwater Higher for Presence favored by High mobility for

Low biodegradable
DNAPL-forming

Lower for

Biodegradable

Highly soluble (low Kow/Kd)
LNAPL-forming

High solubility
(low Kow/Kd)

lonic forms
(cations and anions)

High-Ksp inorganics

Low Kow/Kd organics and inorganics
lonic forms

Low mobility for
High Kow/Kd organics and inorganics

Inorganic solids

Air

Higher for
Low photodegradable

Low reaction rate with hydroxyl
radical and other free radicals

Low wash out rate (low Ky)

Gas phase

Lower for
Photodegradable

High reaction rates
High wash out (high Ky)
Particulate phase

Presence favored by
High volatility substances (gases
and low boiling point liquids)

High volatility from water
(low Ky)

High mobility for
Gas phase

High persistence
Small-particle bound

Low mobility for
Low persistence

Large-particle bound

Aquatic and terrestrial
biota

Higher for
Lipid soluble (high Kow)

Non-biodegradable
Low depuration rates

Lower for

Water soluble (low Kow)

High depuration rates due to
enzyme-oxidizable and/or
forms complexes with GHS,
other agents

Presence favored by

High organic solubility (high Kow)

High BCF

Persistence in biota/prey (high
BAF)

Mobility enhanced by
High persistence in biota

High vegetative uptake factors (high Kow),
specific binding factors)

Mobility reduced by
High degradation rates
High elimination rates
Low uptake factors
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@ BAF = bioaccumulation factor, BCF = bioconcentration factor, GHS = glutathione, LNAPL = light non-aqueous phase liquid, Kd = soil/water
partition coefficient, Ky = Henry’s constant (water/air distribution constant), Kow = octanol/water partition coefficient (octanol approximates soil
organic matter, or biomass), Ksp = solubility product constant for inorganic complexes.

®“Presence favored by” indicates that concentrations would be relatively higher compared to adjacent compartments, i.e., activity coefficients for
the substances are relatively low in the given compartment/medium.

°In general, advection is transport by large-scale motions and can be described as the movement of a chemical by virtue of its presence in a
medium that is flowing. Convection describes local transport phenomena and can be described by the flux of a chemical through porous media.
Diffusion is a redistribution (spreading/dilution) of a chemical mass within a phase attributable to molecular (Brownian) motion and tending toward
equilibrium (e.g., movement of a chemical from an area of high concentration to one of lower concentration), which results in the net transport of
a chemical within the liquid, solid or gas phase. Dispersion is net transport (mixing) resulting from differential advection, which can be referred to
as turbulent diffusion causing longitudinal, transverse and vertical spreading.
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FIGURE 3-4

Assessing Relative Mobility in Soil to Support Chemical Groupings
(Source: represents soil-water partition coefficient data from U.S. EPA, 1999d)
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To illustrate how lllustration of Groupings Based on Properties and Fate

grouping tables can be (Text Box 3-7)

applied to assess multiple Chemica!s can be_grouped_ based on expected persistence or
i o degradation in various environmental compartments, as a general
chemicals in different classes| indication of potential joint exposures to various contaminated

for a cumulative risk media.

For example, organic contaminants with high Kow and low volatility
assessment, we offer the that would be expected to be found together in sediments and in the
following example for PCBs | lipids of fish would include: persistent pesticides aldrin, dieldrin,

. chlordane, dichlorodiphenyltrichloroethane (DDT),
(representing a group of dichlorodiphenyldichloroethylene (DDE) and
congeners). First, the dichlorodiphenyldichloroethane (DDD), as well as 2,3,7,8-TCDD

) and pentachlorophenol.
properties for PCBs are _ _ _ o
While benzo(a)pyrene would be expected in sediments, in fish it

discussed, and then other may be metabolized and excreted without significant accumulation

chemicals and chemical in lipids.
Conversely, contaminants with medium-to-low Kow and medium-to-
high solubility—such as toluene, trichloroethylene and phenol—
included in the PCB groups | would be expected to be found mainly in water phases, while
S toluene and trichloroethylene would volatilize appreciably from the
based on their similar water surface due to their relatively high vapor pressure and low Ky.
physical-chemical properties | In contrast, phenol with only a medium vapor pressure and high Ky,
would not.

classes that might be

are identified. The general
grouping information in Table 3-3 can be combined with illustrative parameter
information in Tables 3-4 and 3-5, and from this information, the persistence of PCBs in
soil organic matter would be expected to be high given the high Kow values and low
biodegradability. Also, concentrations would likely be high in soil organic matter
compared to other media such as soil inorganic matter or soil pore water, again
because high Kow values indicate higher partitioning to organic phases. Their mobility
in soil would be controlled by two processes: dissolution in water (e.g., moving laterally
as surface transport or generally downward with percolating water) and retardation due
to sorption onto inorganic soil particles (assuming foc is low for subsurface soils, as the
near-surface soil horizons contain the bulk of organic matter that has not yet been
mineralized).

In this example, groundwater concentrations of PCBs are expected to be very
low based on likely partitioning of PCBs to solids in the soil. If some PCB congeners
could migrate through the soil and reach the groundwater, this would lead to dilute PCB
congener concentrations in this medium. The concentrations reaching groundwater
would likely be very low, perhaps undetectable by usual measurement methods. In
addition, the congener composition would change during transport, in accordance with
the varying solubility and sorption properties of compounds with different levels of
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TABLE 3-4

General Grouping Categories for Key Fate Parameters®

b General Categories and Examples
Parameter

Low Medium High
Partition coefficient Kow <100 100-10,000 >10,000
Solubility product Ksp <1x10% | 1x10™t01x10°° | >1x107
Water solubility Sw (ppm) <10 10-1000 >1000
Henry’s constant Ky (mol/L*atm) <0.01to 1 1-000 >1000
Vapor pressure VP (mm Hg) <0.001 0.001-1 >1
Melting point MP (°C) <0 0-100 >100
Boiling point BP (°C) <50 50-300 >300

@ General ranges indicated in this table illustrate the principles outlined in Table 3-3;
other general bounds would also be appropriate. For example, a Ksp of 10 could be
used as a delineator for “readily soluble” for one-molar electrolyte solutions, while
formal water solubilities <0.003 mole/liter could indicate the compound is “not readily
soluble.”

®Kow is the partition constant between water and octanol, which represents a generic
“organic” phase; this coefficient applies mainly to organic chemicals (those containing
carbon). Ksp is the solubility product of inorganic compounds, which describes the
equilibrium between the (excess) solid form and dissolved (or solvated) ions and is
used to determine if a solid is readily soluble in water. The Ksp is a function of the
water solubility, Sw. Ky is the distribution constant for a chemical between air and
water phases, based on the partial pressure of the gas above the solution to its
dissolved concentration; the extent to which a given gas dissolves in solution (here,
water) is proportional to its pressure (Henry’s law), and Ky is the proportionality
constant for this relationship. VP is the pressure exerted by a vapor in equilibrium with
its solid or liquid phase, typically used for a vapor in contact with its liquid (so it would
represent the vapor-phase pressure of the pure liquid). The melting point (MP) and
boiling point (BP), the melting and boiling point s, are simple physical constants; they
are used here to help guide the grouping of organic chemicals.
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TABLE 3-5

Specific Parameter Values for Example Chemicals®

(PbCl,)

Kn
. b Kow . Ksp Sw BP VP MP

Chemical (unitless) (”a‘frz')' (unitless) | (ppm) | (°C) | (mmHg) | (C)
Toluene 540 0.15 NA 526 111 28 -95
Trichloroethylene 260 0.1 NA 1280 87.2 69 -84.7
Phenol 29 3000 NA 83,000 182 0.35 40.9
Benzo(a)pyrene 1,300,000 2200 NA 0.001 311 5x 107 176.5
PCBs 12,600,000 2.4 NA 0.7 NA 0.0005 NA
Dioxin -9
(2.3,7,8-TCDD) 6,300,000 20 NA 0.0002 NA 1.5x10 305
Pentachlorophenol 132,000 40,800 NA 14 309 0.0001 174
Atrazine 410 420,000 NA 35 NA 3x107 173
Mercury (Hg) 4.2 0.12 NA 0.06 357 0.002 -39
Mercury sulfide 52 21
(HgS) NA NA 1.6 x10 2x10 NA NA NA
Lead chioride NA NA 16x10° | 3300 | NA NA NA

@Parameters are defined in Table 3-4. NA = not applicable. Representative values shown here
are taken from multiple sources and are offered simply for illustration; to calculate

environmental behavior for a specific case, setting-specific information may be used to

determine the appropriate value for a given parameter.
® Chemicals were selected to represent a wide range of physical properties, applications and
sources. Values for dioxin are for the tetrachlorodibenzodioxin isomer generally regarded as

most toxic.
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chlorination (e.g., more highly chlorinated compounds are less soluble). Additional data
show that PCBs degrade slowly in soils (ATSDR, 2000c).

Moving down Table 3-3, one would predict that while PCB concentrations would
be low to intermediate in soil inorganic phases and very low in surface water and
groundwater, some volatilization to air might occur for low-chlorinated congeners as
indicated by their relatively low boiling points and appreciable vapor pressures. Some
volatilization from water would be expected based on the relatively low Ky values of
PCBs. Migration through air might be possible via adsorption to particulate matter, and
rain washout would depend on the relative fraction of PCBs in the vapor phase versus
the particulate phase as well as the partitioning between air and rain water as indicated
by Henry’s constant. (This constant defines the wet removal process for soluble gases;
the effective Henry’s constant is used to predict dry deposition velocity for gases and
particles, in a calculation that also includes molecular weight and surface reactivity and
diffusivity ratios.)

Further, expected levels of PCBs in aquatic and terrestrial biota (i.e., via food
web transfers) might be high relative to surrounding media (water or inorganic soil), and
these levels would be expected to persist due to high lipid solubility (high Kow) and low
biodegradability. Finally, given their persistence in fatty tissues, these levels are
expected to accumulate in the food chain; apex predators would likely have the highest
concentrations.

The analysts can then explore grouping PCBs with other chemicals by applying
concepts presented in Table 3-3 using Tables 3-4, 3-5 and 3-6. As seen from
Table 3-6, PCBs in soil organic matter could be grouped with other persistent organics
such as PAHSs (see Table 3-5 for details on benzo(a)pyrene), dioxins and atrazine. The
general grouping scheme in Table 3-4 is based on relative ranges of values for a
number of important physical constants that determine the behavior of chemicals in the
environment (including constants identified in Table 3-3). These ranges have been
drawn from information on a wide variety of chemicals in order to illustrate an approach
that can be used to group chemicals. Physical properties are given for several
chemicals in Table 3-5; these example chemicals were selected to illustrate a wide
range of values for the parameters discussed above.

Groups of chemicals that might be expected to be distributed to various
environmental compartments (or media) as described above are illustrated in Table 3-6.
The implicit assumption in these examples is that sufficient time has passed for
transport and system equilibration to occur. In some cases, such as deposition in
aquatic sediments or transport through the food chain, this process can
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TABLE 3-6

Summary Comparison and Screening Suggestions

Media/Compartments

Suggested Chemical Grouping (for contaminated sites, over time)

Soil organic phase
(upper soil horizon)

Low volatility, high Kow, persistent organics
PCBs, dioxins, PAHs; moderately persistent atrazine

Soil inorganic phase
(lower horizons)

High Kd inorganics
Metal oxides, hydroxides, carbonates

Aquatic sediments

High Kow organics, low Ksp inorganics
PCBs, chlorinated pesticides, dioxins, insoluble metal complexes

Surface water

High water-soluble organics, high Ksp inorganics
Phenols, ethers, esters, nitro- and amino-organics, soluble metal
complexes

Groundwater

Medium Kow, medium volatility, medium water-soluble persistent and
dense organics, medium to high water-soluble, medium to low Kd
inorganic complexes and free ions
TCE, vinyl chloride, BTEX, ethers (e.g., methyl-tert-butyl ether,
MTBE), phenols, atrazine, soluble metal complexes, colloidal metals

Air

Volatile organics, particle-associated organics and inorganics
Chlorinated solvents, light hydrocarbons, freons, BTEX and patrticle-
bound PCBs, dioxins and metals

Aquatic biota

High Kow, persistent organics
PCBs, chlorinated pesticides, PAHs, methyl mercury

Terrestrial biota

High Kow, persistent organics, bioaccumulated metals and
radionuclides
PCBs, DDT, mercury, lead, radium

*This table illustrates groups of chemical contaminants that may be expected to persist or be
subject to degradation in various environmental compartments or phases, sometimes referred to
as chemical sinks. These groups are based on sampling and analysis experience and are
simply intended as a general indication of chemicals that may be combined in a cumulative risk
assessment of exposures to a particular medium. (Note that chemicals are not limited to a

single compartment.)
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take from months to years following an initial release of contaminants. By the same
token, after an extended time, chemicals from a variety of different sources would be
expected to ultimately reach similar environmental sinks. In some cumulative risk
assessments, it may be important to examine when these chemical movements

would occur.

This concept is illustrated for an example release scenario (industrial spill) in
Table 3-7. This concept applies to any environmental release, so other scenarios can

also be considered, such as combustor emissions related to routine operations or

temporary releases (e.g., due to excursions from a continuous-operation facility or
discrete releases from a mobile facility). An approach for addressing that type of

situation is illustrated in Figure 4-8.

An example that illustrates how available information can be evaluated to

determine what release processes and receiving media are most significant,
considering past, current and possible future releases, is offered in Text Box 3-8
(U.S. EPA, 2004c). Note that both the transfer of contaminants from one medium to
another and environmental transformation are considered as part of the fate and

transport evaluation.

In this example, in order
to identify the most significant
sources leading to air
contamination, the exposure
analyst would consider
information such as chemical
form, physical-chemical
properties (such as volatility),
transformation, partitioning and
mobility, persistence and bio-
uptake (including combined
environmental fate and co-
location). The exposure analyst
would not conduct a quantitative
fate and transport analysis until
later in the process (see Section

Example of Possible Release Sources (Text Box 3-8)

To assess cumulative hazards of urban air toxics in the
Chicago area, focusing on multiple releases to air was
determined to be most useful. Most source release data
identified in an environmental loadings profile were for point
releases; some data for area and mobile sources of air
pollution were also available. Although data on discharges to
surface waters could have been obtained, the potential for
exposure through this source was considered more limited
than for exposure through source releases to air. Similarly,
because the source of tap water for much of the Chicago area
is Lake Michigan, very limited (if any) exposure to
groundwater exists via the drinking-water pathway. Finally, if
a chemical spill occurred, cleanup was assumed to be
relatively quick (following environmental regulations) when
compared to other sources of exposure, so the potential for
exposure to soil contaminated from a recent spill was
considered very low.

One study finding was that relatively few point sources
account for a high percentage of point-source hazards,
suggesting that such sources provide a logical starting point
for hazard management actions. In summary, focusing on
suspected predominant sources can reduce the complexity
and cost of the initial exposure assessments.

3.3.2.3); the intent at this point is to identify what media are receiving chemicals from

the identified source (or sources). A number of tools and databases exist to support the
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TABLE 3-7

Example Groupings Based on Exposure Considerations (Media and Timing)*

Release Scenario

Industrial Spill on Soil near a River
(VOCs, SVOCs and Metals)

Exposure

Acute to Short-Term

Long-Term

Duration

<Day to weeks

Months

Years

Environmental Medium—
Transport/Removal Process

Chemicals Projected to Be in Various Media over Time

Soil upper horizon - volatilization and leaching

CCly, DCA, DCE, TCE, VC;

from surface, biodegradation PCBs; PCBs; (possibly PCBs)
As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Air - CCl4, DCA, DCE, TCE, VC; CCly;
volatilization from soil PCBs PCBs (possibly PCBs)
Surface water (river) - CCl,, DCA, DCE, TCE, VC; CCl,, DCE, TCE;
overland flow and particle transport PCBs; PCBs; (possibly PCBs)
from surface soil As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Aquatic sediments - precipitation from water, CCly, DCE, TCE, VC; CCly, TCE, VC;
adsorption on particles, deposition PCBs; PCBs; PCBs;
As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni As, Cd, Cr, Hg, Ni
Soil lower horizons - leaching from surface soil, CCl,, DCA, DCE, TCE, VC; CCly, TCE, VC;
adsorption, biodegradation PCBs; PCBs; PCBs;

As, Cd, Cr, Hg, Ni

As, Cd, Cr, Hg, Ni

As, Cd, Cr, Hg, Ni

Groundwater -
leaching from soil

CCly, DCA, DCE, TCE, VC

CCl4, DCA, DCE, TCE, VC;
PCBs;
As, Cd, Cr, Hg, Ni
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* Projected intervals reflect physical-chemical properties and fate data, including half-lives; other factors also affect partitioning and timing,
including local conditions such as temperature (for volatilization); organic content (for soil and sediment sorption), which for this example is
assumed to be relatively low; and depth to aquifer (for leaching to groundwater), which is assumed to be moderate to deep.

CCl, = carbon tetrachloride; DCA = 1,1-dichloroethane; DCE = 1,1-dichloroethylene; SVOCs = semivolatile organic compounds;

TCE = trichloroethylene; VC = vinyl chloride.
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evaluation of contaminant fate and transport. Selected highlights are offered in the
cumulative risk toolbox in Appendix A.

For a given set of chemicals, only one medium might be contaminated under
current conditions (e.g., site soil), but different media could be affected over time, e.g.,
as contaminants migrate to groundwater or surface water or are taken up in food
products. Thus, other time-related considerations include differential travel times for
multiple contaminants (e.g., migrating to groundwater) and for subsequent transport to
an exposure point. In addition, interactions could influence the mobility of multiple
chemicals present together, or interactions could occur among transformation products
that are formed over time. These concepts of migration and transformation are
illustrated by the differential toxicity of the degradation products of TCE, notably
1,2-dichloroethylene and vinyl chloride, as was described in Section 3.3.2.1 and as
shown in Table 3-1. The concept of migration is illustrated by an example in
Figures 3-5 and 3-6, which shows that while the exposure profile changes in the
temporal scale, so can the toxicity profile. For example, in a chlorinated plume, the
parent compound, tetrachloroethylene, degrading through TCE to vinyl chloride (Vogel
and McCarty, 1985) could actually pose greater health risk later (as the plume
contaminants gradually degrade) both in groundwater and via the passive (indoor air)
inhalation pathway as the more volatile vinyl chloride preferentially passes through the
vadose zone and could become trapped closer to the receptors at the land surface.

Cumulative risk assessments may also evaluate combined sources and joint
environmental fate and transport. Although some traditional assessments do consider
multiple sources and multiple contaminants, differential partitioning into environmental
media over time is often overlooked:

e Dioxin congeners can partition differently between soil and vegetation

¢ Site-specific soil characteristics will determine the extent of volatilization for
volatile organic compounds

e The extent of vegetative cover determines soil runoff into surface water
e Weathering can change the composition of an original contaminant mixture

The composition of spilled oil has changed over time, as has that of the
toxaphene mixture described in Text Box 3-9 (U.S. EPA, 1997d). Methods to account
for differential partitioning continue to evolve. For example, the EPA soil screening
guidance considers the potential for individual soil contaminants to migrate to
groundwater, based on a simple soil screening-level
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Ambient air:
can also reflect industrial or
nonpoint inputs to the
ambient air source term

”E O E“

Indoor Air
Different chemical properties
Vadose Zone T T T and degradation/migration
Soil Gas constants change exposure
Chemical Vapor Migration profile over time
e, .
Contamination Groundwater NAPL = non-aqueous phase liquid
(residual or Contamination T (in minutes)
mobile NAPL) First-Order GW 2 [ T, Concentration ( i i
N ppm) | T, Concentration (ppm) | T,, Concentration (ppm)
Decay Constant *| Soil GwW 1A Soil GW 1A Soil Gw 1A
PCE = <0.1-110 (avg4) | 100 52 ND 10 0.1 4 ND ND 35
TCE <0.1-90 (avg 1) 30 6.7 ND 3 25 24 ND 0.0003 0.5
VCe¢ | <0.2-20 (avg 0.6) 0.5 2 ND 0.05 1.1 31 ND 0.005 ND

a | Abbreviations as follows: avg =average. GW = ground water. IA =indoor air. ND =not detectable.
P CE =perchloroethylene (tetrachloroethene). ppm = parts per million. T =time. TCE =trichloroethylene. VC = vinyl chloride.
b ' US.EPA 1998. Technical Protocol for Evaluating Natural Attenuation of Chlorinated Solvents in Ground Water.
Office of Research and Development, Washington DC. EPA/600/R-98/128. September.
¢ | Assuming natural attenuation and degradation are occuring all the way through ethane, excess VC is not generated, as shown
here. However, if incomplete degradation occurs, VC may accumulate, and the reductions shown here maynot occur.

FIGURE 3-5
Example Changes in Exposure Profile from Degradation and Partitioning
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partitioning equation and the use of either of two dilution attenuation factors (U.S. EPA,
1996a). This simple partitioning approach could be used for screening multiple
contaminants to support grouping for a cumulative risk assessment.

3.3.2.3. Exposure Points
and Routes—The next phase of
the exposure assessment involves
identifying who is likely to be
exposed to chemical pollutants,
where and by what route(s) of
exposure. The exposure points
(the geographic locations where
people could encounter the
chemicals) and exposure routes
are identified for each exposure
pathway and then integrated for
the cumulative risk assessment.
The analyst also may consider
interactions that might enhance
exposures or associated effects

Weathering Example: Toxaphene (Text Box 3-9)

Until the 1970’s, toxaphene was the most heavily used
pesticide in the U.S. It was formulated using multiple
ingredients, and their relative amounts change after the
pesticide is released because of differential partitioning and
transformation processes in air, water and soil. (The soil
half-life can be 1 to 14 years.) Over time these
components continue to change, so the composition of
weathered toxaphene differs significantly from the original
mixture. Samples collected from different sources might
also differ, depending on the location-specific
environmental processes to which the original mixtures
were exposed. For example, weathered toxaphene in an
anaerobic soil does not resemble that in an aerobic saill,
and that in an air sample from the Arctic does not resemble
residues found in the blubber of an Arctic seal. Some
components of this environmental mixture might not be
routinely identified through standard analyses. Site-specific
partitioning and transformation processes can then be
considered to properly assess what compounds could be
present at a given time. It is also important to link this
information with the toxicity evaluation, because weathered
compounds will also exhibit different toxicities from the
original mixture components.

and evaluate when these exposures may occur.

Non-chemical factors can change exposures and potentially influence the
toxicokinetics (e.g., rate of disposition to a target tissue). Higher breathing rates for
joggers running near an emission source is an example of an exposure factor that

influences exposure. Higher breathing rates could result in an increased rate at which

the jogger inhales airborne chemicals. Co-exposure to toluene and noise offers an

example of synergism because this organic compound damages the auditory system
and can also potentiate additional damage by noise, a physical stressor, beyond what
would be expected by the two acting separately (U.S. EPA, 2003e).

At this point of the assessment, the analyst integrates available information to
link the sources of multiple chemicals, their releases and fate/transport, the exposure
points for likely receptors and the exposure routes (U.S. EPA, 1989a). The focus is on
exposure pathways that are currently complete or are likely to become complete. Thus,
at this point the analyst may consider relevant time frames of these exposures in order

to examine the frequency, duration, intensity and possible overlaps of exposures to

multiple chemicals as well as the sequence of those exposures. The exposure analyst
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would consult with the dose-response analyst so that together they can determine the
level of detail needed in the exposure assessment with respect to exposure overlaps.
The dose-response analyst can provide information to determine whether the overlap of
exposures co-occurring on the same day within a week, a month or a year matters
toxicologically.

Information on background exposure levels to common environmental
contaminants can be important to cumulative risk assessments. A key resource for this
information is available through the National Human Exposure Assessment Survey
(NHEXAS) program (U.S. EPA, 2004d). That program was designed to address some
of the limitations of single-chemical and single-media exposure studies as one of its
goals is to test and evaluate different techniques and design approaches for performing
multimedia multipathway human exposure studies. An analyst could use the NHEXAS
data as baseline information for exposure assessments to indicate if specific
populations are exposed to increased levels of environmental contaminants. These
data are available in the Human Exposure Database System, which contains chemical
measurements, questionnaire responses, documents and other information related to
U.S. EPA studies of human exposures to environmental contaminants (see
Appendix A).

To evaluate what chemicals might coexist at places where individuals are--or
could be--exposed, the analyst can group site-related contaminants by considering
when they might coexist in space and time. This grouping could reflect transport and
fate considerations, including transformation, that are appropriate for the time intervals
studied. Minimally, four groups are defined to guide this evaluation of possible
exposures to multiple chemicals in various environmental media over time as shown in

Text Box 3-10. Clearly, for analyses that evaluate multiple [ 5, 2 Hica; Groupings by

chemicals, there can be multiple media and multiple time Coexistence in Media/Time

points to evaluate. Assuming that these chemicals co- (Text Box 3-10)

occur in media that individuals in the community may Media

contact, the analyst could then link these exposure Time Same Different
groupings with toxicity information in order to assess joint | Same Group1  Group 3
impacts as described in Chapter 4. The analyst could Different Group2  Group 4

evaluate these as potential doses. (In refined cumulative
exposure assessments, toxicokinetic and toxicodynamic information could be used to
provide a comprehensive understanding of the magnitude of tissue doses over time
[see Sections 3.3.3 and 3.3.4]).
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The EPA identifies several
time-course issues in the
Framework for Cumulative Risk
document (U.S. EPA, 2003a).
Certain chemical pairs can
demonstrate different toxicity
depending on the sequence of
exposures, with cancer initiators
and promoters being the classic
example; exposure to a promoter

Examples of Chemical Pairs Influenced by
Exposure Timing (Text Box 3-11)

Benzo[a]pyrene (BaP) and tris(2-ethylhexyl) phosphate
(TPA) are an initiator/promoter pair

TPA does not have a tumorigenic effect in mouse skin
assays, but applying it after initiation with BaP greatly
enhanced tumorigenic activity (Verma et al., 1985).

Cadmium and Lead illustrate antagonism

Initial exposure to Cd has been shown to decrease the
absorption of Pb following subsequent exposure, which has
the effect of decreasing the blood Pb level and causing less-
than-additive hematopoetic toxicity (other data suggest

different joint toxicity, as affected by the order of exposure,

has no effect if it occurs prior to from ATSDR, 2004).

exposure to an initiator. This
illustrates the same media/different time and different media/different time concepts
indicated above. Text Box 3-11 shows examples of chemical pairs for which the
toxicological effect is influenced by exposure timing. Specific joint toxicity issues are
discussed in Chapter 4. Several commercial exposure models have been developed to
capture the time aspects of exposures, and Appendix A lists several of these.

3.3.3. Exposure Quantification. Outputs of fate and transport models, such as from
air dispersion modeling, can be used to define the temporal and spatial distribution of
chemicals needed to quantify human exposures. When monitoring data are available,
estimates of exposure could primarily be based on those measures of contaminant
concentrations in the environment, as indicated by the type and quality of the data.
Cumulative exposures to a given population could be estimated for various

exposure pathways and for contaminants of interest to the community. For this
assessment, as many of the following data as are applicable are used to determine
cumulative exposures to a given population:

e Body burdens (e.g., concentrations of lead in blood)

e Measured concentrations in air, groundwater, surface water, soil, sediments and
food

e Modeled concentrations in the ambient environment (not linked to sources)
Prior exposures could also be considered if data are available.

Such a total exposure approach could result in certain sources being essentially
unidentifiable and might include non-industrial contaminant sources, such as consumer
products, environmental tobacco smoke, radon and pesticide residues on foods.
However, the end result could be comprehensive exposure estimates for the population,
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which would include environmental contaminants that are showing up in the monitoring
data. Some stakeholders might desire such an assessment, but such a comprehensive
exposure assessment would typically be beyond the scope of a contaminated site
assessment project. The assessment may highlight the need for an evaluation of
unknown sources of contaminants. The exposure analyst can use information offered in
this report and many other resources to support such complementary analyses by other
groups as desired.

3.3.3.1. Exposure Point Concentrations—The concentrations of chemicals to
which people are—or could be—exposed over the time period of interest can be
represented by a combination of monitoring data and transport and fate models. As
was discussed in earlier sections, using models is the only way to estimate future
contaminant concentrations. Models are used to fill gaps in data for current conditions.

Models can be applied at different levels during a cumulative risk analysis,
beginning with a simple screen to winnow down the list of chemicals of concern and
exposure pathways by eliminating those clearly not expected to contribute to adverse
effects. Using known (not missing) information, this screen reduces the list of chemicals
included in a more detailed analysis, thus facilitating a more focused evaluation.
Exposure analysts can use simple fugacity models to predict movement and phase
change in the environment, for example, to identify which chemicals volatilize, stay soill
bound or lodge in fat of fish or other food species. Environmental breakdown products
also could be identified as indicated by the data or acknowledged as potentially present
where those data do not exist. If resources are available, rare events that might result
in different combinations of chemicals being released to the environment at higher
levels may be considered. When describing the exposures that result from such events,
the analyst may wish to describe the likelihood of such an event occurring.

The next step could be ranking mixtures by defining the chemical and exposure
combinations of main concern and those mixtures that are unlikely to pose a problem.
Exposures to the population of concern could be quantified assuming steady state, also
indicating expected departures from steady state conditions. If needed, a final iteration
would involve applying more detailed dynamic fate and transport models to predict time-
varying concentrations in each media, also including spatial changes in exposure
concentrations.

For more precision, this kind of exposure modeling over time could consider
physiological factors as indicators of likely overlap of internal doses and of possible
damping of external exposure fluctuations (internal overlaps are discussed in Section
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3.3.3.4). Quantitative estimates of exposure would then be determined over these
different time periods. Selected exposure models that can be used to support these
exposure analyses are included in the cumulative risk toolbox in Appendix A.

3.3.3.2. Intake Estimates — Using measured and predicted estimates of the
concentrations of multiple chemicals at each exposure point of interest, the exposure
analyst could then apply exposure factors relevant to each receptor and then calculate
pathway-specific intakes. These intakes are calculated using equations that generally
include intake variables for media concentrations (over time), the contact rate, exposure
frequency, exposure duration, body weight and exposure averaging time, as indicated in
the basic EPA guidance (U.S. EPA, 1989a). The Exposure Factors Handbook (U.S.
EPA, 1997c¢) identifies specific intake rates for air, water and foods. These equations
are then adapted to the specific exposure route: oral, inhalation, or dermal.

The general intake equation is 0

CxIRxEFxED
Intake (mg/kg-day) = BWAT (3-1)
where:
C = concentration (i.e., exposure point concentration) (e.g., mg/L for water)
IR = intake rate (e.g., L/day for water)
EF = exposure frequency (days/year)
ED = exposure duration (years)
BW = body weight (kg)
AT = averaging time (period over which exposure is averaged, in days).

If available, the exposure analyst can use individual or community-specific
exposure factors when estimating intakes, but generic default values are typically used
in conservative screening-level analyses. The cumulative risk across all chemicals,
media and exposure routes will be estimated from these combined calculations linked
with toxicity data. For example, rare events that might result in different combinations of
chemicals could yield different exposure point concentrations that would not normally be
evaluated but would be included in the exposure assessment.

To illustrate the evaluation of multiple pathways and degradation products, we
develop and present a hypothetical example depicting current and future land use at a
fictitious contaminated site. Table 3-8 shows that at this site the receptors under current
conditions are assumed to be an on-site maintenance worker and off-site resident.
Exposure route-specific chemical intakes are illustrative only. Table 3-9 shows that at
this site the receptors under future conditions are assumed to be an on-site resident and
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TABLE 3-8

Example of Cumulative Exposures for Current Land Use*

Chemical Intakes
Chemicals/ Exposure Medium (mg/kg-day)
Transformation Products and Location
Ingestion Inhalation Dermal
On-Site Maintenance Worker
Tetrachloroethylene Site soils 2x10° 5x 107
Ambient air 5x107°
Chlorine Ambient air 7x107
Trichloroethane Site soils 4x10° 8x107°
Ambient air 3x10°
Vinyl chloride Ambient air 6x10™"°
Benzo(a)pyrene Site soils 8x10™ 7x10°
Ambient air 2x107°
Surface soils 1x10° 2x10°®
Anthracene Site soils 2x107 4x107
Ambient air 6x10°
Surface soils 9x 10" 3x10™"
PCBs (as Aroclor 1254) Site soils 2x107° 2x107
Ambient air 6x10°
Surface soils 7x107 5x 107
Aldrin Site soils 2x10° 4x10°
Ambient air 1x10°
Surface soils 5x 10° 4x107
Dieldrin Site soils 1x107° 1x10°
Ambient air 4x107
Surface soils 2x10° 4x10™
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TABLE 3-8 cont.

] ] Chemical Intakes
Transfcg:rrr:wea?oc: I;ioducts Exgﬁzul_rgcl\élggrlwum (mghg-day)

Ingestion Inhalation Dermal

Arsenic Site soils 8x107° 2x10°
Ambient air 3x 107

Surface soils 5x 107 9x107°

Chromium Site soils 8 x 107 2x107°
Ambient air 5x10°

Surface soils 7x10° 3x10™"

Lead Site soils 3x10° 8x10°
Ambient air 2x 107

Surface soils 9x10° 1x10™

Mercury Site soils 4x10° 3x107
Ambient air 8x10°

Surface soils 6x 107 2x10°

Off-Site Resident

Tetrachloroethylene Aquifer - tap water 1x10° 2x107
Vapors from shower 6x 10°

Chloroform Aquifer - tap water 9x10° 3x107
Chlorine Vapors from shower 5x 107

Trichloroethane Aquifer - tap water 7x10% 2x10™"
Vapors from shower 4x10°
Vinyl chloride Vapors from shower 9x 107

* The example scenarios assume exposures at the site under current conditions, e.g., degradation

products are identified for chemicals that undergo conversion on the order of hours or days. The source

release is assumed to be a spill to surface soils with subsequent leaching to subsurface soils and
groundwater. The exposure media are site soils at or beneath the spill location, ambient air from
resuspended particulate matter, surface soils from deposition of resuspended particulate matter, in

groundwater at the tap, and water vapors from showering. Estimates will depend on the default and/or
site-specific exposure factors used in the intake equations.
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an off site visitor. In the current exposure scenario, exposures are analyzed following a
chemical spill to surface soils. The spill subsequently leaches to subsurface soils and
groundwater. The exposure media are site soils at or beneath the spill location,
ambient air from resuspended particulate matter, surface soils from deposition of
resuspended particulate matter, in groundwater at the tap, and water vapors from
showering. Exposure estimates will depend on the default and/or site-specific exposure
factors used in the intake equations. To account for changes over time, cumulative
intakes are calculated for exposures to original chemicals as well as to degradation
products that can result from relatively rapid chemical reactions in the environment.
Intakes for ingestion, inhalation and/or dermal contact are calculated for applicable
media and are then used to calculate cumulative risk estimates in the Risk
Characterization phase.

For a future land use scenario at the hypothetical contaminated site, an exposure
analyst might identify two receptors: on-site residents and off-site recreational visitors.
As presented in Table 3-9, exposures occur by several pathways that reflect a longer
time frame (e.g., 20 years) than the current scenario. To account for changes over
time, cumulative intakes are calculated for exposure to chemicals plus conversion
products that result from relatively slow degradation (on the order of months or years).
Volatile organics in surface or near-surface soils are assumed to have dissipated so are
not considered in future exposure assessments. Intakes for the exposure routes of
ingestion, inhalation and/or dermal contact are calculated for applicable media and are
then used to calculate cumulative risk estimates in the Risk Characterization phase.

3.3.3.3. Calendar Approach — While no EPA-wide standardized procedure
exists for detailed consideration of exposure timing in dose/response assessment, the
Office of Pesticide Policy provides an approach, identified as the calendar approach, in
General Principles for Performing Aggregate Exposure and Risk Assessments (U.S.
EPA, 2001a). Figure 3-7 provides an overview of the steps entailed in this approach.
The calendar approach estimates sequential, daily chemical exposures by linking
episodic exposures (e.g., seasonal exposures to pesticides through surface water
contact following residential lawn applications of pesticides in the spring and summer)
with routine exposures (e.g., contaminants in the food supply). Figure 3-8 illustrates a
hypothetical pattern of results that could be predicted using such an approach. The
discussion that follows adapts this approach, which covers aggregate exposures, to
cumulative exposure practices. This discussion focuses on Steps 1-6, followed by
additional information about the calendar approach.
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TABLE 3-9

Example of Cumulative Exposures for Future Land Use*

Chemicals/ Exposure Medium Chemical Intakes (mg/kg-day)
Transformation Products and Location Ingestion Inhalation Dermal
On-Site Resident

Benzo(a)pyrene Site soils 3x10* 2x10°
Ambient air 2x10°

Surface soils 1x10° 2x107°

Anthracene Site soils 2x10° 5x 10"
Ambient air 6x107°

Surface soils 8x10° 2x 107

PCBs (as Aroclor 1254) Site soils 2x10° 6x 107
Ambient air 5x10°

Surface soils 4x10° 2x107°

Dieldrin Site soils 1x107° 2x10°
Ambient air 9x10°

Surface soils 3x10°® 2x107°

Arsenic Site soils 9x10° 7x 107
Ambient air 1x107°

Surface soils 2x10° 6x10°

Chromium Site soils 5x10° 2x10°
Ambient air 7x10"

Surface soils 2x10° 8x 107

Lead Site soils 8x10° 3x107
Ambient air 4x10*

Surface soils 9x10° 2x107°

Mercury Site soils 1x10° 5x10°
Ambient air 6x107°

Surface soils 2x107 5x 107"

Benzo(a)pyrene Surface runoff to lake 1x10°® 2x10™
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TABLE 3-9 cont.

Chemicals/ Exposure Medium Chemical Intakes (mg/kg-day)
Transformation Products and Location Ingestion Inhalation Dermal
Off-Site Recreational Visitor

Anthracene Surface runoff to lake 4x107 1x10™

PCBs (as Aroclor 1254) Surface runoff to lake 9x 10° 4x10™"
Fish in lake 5x10°

Dieldrin Surface runoff to lake 2x10° 8x10™"

Arsenic Surface runoff to lake 3x107 6x 107"

Chromium Surface runoff to lake 8x10° 2x10™"

Lead Surface runoff to lake 1x107 7x107°

Mercury Surface runoff to lake 2x10% 5x10™"
Methylmercury Fish in lake 3x10°

* These example scenarios assume exposures at the site under future conditions, e.g., degradation
products are identified for chemicals that undergo conversion on the order of months or years. In
addition, TCE and PCE in surface soils are assumed to have completely volatilized by the time the future
land use scenario begins, with aldrin having been converted fairly rapidly to dieldrin. The source release
is assumed to be a spill to surface soils with subsequent leaching to subsurface soils and groundwater.
The exposure media are site soils at and beneath the spill location, ambient air from resuspended

particulate matter, surface soils from deposition of resuspended particulate matter, surface water and lake

fish. Estimates will depend on the default and/or site-specific exposure factors used in the intake

equations.
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FIGURE 3-7

Ten Steps in Performing Aggregate Exposure and Risk Assessment
(Adapted from U.S. EPA, 2001a)

3-56



A. Food Exposure

Exposure (mg/kg)

«
Acute toxicity
endpoint
«
Short-term toxicity
endpoint
T r— e

Time (Days)

2

4

3

£ B. Drinking Water Exposure

o

5

(72}

8 «

5 Acute toxicity

endpoint

-4

Short-term toxicity
endpoint

Time (Days)

C. Residential Exposure

-+

Acute toxicity
endpoint

Exposure (mg/kg)

Short-term toxicity
endpoint

Time (Days)

2

4

>

£ D. Total Exposure

e

=1 <l

7] o P
S Acute toxicity
&5 endpoint

Short-term toxicity
endpoint

Time (Days)
FIGURE 3-8
Pathway-Specific and Combined Exposure to a Single Hypothetical Chemical

3-57



The dose-response analyst and the exposure analyst work together on the first
and third steps. The goal of these particular steps is to identify the health effect(s)
associated with each chemical or group of chemicals identified. Health effect(s)
identification includes an analysis of which exposure route(s) and exposure duration(s)
produced the effect(s) (Step 1) and a step to ensure that the dose-response
assessment and the exposure assessment are concordant (Step 3). A previous
document (U.S. EPA, 1999¢) describes five general durations of exposure to be
considered:

e Acute — in a cumulative risk assessment this could include one-day exposures
through oral (food and water pathways, which reflect distribution of daily food
consumption and daily water residue values), inhalation (atmospheric
concentrations) and dermal routes, which reflect daily water and soil residue
values)

e Short-term — could include 1-30-day exposure scenarios

e Intermediate-term — could include 30-180-day exposure scenarios

e Chronic/long-term — could include exposures of greater than 6 months in duration
e Cancer - lifetime assessment

Following the identification of the toxicological endpoint(s), duration of exposure(s),
exposure scenario(s) of concern, Step 4 requires the analyst to examine residential
exposures that might occur to potential receptors (e.g., home pesticide or herbicide)
(U.S. EPA, 2001a). The exposure analyst accomplishes this by appropriately
combining information about a potentially exposed individual’s demographic (e.g., age,
gender and racial/ethnic background), temporal (season) and spatial (region of the
country) characteristics.

A cumulative exposure assessment could involve the same steps: combining
national data to estimate background exposures with site-specific data to estimate local
exposures. This point is illustrated using a single chemical exposure. Methylmercury
exposures can result from consumption of local-caught fish and commercial fish (i.e.,
two different sources of fish). An analysis could examine the correlation between
consumption rates of local-caught and commercial fish and use both average local fish
methylmercury levels and average commercial fish methylmercury levels to estimate
methylmercury exposures in individuals consuming a mix of these fish. Such an
analysis could also capture seasonal consumption patterns (and associated exposure
patterns) of fish (e.g., in some areas of the U.S. there could be a decrease in local-
caught fish consumption during winter). Furthermore, U.S. EPA (1999¢) indicates that
distributional data analysis (as opposed to a point estimate approach) is preferred

3-58



because this tool allows an aggregate exposure analyst to more fully evaluate exposure
and resulting risk across the entire population rather than the exposure of a single, high-

end individual.

Steps 5 and 6 integrate the magnitude, frequency and duration of exposure for all
relevant pathway and route combinations. Consequently, the exposure analyst would
consider the hypothetical individual's temporal, spatial, demographic and behavioral
exposure characteristics for each relevant duration in the assessment. This results in a
calendar approach to the exposure assessment because the timing of the multi-route
exposure relative to each other is critical to the evaluation of the health endpoint.

Figure 3-8 (adapted from a figure in U.S. EPA, 2001a) illustrates the combination of
exposure pathways over time (in this case, days) for a single chemical.

Exposures to two or more chemicals can overlap if the chemicals coexist in the
same environmental medium during the same exposure period of interest. If there are
multiple pathways that involve different chemicals, the analyst logically would not
assume independence (see Chapter 4). Instead, joint exposure can be evaluated for
potential overlap of potential doses (e.g., chemicals in local fish and air that result in

overlapping potential doses) and internal dose
(including metabolites), for potential
toxicological interactions or for potential overlap
of effects. Information on environmental fate is
important input to this evaluation. For example,
a screening-level comparison of Kd values in
soil could be used to gauge the potential for
simultaneous migration of a group of chemicals
(see Table 3-3).

People can be exposed to chemicals at
the same time but in different media, e.g.,
multiple exposures may include inorganic
mercury in soil and shellfish, DBPs in drinking
water and during showering and volatile organic
compounds in indoor air (originating from a site

or from the use of household or office products).

Such exposures could be combined in a
cumulative risk assessment. Text Box 3-12
uses the chemical groupings based on
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via inhalation
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incinerator to
remediate a site
and, years later,
exposures to
metal mixture
via consumption
of contaminated
groundwater




coexistence in media and time to illustrate chemical combinations highlighted in this
paragraph and other potential combinations.

Although, in general, less information is available to assess dermal exposures,
this route can be important in cumulative risk assessments, depending on the specific
exposures and contaminants involved. Guidance for assessing dermal exposures has
continued to be refined as additional data and exposure assessment methods emerge
(see U.S. EPA 2004a,h, and updates at
http://www.epa.gov/oswer/riskassessment/ragse/).

3.3.3.4. Combining the Calendar Approach with Toxicokinetic Models —
The calendar approach (U.S. EPA, 2001a) can be combined with toxicokinetic models
to estimate tissue doses for mixture components over time. U.S. EPA (2001a)
describes a calendar approach that estimates daily exposures with occurrence up to a
full year. The calendar approach can be used to assess exposures resulting from
seasonal activities such as timing of pesticide applications over a year or the timing of
pesticide runoff during the year. Such an approach can also be used to evaluate
exposures via indoor air, which could change seasonally. The approach integrates
exposures by route using probabilistic® input data (e.g., this approach could integrate
oral exposures that result from food intake, drinking water consumption and soil
ingestion). The approach predicts distributions of potential doses via different exposure
routes (see Figure 3-7). Clearly, this type of approach is most useful for pollutant
concentrations that vary over relatively short periods of time (daily or weekly).

Figure 3-8 illustrates the results of a multi-pathway exposure assessment using a
calendar-based approach. Panel A of Figure 3-8 shows that the potential doses of this
hypothetical pesticide through food consumption are relatively constant over the period
of time evaluated. Panel B shows that the potential doses of this hypothetical pesticide
are generally low. However, the potential doses from this exposure pathway may be
quite high during a fraction of the period of time evaluated. The high exposures through
the consumption of private drinking water might be due to runoff of this pesticide
following applications to lawns or agricultural lands. Panel C illustrates a residential
exposure. It suggests that there is no pesticide dose from this pathway during certain
periods of time (e.g., winter months) but a relatively large dose during other periods of
time. Panel D combines these three pathways of exposure showing the potential dose
of the hypothetical pesticide for each day of the exposure duration evaluated.

®In probabilistic exposure assessments, the population’s exposures are characterized by distributions of
exposure factors and contaminant concentrations.
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U.S. EPA (2003b) conducted research to examine the feasibility of conducting a
cumulative risk assessment for DBP mixtures by combining exposure modeling and
physiologically-based toxicokinetic (PBTK) modeling. Initially, a comprehensive
exposure modeling effort was implemented to estimate population-based exposures
and absorbed doses for 13 major DBPs, incorporating parameters for chemical
volatilization, human activity patterns, water use behaviors, ingestion characteristics,
building characteristics, physiological measurements and chemical concentrations in the
water supply. Daily exposure estimates were made for an adult female and an adult
male and for a child (age 6) of total absorbed doses inclusive of exposures via oral,
dermal and inhalation routes. Estimates were developed for 13 major DBPs,
accounting for human activity patterns that affect contact time with drinking water (e.g.,
tap water consumed, time spent showering, building characteristics) and
physicochemical properties of the DBPs (inhalation rates, skin permeability rates,
blood:air partition coefficients, etc.). Combining daily exposure information with a
toxicokinetic model provides additional insights into the exposures, including residual
concentrations in the body. Figure 3-9 provides an overview (from a biological
perspective) of the exposure metrics that can be used in different cumulative risk
assessments. Figure 3-10 illustrates how an exposure assessment model was linked
with a PBTK model for DBPs to estimate the organ-specific doses (estimated as an
area under the curve [AUC]). PBTK models provide a useful approach for integrating
exposures across multiple exposure routes.

The kinetics of toxicants, when combined with exposure information, can be an
important factor in determining whether chemicals will be present in the same target
tissue within the body at the same time. While estimates of potential doses and the
potential daily or seasonal variability in such doses are useful (based on the
concentration of pollutants encountered in the environment, activity patterns and intake
rates), toxicokinetic models can provide refinements to this measure that may be critical
to the cumulative exposure assessment. These refinements may include differential
absorption of mixture components across boundaries, differences in the distribution of
mixture components in the body, differential metabolism and differences in elimination
(e.g., clearance rates). Models can also be developed to estimate the kinetics of by-
products of metabolism.

Figure 3-11 summarizes different levels of dose specificity that the analyst may
need in order to perform a cumulative exposure assessment. Moving from level 1 to
level 4 requires additional analytic detail. Depending on the chemicals being evaluated,
levels 1 and 2 may require the use of dynamic fate and exposure models (e.g., the
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calendar approach). Depending on the variability of the exposures in the pathways,
undertaking an analysis as depicted in levels 3 or 4 would likely require a dynamic
exposure model that could simulate daily potential doses of multiple chemicals.
Because of the chemical-specific nature of absorption, distribution, metabolism and
elimination, chemicals contacted at the same time may not remain in the tissues of the
body for the same period of time. Thus, some compounds may be quickly eliminated
and others may be slowly eliminated resulting in prolonged tissue exposure.

Figure 3-12 builds upon Panel D of Figure 3-8. It illustrates the target organ doses that
correspond to the cumulative exposure depicted in panel A depend on whether the
chemical is rapidly eliminated (panel B) or slowly eliminated (panel C). Figure 3-13
illustrates the different retention times exhibited by Cr(lll), Cr(VI) and tritium. The
disposition of chemicals absorbed through different exposure routes may differ. The
analyst may need to undertake an analysis as depicted in level 3 or 4 (Figure 3-11) to
determine if the exposures through different routes result in overlapping internal doses.
The analyses depicted in levels 3 and 4 require a thorough understanding of
toxicokinetic conditions. Level 3 estimates concentrations of the parent compounds in
the target tissues over time. Level 4 requires input concerning whether the compounds
are toxic in their parent form or as metabolites. In turn, level 4 analysis predicts
concentrations of the toxicologically active chemical species in the target tissue over
time.

In summary, doses may be considered at different levels of specificity. Each is
potentially useful and differentially resource-intensive. The exposure analyst would
consult with the dose-response analyst to determine the level of detailed analysis
necessary (level 1, 2, 3 or 4). The dose-response analysis may provide information
demonstrating the biological longevity of contaminants to determine potential overlap of
tissue concentrations or provide important toxicodynamic information. If available,
information on the tissue dosimetry of single chemical exposures and information
identifying sensitive tissues/organs and interaction with key biochemical pathways
(whether related to metabolism/excretion or cellular function) may be combined to allow
a more complete evaluation of interactions among mixture components leading to
changes in internal exposure duration.

As illustrated in Figure 3-14, biological effects can continue even after the
chemical(s) has been eliminated from the system. Persisting biological and/or
biochemical effects can have multiple toxicodynamic effects including those based on
chemical distribution and tissue effects. These effects can relate to subsequent
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exposures to the same chemical and to other chemicals, depending upon the extent to
which multiple chemicals interact with the same biochemical or cellular targets.

Finally, even a qualitative description of the possible alteration of effects based
on exposure sequence and pattern constitutes a step forward. The exposure sequence
could be an issue for chemicals in different media at different times. For example,
combined exposures from multiple routes could have occurred if an individual's past
exposure history is considered. These current and past exposures via the same or
different exposure routes/media may increase an individual's susceptibility to a chemical
(U.S. EPA, 2003e). A database of chemical pairs for which exposure timing may be
considered could be useful for cumulative risk assessments. The EPA has developed
initial information in its Mixtox database, which is described in Chapter 4. Some
information related to exposure is included in the interaction profiles that have been
drafted by ATSDR for a limited set of chemical combinations (see Appendix A). Further
discussion of toxicity as influenced by exposure sequence is presented in Chapter 4.

3.4. ILLUSTRATION OF CUMULATIVE CONCEPTS FOR THE AIR PATHWAY AT
A CONTAMINATED SITE

Local communities are understandably concerned about possible exposures to
chemicals from contaminated sites, with air and groundwater being two main transport
pathways. When the water table is reasonably shallow and local citizens are using
nearby wells, the groundwater pathway can be a main concern. The air pathway can be
an issue, for example, when the surface is still contaminated with volatile compounds,
when wind speeds are high enough to carry contaminants in surface soil off-site or
when operating facilities with stacks are present.

Sites without operating facilities are not usually of concern for ambient air quality
or public health under baseline conditions. However, cleanup of these sites can be a
much different story. Air is considered the principal pathway by which the public could
be exposed to site contaminants during the cleanup period. To emphasize the
importance of evaluating risks associated with possible cleanup measures for both
workers and the public, the following discussion illustrates cumulative considerations for
the air pathway during the cleanup period for a contaminated site. Many of the same
general concepts discussed here would also apply to the assessment of the
groundwater pathway. Tables within Appendix A include a number of tools that may
help evaluate the groundwater pathway.
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Several cleanup alternatives are typically evaluated for contaminated sites,
ranging from no action (the baseline) to various actions that can include excavating soil

and waste, decontaminating and Basic Steps for Cumulative Air Analysis
demolishing buildings, treating (Text Box 3-13)

wastes and transporting them for
disposal, all of which involve
airborne releases. Thus, for the

1. Create an emissions inventory for multiple sources
2. Model air dispersion for multiple chemicals

3. Estimate exposures for receptors (to translate to risks)

cleanup period, air contamination is
typically a community’s major environmental concern. The basic steps of an air
pathway analysis for a cumulative risk assessment are summarized in Text Box 3-13.
Results are ultimately used to guide emission control strategies to minimize impacts. In
assessing this pathway, emission rates are estimated for site-related sources, and air
dispersion is modeled to predict the amounts and possible distributions of multiple
contaminants at locations of interest, which typically include the site boundary and
representative receptor locations such as homes or schools.

Of course, actual measurements of particulate and multiple airborne chemicals
would best characterize current site conditions. However, a comprehensive air
monitoring program is extremely expensive, and accuracies decrease near the
threshold of detectability, which is often the level of interest for environmental projects.
Thus, measured data usually are limited and air quality models can be applied to
assess impacts. Uncertainties related to air modeling are thought to be acceptable
when considering the high cost of monitoring.

These models combine relevant meteorology data with site emission estimates to
mathematically simulate atmospheric conditions and calculate where and when
released contaminants will reach receptor locations as well as where and how much
particle deposition will occur. Even when some data are available, monitoring will never
be able to measure concentrations for all chemicals at all locations. Therefore, modeled
estimates will be needed to fill those gaps. With modeling results, analysts can also
determine impacts of one source from among many (source attribution) and forecast
how concentrations will change if a given emissions source is modified. In addition, air
dispersion modeling is the only tool available to help analysts assess impacts from
hypothetical sources. They are valuable tools for assessing potential impacts
associated with both existing emission sources and those projected during the cleanup
period. Text Box 3-14 summarizes their benefit. Section 3.4.1 offers lllustrative
information to guide the development of emission inventories for a cumulative risk
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assessment at a contaminated site, and
Section 3.4.2 gives information to guide
dispersion modeling for these sites.

3.4.1. Emission Inventories. Cleanup
of a contaminated site can involve many

Benefits of Dispersion Models (Text Box 3-14)
Fills gaps in monitoring data to predict levels and co-
locations of combined chemicals from site releases
Avoids detectability constraints, high monitoring costs
Identifies contributing sources to joint concentrations
Projects impacts from new facilities being considered

different sources of emissions. Various source configurations and examples are point
(incinerator stack), area (waste impoundment or pile), volume (water treatment facility)
and line (road). Some sources are stationary while others are mobile. Common
emission sources at these sites are summarized in Text Box 3-15. At many sites,
distinct areas of contamination can contain different combinations of chemicals at

different concentrations.

For cumulative risk assessments,
clearly grouping the chemicals at each
source area is important so that they can
be appropriately scaled to the fugitive
emissions estimated for that source.
Proper grouping will assure that the
model projects the appropriate
chemicals and concentrations from that
source at the receptor locations, and it
will enable the combined chemicals at
those receptor locations from multiple
sources to be back-tracked to the
originating source and activity.

Emission factors are developed

Multiple Emissions During Cleanup
(Text Box 3-15)

Fugitive dust from mechanical disturbance of soil by
heavy construction equipment during excavation
(scaled to chemicals/concentrations at each area)

Dust emissions from construction and material/waste
transportation vehicles

Contaminant emissions from on-site treatment systems
(such as an incinerator or air stripper)

Windblown dust from cleared areas (when threshold
wind speed is exceeded)

Emissions of volatile and semivolatile organic
compounds due to soil disturbance (otherwise trapped
in subsurface soil pore spaces, migrating slowly)

Particulates and mixtures exhaust from diesel-burning,
heavy construction equipment (bulldozers, front-end
loaders, field generators) and transport vehicles

for these activities, but they do not provide any information on the temporal or spatial
patterns of releases nor on the greatest potential emission source, which is needed to
develop effective control measures. That information is developed at the next step
when emission estimates are used in the air dispersion models. To guide the
development of emissions inventories for many situations including contaminated sites,
the EPA has developed a number of databases and methods. The Air/Superfund series
provides considerable coverage of topics and methods, including an overview of air
assessments, estimation of emissions from baseline and cleanup activities and ambient
air monitoring and modeling. Specific types of emissions that would be grouped in a
cumulative risk assessment are also discussed, such as emissions of volatile and semi-
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volatile compounds from disturbed soil. Text Box 3-16 highlights key resources. When
using these and similar information sources, the analyst then can characterize whether

they likely lead to an overestimate, underestimate or central tendency estimate of the

emissions from these sources.
Of special interest for
cumulative risk assessments are
exposures to chemical mixtures.
Notably for site workers, engine
emissions from equipment and

Emissions

Methods to
vehicles represent such a R

specific
chemical mixture since diesel emissions
exhaust is considered a chemical | Estimation

software

Information

from point and
area sources

Emission Factors for Multiple Sources

(Text Box 3-16)

Resource

U.S. EPA Technology Transfer Network, AP-42
(www.epa.gov/ttn/chief/ap42/index.html)

Air/Superfund National Technical Guidance Study

Series

(www.epa.gov/ttn/amtic/files/ambient/other/airsuper/

superfnd.txt)

U.S. EPA Clearing House for Inventories and
Emission Factors (CHIEF) (www.epa.gov/ttn/chief/)

mixture for which some toxicity
information exists (see Chapter 4).

An analyst can use tools developed by the EPA,

such as those summarized in Text Box 3-17, to evaluate these and other mobile source

emissions. As noted for Text Box 3-16, users can characterize their confidence in

emissions estimates developed from sources, such as those cited in Text Box 3-17.
Although these tools do not consider interactions among chemicals, hydrocarbon
fractionation is included. By accounting for that specific input in the exposure

assessment, component toxicities can be assessed with mixtures approaches that

consider relative potencies (discussed in
Chapter 4).

In many cases the particulate releases

will dominate and other criteria pollutants will
be negligible. For that situation the analyst
could conduct a screening worst-case
analysis for those other pollutants to assure
that estimated maximum impacts are
captured in the analysis, integrated with the
other projections and presented to decision
makers and stakeholders. If this worst-case
analysis showed that the non-particulate
pollutants likely posed little risk to the
population, then this approach would lead to
an increase in the attention given to the
particulates.
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Mobile Sources and Multiple Chemicals
(Text Box 3-17)

Source Type:Model

Emissions Estimated

On-road mobile
MOBILE62:

www.epa.gov/otaq/
m6.htm

Non-road mobile
(vehicle/ equipment
engines): NONROAD
www.epa.gov/otaq/
nonrdmdl.htm

Mobile, toxic
fractions of
hydrocarbons (e.g.,
engine exhaust)

www.epa.gov/ttn/chief/
net/1999inventory.html

Criteria pollutants (sulfur
dioxide, nitrogen oxides,
carbon monoxide, PM10,
PM2.5, lead);
hydrocarbons; carbon
dioxide; ammonia; & six
toxics (benzene; methyl
tertbutyl ether; 1,3-buta-
diene; formaldehyde;
acetaldehyde; acrolein).

Criteria pollutants and
hydrocarbons.

Fraction-specific
emissions for speciated
hydrocarbons
ftp://ftp.epa.gov/pub/Emisinv
entory/finalnei99ver3/criteria
/documentation/nonroad/99n
onroad_vol1_oct2003.pdf.
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Both contaminated and uncontaminated particulate matter (PM) may be released
during site cleanup activities. The former can be released when contaminated materials
are excavated and staged in stockpiles and then treated in an on-site operation or
placed for transport or disposal. Uncontaminated emissions can be associated with
excavating local borrow soil (used for filling, mostly sand and gravel) and backfilling and
re-grading areas that are excavated on-site or with transporting project materials
(including treatment supplies) on paved or unpaved roads.

A cumulative risk assessment Comparison of PM Properties (Text Box 3-18)
could include both types of releases. Characteristic PM10 (<10 um) ~ PM2.5 (<2.5 um)
Text Box 3-18 summarizes the Relative weight Heavier Lighter
characteristics to consider in drounin Airborne time Minutes to hours Days to weeks

) _ 9 Ping Travel distance in air 100 yards to Farther, to

PM and associated chemicals for (depends on wind 30 miles 100s of miles
these assessments. Contaminated or ifaebe;.;’.t;tmos”her ¢ o ages)
not, inhaled particles can affect human | Movement in airway ~ Impinge on Pass through
health (as with asthma) (see after being inhaled sides, wedge in  small airways,

o ] ) narrow deeper in lung
Chapter 4 for the toxicity discussion). passages
Of course the multiple chemicals such | Ratio of surface area  Lower Higher

. to volume, relative
as metals or organic compounds potential for adsorbed
attached to particle surfaces or 1D0ES
Associated toxicity Generally lower  Often higher

incorporated into the matrix are of
specific interest for their joint toxicities.

Fugitive PM emissions during cleanup can be estimated by considering three
factors: (1) total mass of material handled (based on the estimated volume and density),
(2) total number of activity hours (e.g., for bulldozing or scraping) and (3) total number
of vehicle miles traveled (e.g., by dump trucks). In defining the mass handled, for
cumulative risk assessment an analyst may consider what materials are being
combined together in order that representative concentrations of those materials can be
appropriately grouped and scaled to the estimated emissions. For the second factor,
production rates for each type of equipment are taken from standard reference sources
(such as the Caterpillar handbook) then combined with the mass handled (determined
for the first factor) to estimate the activity hours. Examples of additional factors used to
estimate the emissions inventory for fugitive dust are given in Text Box 3-19; many
State environmental agencies have also developed standard approaches for examining
such emissions.

Further, at many sites the contaminated source areas will be widely scattered.
Thus, in estimating fugitive emissions for cumulative risk assessments, an analyst also
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could consider when different areas will be
remediated in order to properly group the
emissions estimated for activities
conducted in the same time period. Then
the dispersion modeling can evaluate
these sources jointly.

Site-specific information to support
such temporal exposure analyses are
usually presented in the general contractor
plans (i.e., these plans present a schedule

Example Particulate Factors (Text Box 3-19)

Fugitive dust emissions can be estimated using a
lumped emission factor for heavy construction
activities, which is given as 1.2 tons total
suspended particulates (TSP) per acre per month
of activity. To estimate PM10 and PM2.5
emissions, respective particle size multiplication
factors of 26% and 3.8% can be applied to the TSP
for unpaved roads, considering that equipment
traffic over temporary roads at construction
(cleanup) sites are major dust emission sources
(U.S. EPA, 19953, Chapter 4). A similar lumped or
grouped approach could also be considered for
emissions from contaminated areas.

for cleanup activities and list expected equipment, based on preliminary engineering

estimates). These data can be used to select emission factors for those specific unit
operations per construction phase (see U.S. EPA, 1995a, Chapter 4).

3.4.2. Dispersion Modeling. The EPA has developed guidelines for air quality

modeling and has made many air dispersion models available within two general

categories: screening and refined. (These can be obtained via the EPA Support Center
for Regulatory Air Modeling http://www.epa.gov/scram001 as indicated in Appendix A.)

Screening models involve relatively simple estimation techniques and generally use

preset, worst-case meteorologic conditions to produce conservative estimates of the air
quality impact of a specific source or source category. Analysts use these instead of
more detailed (and more expensive) models to assess sources that clearly will not

cause or contribute to ambient concentrations above any of the following:

e Ambient standards (such as the National Ambient Air Quality Standards
[NAAQS] or Prevention of Significant Deterioration (PSD) levels)

e Health criteria (such as threshold limit values (TLVs) or permissible exposure
limits (PELs)) developed for daily workplace exposures or

¢ Risk-based public health guidelines

If results of conservative screening analyses indicate that multiple chemical
concentrations from one source or a combination of sources might not meet ambient

standards and health criteria, then the analyst would apply refined models for a more

representative assessment. NRC (1994) discusses tiered analytic approaches

extensively.

Refined models include methods to address physical and chemical atmospheric

processes, and more detailed input data produces more site-specific estimates. These

two levels of modeling are often paired, with a conservative screening approach used
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first to eliminate contributors that clearly do not pose a concern in the cumulative
context, followed by a more refined analysis. However, for many situations the
screening models are practically and technically the only viable option for estimating
impacts of multiple sources with multiple chemicals. In those cases, it is especially
important to ensure that input data are sound. (These issues are discussed a bit later
when specific models are discussed.) Text Box 3-20 summarizes inputs to the model.

Air dispersion models are not Air Dispersion Model Inputs (Text Box 3-20)
designed to address certain cleanup Source characteristics - Emission data scaled for

activities. For example, they do not multiple chemicals by source, location, type and
geometry (for type and geometry, (1) point - stack

directly model dispersion from specific | height and diameter, stack exit temperature, and exit

contaminated soil excavations as velocity; (2) area - length and width, release height,
and initial vertical dimensions; (3) volume - release

emissions can only be estimated for a height and initial lateral and vertical dimensions)
select set of standard source types Data for nearby buildings, to address downwash effects
(point, area, volume and line). For this | Meteorologic data, for both surface and upper air
reason, some simplifications and Topographic information for sources and receptors

modifications are usually needed to Model control options (e.g., for dust control efficiency)

approximate characteristics of emission sources using engineering judgment so they
can be considered generally representative of actual site conditions.

Before beginning the calculations for a cumulative risk assessment, the analyst
can identify and group emission sources into a manageable number of sources and
types for the modeling effort. To illustrate, air strippers, incinerators and in-situ vapor
extraction units would be grouped as point sources while lagoons or surface
impoundments would be grouped as area sources. Conveyor belts or material dumping
would be volume sources and mobile (vehicle) emissions along haul roads would be
line sources. The geometries of these emission sources also serve as inputs to the
model.

The analyst may wish to consider the presence of nearby buildings when
performing a cumulative risk assessment, notably when addressing stack releases from
existing facilities or those predicted from a facility being considered (e.g., incinerator for
site wastes). Turbulent wakes downwind of structures can affect concentrations of
stack releases in the vicinity, especially when the stack height is not much taller than
the building. This phenomenon, referred to as building downwash, generally tends to
increase maximum ground-level concentrations of pollutants because it brings part of
the stack effluents to the ground near the source (instead of their being carried at a
height to a farther distance from the stack). Compared to when no buildings are nearby,
downwash changes the location of the maximum pollutant concentrations as well as the
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spatial distribution of the concentrations, in particular for near-field receptors (e.g.,
within several miles). Thus, estimated pollutant levels can differ considerably
depending on whether the model considers nearby buildings, and this can affect
estimates for nearby receptors. Text Box 3-21 indicates additional considerations for
modeling releases of multiple chemicals from a stack and for assessing impacts of
multiple sources at multiple receptor locations (from U.S. EPA, 1985).

For the air dispersion model to

produce relevant results, the
meteorologic data inputs logically

would represent site conditions. Some
sites have meteorologic towers (such

as larger federal research/industrial

sites), but in many cases meteorologic
data are taken from National Weather
Service stations. To define the array of

Example Model Input Considerations
(Text Box 3-21)

When the height of a stack for an existing or planned
facility is lower than suggested by good engineering
practice (GEP), building downwash can be considered.
(The GEP stack height is 2.5x the building height for
common configurations, i.e., for buildings wider than
they are tall; the actual formula is the height plus 1.5x
the lesser of the structure height or projected width.)
To account for terrain elevation effects, elevation data
for multiple emission sources and receptors are also
needed.

receptor points for which concentrations of released contaminants will be predicted, a
receptor grid is developed for the model. Text Box 3-22 highlights these inputs.

Also important is the nature of the input data used to define the concentrations of
multiple chemicals at the receptor locations of interest. In some studies, data from an

emissions database are used (e.g.,
TRI data). Because these do not
represent ambient levels from which
exposures can be estimated, the
analyst could indicate what
proportion of input data is from that
database versus other information
sources that are more relevant to
exposure concentrations.
Implications for the results may be
addressed in the uncertainty
discussion (see Chapter 5).
Similarly, when the analyst uses

Meteorologic and Receptor Data (Text Box 3-22)

Meteorologic data: the station selected to represent the
site is based on similar spatial characteristics regarding
terrain features, land use and synoptic flow patterns.
Typically, hourly surface and twice-daily upper air data are
available from the National Climatic Data Center, NCDC
(www.ncdc.noaa.gov/oa/ncdc.html); data for 1984-1992 for
selected National Weather Service stations are available
from the EPA’s Support Center for Regulatory Air Models,
SCRAM (www.epa.gov/scram001/tt24.htm).

Two types of receptors are assessed: discrete and gridded.
Discrete receptors generally represent where people
actually are (e.g., in homes or schools), or monitoring
stations, or places on the site boundary or property line
that could be accessed by the public. Hypothetical gridded
receptors are used to identify where maximum
concentrations of multiple chemicals are predicted.

actual monitoring data, it is helpful to indicate their relevance to exposure point
concentrations, for example to identify what subset reflects ambient measurements and
at what height those measurements were made, e.g., on rooftops, at ground level or
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within the breathing zone (on the order of 2 m), along with some discussion of data
quality.

A model commonly used for conservative screening analyses is the steady-state
Gaussian model SCREEN3 (available at www.epa.gov/scram001/tt22.htm#screen).

This model estimates 1-hour ambient concentrations from only one source (point, area
or flare), but it can address many combinations of wind speed and atmospheric stability
class. Its main benéefit is that it is quick and easy to use. It runs interactively on a
personal computer to calculate 1-hour maximum ground-level concentrations (and
maximum concentrations for other time frames but not 24-hour estimates for complex
terrain) (NRC, 1994). It also calculates the distance to the maximum concentration from
the single source.

In order to apply this model for multiple release points, some analysts combine
these multiple emission sources to be represented by a single theoretical point. In that
case, the analyst likely would justify the basis with setting-specific information, including
relative proximity to other sources and to receptors and relative impact (insignificance)
for predictions at those receptor locations. While this simplifying approach is quite
appropriate when emission sources are far from potential receptors, it can lead to
inaccurate results if the site is near a populated area.

A key disadvantage of assuming the emissions are released from a single point
is that because of its conservative assumptions, it can generate quite unrealistic results,
e.g., highly conservative values that expectedly would never be measured. Another
disadvantage is the fact that this model for cumulative risk assessments cannot
consider multiple sources, actual meteorologic data or averaging periods other than an
hour is another disadvantage. Predicted short-term concentrations are used to assess
acute effects, while long-term concentrations are input to assess chronic effects. Thus,
SCREENS results for the 1-hour period would need to be manually converted to other
averaging times, and contributions from multiple sources would need to be combined to
address cumulative issues.

To illustrate how this averaging time adjustment is made, U.S. EPA (1992b)
provides scaling factors that are recognized as conservative and could overestimate
impacts by 2-10 times. (The actual magnitude of the overestimation is unknown and
likely depends on site and source characteristics.) When a model produces unrealistic
estimates, the generalizing assumptions can be revisited and replaced with more
situation-appropriate inputs (for example, releases might initially have been assumed to
be ground-level rather than stack or exit height from the building). In this way the
assessment is iterated from an overly conservative but quick and cheap screening
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approach to a more representative but resource-intensive approach as warranted to
produce realistic results that can be used for the decisions (also see discussion in NRC,

1994).

When more detailed analyses are needed, the analyst can use refined dispersion
models. These include steady-state Gaussian plume models such as ISC3-PRIME or
AERMOD. (They are available at www.epa.gov/scram001/it26.htm#iscprime,
www.epa.gov/ttn/scram/tt26.htm#aermod.) These models require relatively intensive

efforts and computer resources. The main advantage of these models for cumulative

risk assessments is that they can simultaneously evaluate a large number and different
types of emission sources to estimate particulate (and scaled multiple-contaminant)
levels over a wide range of averaging times, to address exposure periods from acute

(e.g., for 1, 3, 8 and 24 hours) to annual time frames. Concentrations of multiple

chemicals at different receptor locations can be attributed to specific sources by setting
up source groups for each model run and identifying contributions from a given source

within that group.

These refined models improve upon the screening models for cumulative risk

assessments by including dry and wet deposition algorithms, thus producing estimates

an analyst can use to assess
multiple pathways (by providing
deposition estimates rather than
being limited to inhalation).
However, they still do not account
for chemical reactions because
chemicals are essentially
assessed one at a time and then
results are combined. However,
some models do account for
changing concentrations for an
individual chemical over time by
incorporating exponential decay.
Text Box 3-23 provides a general
comparison of the capabilities of
screening and refined models for
cumulative risk assessments.

Model Capabilities for Cumulative Air Analyses
(Text Box 3-23)

Scope Screening Model Refined Model
Multiple One at a time Yes, combined, and as
chemicals (individual runs) scaled to particulates
Multiple One at a time Yes, many of different
sources (individual runs) types, simultaneously
Multiple No, just provides | Yes, because also
pathways estimates for air estimates deposition
Multiple time | No, only 1-hour Yes, 1-hour to annual
periods averages averages
Source No Yes, from the grouped
attribution at sources contributing to
receptors pollutants at those points
Changes No Some cover attenuation
over time (for individual chemicals)
Chemical No Not for metals and
interactions organics at sites

(only ozone, acid rain)
Realistic No, conservative | Yes, as constrained by
predictions concentrations relevant data availability

In general, steady-state Gaussian models are not used for areas beyond 50 km

(30 mi.) because the steady-state assumption does not hold. For large study areas, an
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analysts typically estimate dispersed concentrations using models that can simulate
regional-scale, long-range dispersion as well as local-scale, short-range dispersion,
e.g., the non-steady-state Lagrangian puff models such as CALPUFF (available at
www.src.com/calpuff/ calpuff1.htm). For areas covering thousands of kilometers,

Eulerian models such as the Community Multi-scale Air Quality (CMAQ) modeling
system would be used (see www.epa.gov/asmdnerl/models3/). This model was
designed to address overall air quality considering multiple inputs, but it is very labor-
and resource-intensive. The CMAQ modeling requires much more computer time than
the steady-state Gaussian models so CMAQ models would probably not be appropriate
for most site assessments.” As a note, CMAQ does address chemical reactions, but
these are only for ozone and acid rain, not air toxics. The source code would have to
be modified to add algorithms for chemical processes for the contaminants of interest at
a given site to account for those potential interactions. To date, the Agency only has
released results from the CMAQ model for mercury (U.S. EPA, 20059).

Certain site studies might consider other point sources that could contribute to
cumulative air impacts, either as assessed by the project team or in a complementary
assessment. Some analyses have considered generic distances within which
dispersion is to be assessed; some recent studies have indicated a distance of 20 km
(12.5 mi.); a generic radius of 80 km (50 mi.) has historically been used in
environmental impact assessments. However, this potential impact radius also could be
determined from setting-specific features (including meteorology, terrain and nature of
emissions) that affect the area over which airborne releases will travel. The dispersion
model itself can be used to define an appropriate study distance, by identifying a target
level and determining at what distance that target would be reached. This could be
some fraction or percent of background (e.g., 10%) or of the initial release, considering
associated health effects.

” In addressing fate and transport over time, time-dependent models can yield better estimates of
exposure point concentrations than steady-state models. However, computational and resource
requirements can be much more extensive as these models are not amenable to a simple spreadsheet
approach, relying on programming language or solved using special macros. In any case, even these
models cannot generally represent truly accurate calculations, with inherent uncertainties and unknowns
as for all models. A model is considered very good when it can predict concentrations within a factor of 2
of measured results. For time-dependent models, while the value of the predicted maximum
concentration across all locations can be reasonably accurate, its predicted location is not generally as
accurate. The need for accuracy could be weighed against the availability of resources.
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3.5. RETROSPECTIVE STUDIES

In many cases, a cumulative risk assessment will involve predicting health
outcomes from combined estimates of exposure based on a combination of point
concentrations (e.g., site-specific measures of chemical concentrations in specific
environmental media), exposure factors and toxicity data. However, in other cases,
observed health effects could initiate the cumulative risk assessment. Dose
reconstruction studies, or retrospective exposure assessments, can be used to support
risk analyses when health outcomes are observed. The aim of these studies is to
reconstruct the doses that occurred to assess potential contributions of past exposures
to the indicated health effects.

Dose-reconstruction studies are typically constrained by data limitations for
location-specific concentrations for the relevant chemical forms in the given media over
the period of interest as well as specific exposure patterns. Further complications
include the inability to control for lifestyle factors such as smoking because those data
are often not available in the historic records. Nevertheless, a number of dose
reconstruction studies have been conducted to support occupational and environmental
health risk analyses. These include dose reconstruction studies for people at U.S.
Department of Energy (U.S. DOE) facilities (e.g., see Stange et al., 2001; also
http://www.cdc.gov/niosh/ocas/ocasdose.html) as well as for people exposed to

radiation from nuclear weapons tests and explosions that began more than 60 years
ago (NRC, 2003a). To illustrate how difficult it can be to reconstruct doses in the face of
considerable data limitations, in some cases the concentrations in the locations of
interest (where people lived) had to be modeled from measurements reported for
monitoring stations hundreds of miles away in complex terrain.

Similarly, historic occupational data also have limitations, with specific exposure
patterns and concentrations documented poorly if at all, such that average and peak
concentrations and durations are difficult to estimate in order to assess cumulative daily
and repeat exposures. As a reflection of the increasing emphasis on this tool, the
National Academy of Sciences (NAS) recently reviewed previous dose-reconstruction
studies to assess whether the methods and data used were accurate, the reconstructed
doses were accurately reported and the exposure assumptions were credible. The NAS
concluded that although the methods were generally valid, resultant estimates were
highly uncertain because specific data were either sparse and highly variable or simply
lacking. A key conclusion was that the review and oversight of dose-reconstruction
studies should be commensurate with the anticipated scope of the compensation
program (NRC, 2003b). This same principle applies to the level of cumulative risk
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analysis, i.e., that resources applied are commensurate with the needs of the decision
to be informed.

3.6. SUMMARY COMPARISON AND SCREENING SUGGESTIONS

Text Box 3-24 summarizes a general comparison of the exposure assessment
process conducted for basic health risk assessments and for cumulative exposure
assessments.

Comparison of Exposure Assessment Processes (Text Box 3-24)

Basic Assessment Cumulative Assessment

What general question is being addressed?

How could people be exposed to chemicals, | Similar, but emphasizing combined source
what would the amount of exposure be? contaminants and cumulative exposures

What is evaluated?

Emphasis on combined sources/releases (sources may

Individual Sources/releases of chemicals . .
not be located in community)

Emphasis on joint behavior, considering environmental
interactions, differential transformation and grouped
sets of chemicals

Behavior of individual chemicals in the
environment (transport/fate)

Concentrations of chemicals at points of Emphasis on sets of chemicals that coexist initially and
human contact those that move together

Representative receptors as for the basic case, paying
attention to sensitive subgroups and unique exposure
activities (e.g., per cultural practices)

People who “represent” current conditions
and likely future land use

Routes by which people could be exposed to | Emphasis on combined chemicals and routes over
each chemical time, considering sequencing

Emphasis on combined amounts of various forms

Amount of each chemical taken in over time - DO
(potential impact on toxicokinetics)

How are results used?

Estimated intakes are considered in groups to guide
more explicit evaluation of joint toxicity to assess
potential health harm

Estimated intakes are linked with toxicity
information to assess potential harm

As this summary shows, the basic topics and outcomes are the same. The
cumulative column simply highlights additional attention that would be paid to certain
features in explicitly considering cumulative risk issues. Cumulative risk assessments
evaluate aggregate exposures by multiple pathways, media and routes over time, plus
combined exposures to multiple contaminants from multiple sources.

Practical suggestions that can be considered in conducting the exposure
assessment for cumulative risk assessments at these sites are offered below, with an
emphasis on screening for grouped evaluation.
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Implementing existing guidance, which identifies many cumulative risk issues, is
enhanced by more explicitly acknowledging joint evaluations and at least
qualitatively indicating the potential for interactions to define groupings. An initial
conservative screening of relative risks can be conducted to identify the sets of
contaminant sources, receptor locations and pathways to be analyzed in detail.
Focus on grouping the chemicals, affected media and exposure points that are
expected to contribute to combined pathway exposures for those receptors,
considering media and time frames.

Because relatively few major sources might account for most of the hazards
associated with a site, focus first on the main sources, especially when resources
are constrained. However, following that initial focus, iterate through the
assessment process to assure that cumulative exposure issues have been
appropriately considered.

In modeling chemical transport and fate, account for environmental
transformation over time (including mixtures) and adapt transport/dispersion
models to account for multiple chemicals, e.g., scaling to source concentrations
for those chemicals moving together and defining source attributions at multiple
receptor locations.

In developing groupings for chemicals and exposure pathways, focus on (1) the
potential for relatively high exposures to sensitive populations and possible
contribution to induction of health effects that already exist at relatively high
levels in the study population, (2) in addition to those with high inherent hazard
(toxicity) in combination with (3) the amount present; (4) potential interactions
with other chemicals; and (5) tendency to persist, bioaccumulate and/or be
transported between environmental media.

To screen potential vulnerable or susceptible subgroups into the enhanced
cumulative risk assessment process, pursue existing data such as indicator
information in demographic studies and health registries.

Consider the total exposure context to evaluate whether contributions from site
contaminants combined with existing body burdens might exceed levels that are
expected to be safe. For stakeholders desiring a more explicit assessment of
total exposure, to cover chemicals not related to the site, indicate information
resources that can be used to guide such a complementary assessment.
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4. TOXICITY ASSESSMENT OF MULTIPLE CHEMICALS, EXPOSURES AND
EFFECTS

This chapter provides detailed information on the toxicity assessment of multiple
chemicals, exposures and effects, a subset of cumulative risk issues that are described
in Chapters 1 and 2. The goals of Chapter 4 are to

e define cumulative toxicity assessment as conducted in this chapter (Section 4.1);

e summarize existing EPA guidance for conducting toxicity assessments, including
chemical mixtures risk assessments (Section 4.2); and

e expand those ideas to include multiple route exposures at various time frames
(Section 4.7), the value of pharmacokinetic information in evaluating internal co-
exposures (Section 4.3), consideration of secondary and tertiary effects (Section
4.5) and the impact of chemical interactions on cumulative risk (Section 4.6).

Section 4.4 presents a flow chart for the purpose of facilitating and organizing the
analyst’s effort to evaluate toxicity groups for cumulative toxicity assessment. The
approach presented in this chapter provides a method for grouping chemicals by their
potential for joint toxic action as a refined classification of the cumulative exposure
groups (developed in Chapter 3) and then to provide a set of cumulative risk
assessment methods for addressing multiple toxic effects, multiple exposure routes and
toxicological interactions for chemical mixtures. These methods may be used in
cumulative risk assessment in several different ways depending on data availability and
on the goals of the assessment. They may be applied as screening tools (e.g., to
decide whether or not toxicological interactions are of importance for a certain group of
chemicals) or as tools for estimating quantitative risk numbers (e.g., estimating the risk
of an adverse level of cholinesterase inhibition by applying a Relative Potency Factor
[RPF] approach to a group of pesticides). In some cases all of the methods shown in
this chapter might be applied, and in other cases, only a select few methods would be
useful depending on the exposure scenario.

This chapter presents a number of approaches, some of which can be easily
implemented with existing data and published methods and some of which would be
resource intensive in terms of data collection and analysis. They are all shown here in
the interest of advancing the field of cumulative risk assessment and for the purpose of
providing the EPA with data sources and methodology for conducting such
assessments.
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4.1. DEFINING CUMULATIVE TOXICITY ASSESSMENT
Toxicity assessments developed in this chapter in support of cumulative risk

assessments evaluate a population’s potential to develop adverse health effects from

exposures to multiple chemicals through multiple routes of exposure over time. In
addition, such assessments may consider the potential for multiple health effects and
for joint toxic action from multiple route exposures to chemical mixtures. Timing and
intensity of exposures to different chemicals may be evaluated, including the
examination of internal co-occurrence of multiple chemicals and toxicological

interactions in the target tissue(s).

The development of methods in this chapter are narrowly constrained to multiple

chemicals, exposures and effects; thus they will aid the analyst in conducting a

cumulative toxicity assessment, but they may be augmented with additional information

and analyses in order to produce a more comprehensive, community focus, where the
population may be exposed to stressors other than chemicals, potentially from multiple
sources. In addition, information developed during data collection and organization

regarding the population profile may be further incorporated, including considerations
related to vulnerability (i.e., susceptibility/sensitivity, differential exposure, differential
preparedness and differential ability to recover).

4.2. TOXICITY ASSESSMENT

GUIDANCE AND METHODS

The general methods the EPA
uses for toxicity assessment are detailed
in a number of risk assessment guidelines
and guidance documents, as illustrated in
Text Box 4-1. The EPA’s Program Offices
use these various documents to conduct
assessments and also to develop
additional guidance and tools specific to
their respective media and sites.
Information regarding toxicity assessment
and many other aspects of risk
assessment can be found within EPA’s
Web site (www.epa.gov). For example, to
supplement its primary guidance for site
assessments (U.S. EPA, 1989a),

Selected Information Guides for Toxicity
Assessment (Text Box 4-1)

Risk Assessment Guidelines of 1986, including
chemical mixtures, mutagenicity, cancer, exposure
assessment, developmental effects (U.S. EPA,
1986b, 1987)

Risk Assessment Guidance for Superfund

(U.S. EPA, 1989a)

Guidelines for Developmental Toxicity Risk
Assessment (U.S. EPA, 1991a)

Reproductive Toxicity Risk Assessment Guidelines
(U.S. EPA, 1996a)

Guidelines for Neurotoxicity Risk Assessment (U.S.
EPA, 1998b)

Guidelines for Ecological Risk Assessment (U.S.
EPA, 1998c)

Supplementary Guidance for Conducting Health
Risk Assessment of Chemical Mixtures (U.S. EPA,
2000a)

Guidance on Cumulative Risk Assessment of
Pesticide Chemicals That Have a Common
Mechanism of Toxicity (U.S. EPA, 2002c)
Guidelines for Carcinogen Risk Assessment (U.S.
EPA, 2005d)

Supplemental Guidance for Assessing
Susceptibility from Early-Life Exposure to
Carcinogens (U.S. EPA, 2005¢)
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Superfund provides a set of tables to be used as templates for conducting Hl
calculations (online at http://www.epa.gov/oswer/riskassessment/ragsd/tables.htm).
Most of the documents providing risk assessment guidance (see Text Box 4-1)
focus on specific health endpoints such as cancer, mutagenicity, reproductive and
developmental effects and neurotoxicity. These documents can be used in a

cumulative toxicity assessment to evaluate their respective health endpoints; the
resulting information can then be combined using guidance that deals with cumulative
risk issues such as the 2000 Supplementary Mixtures Guidance (U.S. EPA, 2000a) or
the Methodology for Assessing Health Risks Associated with Multiple Pathways of
Exposure to Combustor Emissions (U.S. EPA, 1998a). Guidance also is available for
evaluating toxicological mechanisms of action, including those related to cumulative risk
for pesticide exposures (U.S. EPA, 2002c) and for mechanisms of carcinogenicity (U.S.
EPA, 2005d). The assessment of vulnerable subpopulations is also addressed by
Superfund in their site assessment guidance (1989a). Children are specifically
addressed in a supplemental guidance to the 2005 carcinogen risk assessment
guidelines (U.S. EPA, 2005€). In summary, there are many EPA resources that
describe methods and approaches that can be used to address various aspects of
cumulative toxicity assessments for community-based cumulative risk assessments.

4.2.1. Practices for Evaluation of Toxicity for Various Durations. In toxicity
assessment, Reference Values (RfVs)' are often used as target levels that are
protective of human health. The focus of most site assessments is on evaluating health
effects from chronic exposures. However, shorter-duration exposures can also play a
key role in risk assessments, such as the evaluation of remediation activities at
contaminated sites. For example, health effects are assessed for workers and the
public from short-term exposures to releases associated with cleanup measures, such
as excavation or treatment processes for contaminated materials.

The Risk Assessment Guidance for Superfund (U.S. EPA, 1989a) outlines
approaches for evaluating potential health effects associated with different time frames,
using RfVs developed for exposure duration. More recently, the NRC discussed the
issue of varying exposure durations and selection of corresponding RfVs in its Review
of the Army’s Technical Guides on Assessing and Managing Chemical Hazards to

'Reference Value (RfV): EPA’s estimate of an exposure for a given duration to the human population
(including susceptible subgroups) that is likely to be without an appreciable risk of adverse health effects
over a lifetime. Durations include acute, short-term, subchronic and chronic. EPA develops numerical
toxicity values for the oral RfD and inhalation RfC. (See the Glossary in Chapter 7 for complete
definitions.)

4-3


http://www.epa.gov/oswer/riskassessment/ragsd/tables.htm

Deployed Personnel (NRC, 2004). RfVs have been and continue to be developed for
chronic exposures. However, RfVs for shorter durations are also available for a more
limited number of combinations of chemicals and exposure durations, some of which
might deviate from the assumed constancy of the concentration * time product (see the
glossary in Chapter 7 for complete definitions). Table 4-1 highlights selected, additional
RfVs.

As noted by NRC (1994), chronic RfCs and RfDs can also be examined to
determine if an Uncertainty Factor (UF)? of 10 was applied in the original derivation for
subchronic to chronic extrapolation. In this case, it may be appropriate to multiply the
chronic RfC or RfD by a factor of 10 for evaluating less than chronic exposure durations.
Further, some chronic RfVs may be appropriately applied to shorter exposure durations
(in the absence of an RfV derived for the duration of interest), particularly for chemicals
whose toxicity is more a function of concentration than cumulative exposure. It is
important to discuss the uncertainty or confidence in the values used within a risk
assessment, giving consideration to the correspondence between the context and
exposure duration for which the RfVs were developed and then applied in the risk
assessment and their source and the nature of their RfV development process.

4.2.2. Practices for Evaluating Chemical Mixtures. The EPA evaluates risks from
exposure to chemical mixtures using peer-reviewed Guidelines and Guidance
documents (U.S. EPA, 1986b, 1989a, 2000a) that identify both component-based and
whole mixtures methods. The flow chart from U.S. EPA (2000a), shown in Figure 4-1,
illustrates that the selection of a method (e.g., HI, RPF) depends on the availability and
interpretation of information on toxicological joint action and chemical composition of the
mixture.

Whole mixture methods (e.g., mixture RfDs, RfCs and cancer slope factors)
account for unidentified chemicals in a complex mixture and inherently incorporate joint

% Uncertainty/Variability Factor (UFs): One of several, generally 10-fold, default factors used in
operationally deriving the RfD and RfC from experimental data. The factors are intended to account for
(1) variation in susceptibility among the members of the human population (i.e., inter-individual or
intraspecies variability); (2) uncertainty in extrapolating animal data to humans (i.e., interspecies
uncertainty); (3) uncertainty in extrapolating from data obtained in a study with less-than-lifetime exposure
(i.e., extrapolating from subchronic to chronic exposure); (4) uncertainty in extrapolating from a lowest-
observed-adverse-effect level (LOAEL) rather than from a no-observed-adverse-effect level (NOAEL);
and (5) uncertainty associated with extrapolation when the database is incomplete.
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TABLE 4-1

Selected Reference Values for Different Exposure Durations

Expos_ure Toxmty Vglue or Source Notes
Duration Guideline

Acute 1-day drinking water | EPA Office of Water Based on oral toxicity values derived by

(<24 health advisory http://www.epa.gov/waterscience/criteria/drinking/ | the EPA Office of Water

hours)
Acute exposure National Advisory Committee, National Research | Derived for inhalation exposures for
guideline level Council exposure times ranging from 10 minutes
(AEGL) to 8 hours

Short Acute minimal risk ATSDR Based on oral or inhalation toxicity values

Term level (MRL) (http://www.atsdr.cdc.gov/mrls.html) derived by ATSDR

(1-30 (1-14 days)

days)
10-day drinking water | EPA Office of Water Based on oral toxicity values derived by
health advisory http://www.epa.gov/waterscience/criteria/drinking/ | the EPA Office of Water

Longer Intermediate MRL ATSDR Based on oral or inhalation toxicity values

Term (15-364 days) (http://www.atsdr.cdc.gov/mrls.html) derived by ATSDR

(>30 days

to 7 years)

Chronic Chronic reference Integrated Risk Information System (IRIS) For oral and/or inhalation exposure

(>7 years) | dose and http://lwww.epa.gov/iris/
concentration
Chronic MRL ATSDR Based on oral or inhalation toxicity values
(>1 year) (http://www.atsdr.cdc.gov/mrls.html) derived by ATSDR
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toxic action among chemicals (Figure 4-1).> Dose response assessments based on
tests of whole mixtures or on epidemiologic data determine combined effects
empirically. Examples of these (U.S. EPA, 2007) include (1) RfDs on commercial PCB
mixtures (Aroclors 1016 and 1254) based on primate data and (2) a cancer slope factor
for coke oven emissions based on human occupational exposures.

The usefulness of toxicological data on a whole mixture depends strongly on how
similar the studied mixture is to the environmental mixture of concern (U.S. EPA,
2000a). The fundamental requirement for what is called sufficient similarity is that the
complex mixture that is being considered as a surrogate has roughly the same major
chemical components in approximately the same proportions as the environmental
complex mixture that is being evaluated. Any additional information on toxicological
similarity, i.e., data on similar health effects and dose-response relationships for the two
complex mixtures or their common components, may also be useful in establishing
overall similarity. The EPA’s 2000 Supplementary Mixtures Guidance discusses several
issues with determining toxicological similarity of two complex mixtures (U.S. EPA,
2000a). For example, the RfD, RfC or cancer potency for a complex mixture can be
determined by treating the mixture as if it were a single substance and using the dose-
response data on that substance in the same fashion that single chemical dose-
response data are used. The main challenge for an analyst to ensure that the mixture
composition (relative proportions of the component chemicals) remains fairly constant.

The simplest component-based methods utilize single chemical exposure and
dose response information to form a mixtures assessment and are useful in comparing
mixtures containing the same chemicals but with varied concentrations and proportions.
Component-based methods include those based on assumptions of response addition
(toxicological independence) and dose addition (toxicological similarity). These
methods, however, do not directly address interaction effects among components (i.e.,
effects greater than or less than those observed under a definition of additivity). To
address the latter concern, the Interaction-Based HI method may be applied, using
information on binary (pairwise) interactions among chemicals in a mixture to modify its
HI (see Section 4.6.2 for details on this method). The main toxicological considerations
for the component-based risk assessment methods used by U.S. EPA are then
toxicological independence, toxicological similarity and pairwise interaction.

Dose addition and response addition are fundamentally different methods, relying
on different toxicity assumptions. The two additivity assumptions are briefly described

’It may be noted here that this chapter does not employ the comparative potency or environmental
transformation methods shown in Figure 4-1; thus, they will not be described further.
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in the following text. Extensive discussion of these mixture methods is given in the
EPA’s 2000 Supplementary Mixtures Guidance (2000a).

e Dose addition sums the doses of the components in a mixture after they have
been scaled for toxic potency relative to each other. The predicted mixture
toxicity is determined from this summed dose. Dose addition requires the
component chemicals to be toxicologically similar (i.e., to share a common toxic
mode of action [MOA]). If dose addition is applied using an index chemical to
estimate risk, the mixture components are required to have similarly shaped
dose-response curves for the endpoint being evaluated.

e Response addition first estimates the probabilistic risk of observing a toxic
response for each chemical component in the mixture. Then, the component
risks are summed to estimate total risk from exposure to the mixture, assuming
independence of toxic action (i.e., the toxicity of one chemical in the body does
not affect the toxicity of another chemical). This can be thought of as an
organism receiving two (or more) independent insults to the body, so the risks
are added under the statistical law of independent events.

4.2.2.1. Dose Addition — Superfund site assessments have applied dose
addition in the form of a HI to evaluate sites for indications of health risk (U.S. EPA,
1989a). The Hl is calculated as the sum of HQs for the chemical components of the
mixture. (Note the HI is not dependent on using an index chemical to assess risk, so
the components are not required to have similarly shaped dose-response curves.) An
HQ is typically calculated as the ratio of a chemical’s exposure level to its safe or
allowable level, such that values larger than 1 are of concern. For a group of n
chemicals in a mixture and using the RfD as a safe, allowable level, the HI for oral
exposure is calculated:

n E
Hl=; /?fD,- (4-1)

where:

E; = exposure level of the " chemical

RfD; = Reference dose of the /" chemical.
A similar index for inhalation exposure uses the RfC for the allowable level. The Hl is
usually calculated for groups of chemicals whose effects are observed within a common
target organ. The Hl is interpreted similarly to the HQ: the more HI exceeds 1, the
greater is the concern for mixture toxicity. Note that the HI provides an indication of risk
but is not an explicit risk estimate.

To estimate actual risk, a slightly different approach, also based on dose
addition, uses RPFs for the dose scaling. Because the total dose of the chemicals in
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the mixture is of importance, the chemical components of a mixture are scaled for
relative toxicity to an index chemical and then summed to produce a total index
chemical equivalent dose. In this method, the total index chemical equivalent dose is
evaluated using the index chemical’s dose response curve to estimate risk (see Section
4.7.1.2 for details). Note that the toxicity equivalence factors (TEFs), developed for
dioxin assessment, are a special case of the RPF approach (U.S. EPA, 1989b).

As an expression of dose addition, the formula for HI has three important
uncertainties (U.S. EPA, 2000a):

1) The assumption of common MOA might not apply because only commonality of
the target organ is considered.

2) The use of a safe level, such as a lower bound on the toxicity threshold, might
not be an accurate measure of toxic potency. Weak toxicity data usually result in
a lower safe level because of larger uncertainty factors or use of lower
confidence bounds on dose.

3) The use of RfDs as safe levels may result in an overestimate of the degree of
concern because the RfD is based on one critical or most sensitive effect. Thus,
when a chemical causes multiple effects and is to be included in more than one
HI calculation, the general use of its RfD is problematic. A solution is to generate
Target organ Toxicity Doses (TTD) (derived for each target organ of concern
using RfD methodology for noncancer endpoints only) for use in target organ
specific HI calculations (Mumtaz et al., 1997; U.S. EPA, 2000a).

Appropriate interpretation of the HI requires detailed understanding of the
individual chemical's dose-response curves, the nature and commonality of the toxic

effects and the quantitative relationship between the effect of concern and the critical
effect.*

4.2.2.2. Response Addition — Toxic effects described by the proportion of
exposed animals showing toxicity are often determined for mixtures using response
addition. For example, the probabilistic risk of cancer in a given dose group is typically
estimated by the proportion of responders in that group. Total cancer risk is then
estimated for a mixture by summing the individual cancer risks for the carcinogens in
the mixture (U.S. EPA, 1989a). This calculation is derived using the statistical law of
independent events, where, for a two chemical mixture, the mixture risk (Rn) is equal to
one minus the probability of not responding to either chemical 1 (ry) or chemical 2 (r»):

“The critical effect is defined as the first adverse effect, or its known precursor, that occurs to the most
sensitive species as the dose rate of an agent increases.
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R, =1-(1-r,)*(1-r,) (4-2)
Simplification of this equation shows that R, is the sum of the risks for chemical 1 (r¢)
and chemical 2 (r2) minus the probability that the toxic event from exposure to chemical
1 would overlap in time with the toxic event from exposure to chemical 2, as expressed
in the following equation:

R_=r +r,—(r,xr,) (4-3)

When risks are very low, the subtracted term is so small that its impact on R, is
negligible (e.g., for ry =0.01 and r>, = 0.02, R»:= 0.01 + 0.02 — 0.0002 = 0.0298 or
~0.03); thus, low risks can simply be summed. Risks are appropriately aggregated for
cancers across various target organs because the result is interpreted as the risk of any
cancer, and the cancers from each chemical component are considered to be
independent events in the body.

The applicability of both dose addition and response addition can be evaluated
by appropriate toxicity testing that produces dose-response data for the whole mixture
and its component chemicals. Any use of the additivity formulas to obtain estimates of
mixture toxicity extrapolated beyond the range of actual mixture data are typically
accompanied by a description of the evidence supporting the additivity assumptions,
i.e., commonality of toxicity for dose addition and toxicological independence for
response addition.

4.2.3. Old, New and Enhanced Approaches for Cumulative Toxicity Assessment.
Cumulative risk assessments add layers of complexity to evaluation of chemical
mixtures. Figures 4-2a and 4-2b take the concepts developed in Figure 4-1 and expand
them by presenting both established methods along with new or enhanced methods that
may be used to evaluate various aspects of cumulative risk. For example, Figure 4-2a
shows the same development of toxicity values (i.e., RfDs, RfCs and slope factors) as
presented before for whole mixtures and sufficiently similar mixtures, but Figure 4-2a
now includes additional epidemiologic evaluations that may be conducted when
illnesses in the population initiates a cumulative risk assessment (discussed in

Section 2.5). Figure 4-2b also maintains previously used component-based chemical
mixtures methods (i.e., RPFs, HI, Response Addition and the Interaction-Based Hl), but
several other approaches are also reflected in this figure, and these will be presented
and discussed later in this chapter. Further, Figure 4-2b handles not only toxicologically
similar and dissimilar mixtures, but the figure also addresses mixes of these, as well as
addressing the case of multiple toxicological effects. Finally, additional methods are
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discussed that include the use of PBPK models to estimate internal doses of chemicals
and examine the potential for toxicological interactions.

4.3. TOXICOLOGY OF INTERNAL CO-OCCURRENCE

This section communicates the importance of understanding tissue dosimetry of
compounds, as opposed to understanding the human exposure to them in the
environment. Toxicity is a function of the contact between a contaminant chemical and
its biological receptor, located in target tissues. Because of the complex nature of
biochemical and physicochemical factors governing chemical disposition in the body,
measures of environmental contact are insufficient to completely describe internal
disposition of chemicals in the human body and the temporal description of the toxic
sequella, including events that may modify the internal dosimetry of subsequently
encountered contaminants. At present, there is no EPA guidance on best practices of
this type of activity, though several related efforts are underway.

Toxicity assessment involves understanding and mathematically describing the
relationship between exposure (dose) and effect (response). This relationship may be
quantified at several levels of specificity (Figure 4-3). At its most fundamental level, the
end result may only be hazard identification: the ability to link an exposure with an
adverse outcome, where the data are insufficient to inform an understanding of the
dose-response relationship. The next level of detail involves knowledge of the
concentration encountered in the environment, or in the cases of most toxicity studies,
the administered (not the internal) dose. Increasing the level of sophistication requires
knowledge of the internal dose of the parent compound and is the first level at which
consideration of pharmacokinetic principles must be employed. The final two levels of
complexity require solid understanding of pharmacokinetic conditions and allow the
internal dose to be translated first to concentrations of the parent compound in the
target tissues and ultimately to concentrations of the toxicologically active chemical
species (parent or metabolite) in the target tissue. This final level of specificity requires
knowledge of whether the compound is toxic in its parent form or as a metabolite. Thus,
doses, and specifically internal doses, may be considered at different levels of
specificity; each is useful and differentially resource-intensive.

Metabolites can have a different, or even opposite action, from the parent
compound, further complicating an assessment. For example, Gierthy et al. (1997)
report that the PCB 3,4’,5-trichlorobiphenyl shows antiestrogenic activity in an in vitro
assay, whereas its hydroxylated metabolite shows strong estrogenic activity. As more
is learned about mixtures of the same general class (e.g., dioxins/furans, PCBs,
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polybrominated diphenyl ethers, and toxaphene) and their specific biological effects,
further refinements may be incorporated into an assessment.

Because of the compound-specific nature of their disposition in and elimination
from the body, not every compound contained in the same contacted environmental
medium will remain in the tissues of the body for the same duration. Thus, for one
chemical, a given exposure may result in prolonged retention and protracted tissue
exposure whereas a different compound encountered in the same environmental
medium may be quickly eliminated following exposure. The toxicity analysis
summarizes information demonstrating the biological longevity of contaminants to
determine potential overlap of tissue concentrations (Figure 4-4, also discussed from an
exposure perspective as Figure 3-13 in Chapter 3), again focusing on doses or
exposures most similar to the anticipated environmental exposure. Compounds
encountered at the same time from different media and through different routes may
have similar or markedly different internal exposure profiles, depending on the
compound. It is important to relate either of these situations to the potential for
overlapping internal dose as each defines a concurrent exposure. Information on the
tissue dosimetry of single chemical exposures and information identifying sensitive
tissues/organs and interaction with key biochemical machinery (whether related to
metabolism/excretion or cellular function) are combined to allow a more complete
evaluation of interactions among mixture components leading to changes in internal
exposure duration. Thus, there are advantages of evaluating exposures at the tissue
level rather than at the level of the environmental contact.

Biological effects can continue even after the chemical is removed from the
system. Persisting biological and/or biochemical effects can have multiple effects
including those based on chemical distribution and tissue effects. These effects can
relate to subsequent exposures to the same chemical, or other chemicals, depending
upon the extent to which multiple chemicals interact with the same biochemical
machinery. For example, exposure may induce, or increase the liver’s content of an
enzyme (Figure 4-5, also discussed from an exposure perspective as Figure 3-14 in
Chapter 3). This can result in increased bioactivation and detoxication potential when
that enzyme is responsible for the metabolism of additional encountered compounds
(Figure 4-6). In this example (top panel), chemical A induces the expression and
subsequent metabolic capacity of the enzyme responsible for metabolizing (here,
hydroxylating) not only chemical A, but chemical B as well. With the increase in
metabolic capacity (lower panel), increased metabolism may result in a higher toxic
potential when metabolism results in a bioactivation process or lower toxic potential
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I Time
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condition known as flow-limited
metabolism), further increases in
) Conceptual lllustration of Persistence of Mixture Components

metabolic capacity, e.g., through
enzyme induction does not always increase chemical metabolism in vivo (Kedderis,
1997; Lipscomb, 2003, 2004). When metabolic capacity of the liver already surpasses
the rate at which a chemical may be delivered to the liver via hepatic blood flow (a
condition known as flow-limited metabolism), further increases in metabolic capacity
(e.g., through enzyme induction) will

not increase the rate or extent of
chemical metabolism. The extent
and duration of persistent biological
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Enzyme Induction
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effects is determined, and its impact
on the toxicity of other compounds is
investigated on a compound by

compound basis A A-OH
P ’ ~—— ) Increased
The timing of compound Increased Metabolism ———— petoxification
. - or Bioactivation
exposure and the duration of B B-OH
FIGURE 4-6

biological effects is to be carefully
considered. One well known Conceptual lllustration of Effects of Metabolism on Toxicity
initiation-promotion chemical interaction occurs when the prior events associated with
the toxicity of benzo[a]pyrene (DNA damage) persist beyond the chemical’'s residence
time on the body. These effects are transformed into tumors by the subsequent
exposure to a second compound, TPA (see Text Box 3-11). Tumors are not produced
when the sequence of the exposures is reversed. This is due to the short biological
residence time of TPA (compared to B[a]P) and the short biological persistence of
TPA’s effects. Mehendale and colleagues provide another example of the biological

effects persisting beyond chemical residence time (Mehendale, 1995; Soni et al., 1999).
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Their results demonstrate that low levels of tissue damage can result in stimulations of
cellular repair, which are themselves protective against subsequent chemical exposure
and insult occurring during the time of increased repair. Co-exposure to agents that
inhibit repair capacity (e.g., chlordecone) potentiates the toxicity of the original
compounds at least during the time that the biological effect (inhibition or repair)
persists. This information is summarized and considered as the toxicity assessment
proceeds through the evaluation of chemical interactions.

4.3.1. Use of Internal Doses in the Hazard Index. Internal dose measurements are
becoming more common in chemical mixtures risk assessment and have been applied
in the calculation of the HI and to investigate the potential for pharmacokinetic
interactions among the chemical constituents (Haddad et al., 1999, 2001). In Haddad et
al. (2001), the authors use PBPK models to calculate an interaction-based HI using
tissue doses that account for “multiple pharmacokinetic interactions occurring among
the mixture constituents.” The equation used for a mixture of n chemicals is:

Hi

Interaction—based

=N TM, /TR, (4-4)
i=1

where:

TM; =tissue dose of the i mixture constituent estimated by the PBPK model for
the human exposure level

TR; =tissue dose of the i mixture constituent estimated by the PBPK model for
a human “safe level.”

The authors compared the interaction-based HI computed for central nervous system
effects using Equation 4-4 with the conventional HI (computed using internal doses)
over a range of exposure concentrations for different mixtures of dichloromethane,
benzene, toluene, ethylbenzene and m-xylene, showing greater than additive effects at
the higher total dose levels of the mixture. Such uses of PBPK models can improve the
way chemical mixture risk assessments are conducted.

44. CHEMICAL MIXTURES GROUPING AND TOXICITY ASSESSMENT SCHEME
The object of grouping chemicals for toxicity assessment is to take advantage of
established chemical mixtures risk assessment approaches that rely on groups made
up of individual chemicals that act through a common toxic mode of action or,
conversely, are toxicologically independent of one another (while sharing a common
toxic endpoint). In cumulative risk assessment, the initial four exposure categories
group chemicals by exposures in the same or different media and at the same or
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different point in time (see Section 3.5.2.2). This chapter begins with those rough
exposure groupings and further evaluates them to form revised groups based on
toxicological similarity based on common mode of action or, in cases where data are
sparse, on common target organ. A systematic approach is presented to evaluate
these chemical groups using cumulative risk assessment methods.

Grouping chemicals by the potential for co-occurrence and joint toxic action is a
key simplifying concept for the conduct of cumulative risk assessments. Chemical
components of mixtures can be screened for inclusion in a cumulative risk assessment
using the elements of component-based methods. Figures 4-7a, 4-7b, 4-7c and 4-7d
outline a process for classifying chemicals into groups suitable for analysis and then
applying the methods shown in Figures 4-2a and 4-2b. These steps are

1) Figure 4-7a (same as Text Box 3-10) — Classify all chemicals of concern
into initial groups by their potential to occur in the same or different media
and at the same or different time. (See Chapter 3 for details on exposure
assessment; Section 3.3.2.2 for information on exposure grouping.)

2) Figure 4-7b — Divide these exposure/time groups further into subgroups in
which chemicals are thought to cause toxicity by the same mode of action
or affect the same target organ. Include all target organs or effects for
which positive evidence exists of adverse health effects. An initial step
here is to collect toxicological and pharmacokinetic data on each of the
individual chemicals to be considered in the risk assessment. Factors to
consider in forming these toxicity groups include pharmacokinetic
parameters, persistence of the chemicals in the body and the formation of
metabolites. Note that common toxic mode of action is the preferred way
to categorize chemicals into groups for analysis of combined toxicity.
However, when such data are not available, common target organs can be
used, but with less confidence in the results. A discussion of the data and
decisions used to group chemicals is included in the risk characterization.

3) Figures 4-7c and 4-7d — Assess the toxic potential of the chemicals/whole
mixtures of concern using methods in Figures 4-2a and 4-2b. Figure 4-7c¢
shows a flow chart that first evaluates the whole mixtures and single
chemicals for toxicity potential, ensuring that those with the greatest
potential to cause toxicity are maintained in the cumulative risk
assessment. Then, the chemical groups formed in Figure 4-7b are
evaluated for joint toxicity, addressing multiple effects, interactions and
exposure routes; these groups are then screened into or out of the
cumulative risk assessment. Figure 4-7d provides additional detail on the
processes shown in Figure 4-7c¢, indicating the methods and outputs from
this data analysis.
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Chemical Groupings by
Co-occurrence in Media/Time
Media
Time Same Different
Same Group 1 Group 3
Different | Group2 | Group 4
FIGURE 4-7a

Chemical Grouping by Co-occurrence in Media and Time

Exposure Groups

B;;:::sr:f Same Media; Sfame Med_ia; Differenf[ Media; D!fferent Media;
Same Time Different Time Same Time Different Time
Group
Consider Similar effects Similar effects or Similar effects or Similar effects or
These or metabolites metabolites; Body | metabolites; metabolites; Body
Factors to burden; Pharmacokinetics; | burden,
Form Persistence of Multi-route Pharmacokinetics;
Toxicity effects exposures Persistence of effects;
Groups Multi-route exposures

Chemicals in Exposure Groups (Above) Further Grouped Based on Similar Toxicity

Kidney Group 1,1 Group 2,1 Group 3,1 Group 4,1
Liver Group 1,2 Group 2,2 Group 3,2 Group 4,2
Lung Group 1,n Group 2,n Group 3,n Group 4,n

FIGURE 4-7b

Chemical Groupings by Common Target Organs and Effects. Each exposure group is
subdivided based on commonality or overlap of toxic effects, metabolic pathways or

tissue concentrations. Chemicals are retained for assessment if information exists on
their toxicological interactions.
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Component or
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Any HQ>1 or
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Or Exceeding of
Public Health
Levels?

Apply Component Mixture Risk Assessment No
Whole Methods to Toxicity Group(s) Continue with
Mixture l Group(s) Yes
Optional Evaluation of Multiple Effects —
Apply Whole .
Mixture Risk C’:‘]‘;%isc'gg‘io
Assessment i i i
e Optional Evaluation of Multiple Route Exposures Cuml_JIative
to Toxicity Asssszl:nent
G
roup(s) Optional Evaluation of Interaction Effects —

Any HI>1,
Health Risks >10°,
Odds Ratios >1?

Screen out Group(s)
from Cumulative
Risk Assessment

Conduct Cumulative Risk
Assessment for Single J‘

Chemicals and Group(s)

FIGURE 4-7¢c

Grouping Chemicals for Cumulative Risk Assessment. The mixture risk methods are applied to each group, with
“concern” judged by the appropriate screening value (e.g., mixture RfD for whole mixture oral exposure). Groups can be
screened out only if both whole mixture and component methods indicate no concern.
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Apply Component Mixture Risk Assessment
Methods to Toxicity Group(s)

Optional Evaluation of Multiple Effects
Methods: Multivariate Modeling (e.g., Categorical
Regression, Multivariate Normal Linear Regression)
Outputs: Use Results in Hazard Index or Response Addition

Apply Whole Mixture Risk Assessment Methods to
Toxicity Group(s)

Methods: Calculate Mixture RfD/C or Estimate
Risks, Conduct Epidemiologic Study
Outputs: HQ, Risk Estimate, Odds Ratios or Other
Epidemiologic Relative Risks Measures

Optional Evaluation of Multiple Route Exposures
Methods: Cumulative Hazard Index (CHI),
Sum of Risks from Route Specific RPF’s,
Cumulative Relative Potency Factors (CRPF),
PBPK Model Estimates of Internal Doses;
Outputs: Use Results to Indicate Risk Potential (CHI)
or Estimate Health Risks (CRPF, PBPK, RPFs)

A 4

Optional Evaluation of Interaction Effects
Methods: Locate Interactions Data (e.g., ATSDR
Interaction Profiles, ARCOS & MIXTOX Databases,

Journal Articles on Toxicological Interaction Studies);
Outputs: Use Results to Qualitatively Assess Potential
Interactions or Calculate the Interaction-Based Hazard Index

4 I
Outputs:
Risk Indicator
of Concern? Screen out
e.g., CHI, Hil or No Group(s)
— Hine > 1, from Cumulative
Qualitative Risk Assessment
Judgment of
Interaction
Potential
Conduct
Cumulative
Risk Assessment
v for Single
4 I Yes Chemicals
Outputs: and Group(s)
Risk Estimate —
of Concern?
—»  e.g., Health — h
Risks >10, Conduct Thorough
Elevated Risk Characterization,
Odds Ratios Uncertainty Analysis
N / J

FIGURE 4-7d

Grouping Chemicals for Cumulative Risk Assessment (cont). Specific mixture risk methods are applied depending on
which multiples are being evaluated, with “concern” judged by the appropriate screening value as determined during the
Problem Formulation phase of cumulative risk assessment.
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4.4.1. Chemical Groupings by Common Effects. The groupings developed in the
exposure analysis (Figure 4-7a) categorize multiple chemicals into groups comprised
roughly of exposures in the same or different media at the same or different exposure
time (see Section 3.3.2.2). Note that many exposure groups could be formed when
multiple exposure media and timeframes are found to be important to the assessment.
Figure 4-7b shows that for each media/time combination, the occurring chemicals are
grouped by common target organ or effect, which does not necessarily imply a common
toxic mechanism or MOA. Because the exposure scenarios vary with media and time,
factors relating to exposure routes and fate within the body are then considered to
further refine the subgroups for the toxicity assessment (see Figure 4-7b). Through
consultations among exposure analysts and toxicity analysts, several different
groupings can be developed based on available exposure and toxicity data. In addition,
most chemicals are likely to end up in several different groups because they can exist in
more than a single medium, and they cause more than one toxic effect in different target
organs. (Text Box 4-2 discusses the availability of EPA toxicity information beyond IRIS

values for use in the cumulative toxicity assessment.)

An example of the grouping process
can be seen using the information shown in
Figures 4-8 and 4-9. In Figure 4-8, several
organ systems are represented (i.e., the
nervous, renal, cardiac, developmental,
respiratory systems), with specific target
organs indicated in the second row. The
third and fourth rows list chemicals causing
primary or secondary effects in those
systems, respectively (see Tables B-1 and
B-3 of Appendix B for chemical toxicity
information). A primary effect is the adverse
effect observed at the lowest dose on the
dose-response relationship developed for
each adverse effect noted from single
chemical exposures. Secondary effects can
be thought of in several ways: effects
mediated by chemical metabolites, effects

Target Organ Toxicity Doses (TTDs)
(Text Box 4-2)

The EPA’s IRIS database generally derives
an oral RfD based on a single critical effect
(i.e., the first adverse effect, or its known
precursor, that occurs to the most sensitive
species as the dose rate of an agent
increases) for a single chemical. Thus,
cumulative toxicity assessments using
secondary effects require the development of
additional dose response information beyond
readily available EPA values. EPA (2000a)
suggests the development of TTDs for use in
these situations. TTDs are developed for
secondary effects using the same
methodology as applied in the derivation of
an RfD (Mumtaz et al., 1997). At this point in
time, the TTD methodology has only been
proposed for noncancer endpoints and for
oral exposures. TTDs can then be used in
HI calculations instead of using an RfD to
represent a safe level for all target organs.
The alternative is to use the IRIS RfD
regardless of target organ, resulting in a
likely overestimation of the HI.

that follow from chemical insult but do not result in adversity (e.g., enzyme induction), or
adverse effects that occur at doses higher than those producing the critical effect.
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Organ
System

Specific
Target
Organ

Chemicals
Causing
Primary

Effects

Chemicals
Causing
Secondary
Effects

Sources:

FE—

Cd, Hg, Ni TCE,
i, As
Hg_i_ggB, Ni, TCE, TCE BDCM CrVvi
BDCM, U PCB
Cd,U Cr Vi
As, CCI T ’
H’g Ni4, CCI4! CI' VI, Cd, cr, Hg, Ni, g:: cll,
3 J ’
DCA, TCE Hg, TCE Hg, Hg DCA, Hg, Ni
TCE TCE
o As = Arsenic (inorganic)
Municipal Waste Combustor: Hg, Cd BDCM = Bromodichloromethane
Fish Consumption: Hg, PCB Cd = Cadmium
Drinking Water Disinfection By-Products (DBPs): BDCM, DCA CCl, = Carbon tetrachloride
Source Water Contaminants: TCE, Ni, As, CCl,, Cr Crlll = Chromium Ill (insoluble salts)
Contaminated Groundwater: U CrVI = Chromium VI
Temporary Combustor for Site Remediation: Cd, Cr, Ni DCA = Dichloroacetic Acid
Hg = Mercury (based on mercuric chloride)
Ni = Nickel (soluble salts)
PCB = Polychlorinated Biphenyls (Arochlor 1016)
TCE = Trichloroethylene
U = Uranium (soluble salts)
FIGURE 4-8

Information on Primary and Secondary Effects Linked with Hypothetical Exposure Sources to
Show Example Chemical Groups
(see Appendix B, Tables B-1 and B-3 for chemical information sources)
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Exposure Groups

E.
)g’)':z:t.'e Same Media; Same Media; Different Media; Different Media;
] Same Time Different Time Same Time Different Time
Exposure | Air: Daily Drinking Water: Drinking Water: Air: Short Term
Scenarios: | Exposure to Acute Accidental Daily Exposure to Exposure to

Municipal Waste
Combustor
Emissions

Air: Daily
Inhalation
Exposure to
Disinfection By-
Products via
Showering

Exposure to
Source Water
Contaminants

Drinking Water:
Exposure to
Uranium
Contaminated
Ground Water,
Years Later

Disinfection By-
Products via
Ingestion and
Showering

Fish: Daily
Exposures via
Local Fish
Consumption

Emissions from
Temporary
Combustor

Drinking Water:
Acute Accidental
Exposure to Source
Water
Contaminants,
Months Later

Chemicals in Exposure Groups (Above) Further

Grouped Based on Similar Toxicity

Kidney Hg, Cd, BDCM Ni, TCE, U, Cr Hg, BDCM Cd, Ni, TCE, Cr
Brain Hg, DCA TCE, As, Ni, CCl, Hg, DCA, PCB TCE, As, Ni, CCl,
Fetus Hg, BDCM, DCA TCE, Ni, Cr Hg, BDCM, DCA, TCE, Ni, Cr
PCB
Heart Hg, Cd TCE, Ni, As, Cr Hg Cd, TCE, Ni, As, Cr
Lung Hg Ni, Cr Hg Ni, Cr
FIGURE 4-9

Hypothetical Example of Chemical Groupings by Co-occurrence in Media and Time, Similar Toxicity
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Following these rows is a list of six hypothetical exposure sources under consideration
for a cumulative risk assessment and a list of the associated contaminants to which the
population is exposed. This information is then used to form initial toxicity groups in
Figure 4-9, which begins by setting up hypothetical exposure scenarios for each
combination of same/different media and same/different time. The target organ specific
toxicity groups in Figure 4-9 are developed by distributing the chemicals associated with
the hypothetical exposure sources (Figure 4-8) into the five bottom rows that designate
specific target organs, according to the combinations of these sources shown in the
media/time exposure scenarios. In this way, contaminants that are expected to co-
occur in media and time are grouped by common target organ for analysis. For
example, in the first column, the population is exposed via inhalation to municipal waste
combustion emissions and drinking water DBPs through showering, so the chemicals
associated with these two sources are grouped by common target organ.

4.4.2. Refinement of Toxicity Groups. Once these initial groups are formed, then
several other factors are accounted for before the groups are subjected to a risk
assessment procedure. At this point, the chemicals within each group do not
necessarily act by the same toxic mechanism or mode of action and have not been
considered yet in terms of whether the exposure levels are within ranges that may
cause toxicity, additive joint toxic action or toxicological interactions. These groups are
refined using considerations of appropriate exposure routes, timing of exposures and
effects, persistence of chemicals within the body and the potential for joint toxic action.
This refinement results in final chemical groupings that are ready for analysis using
chemical mixture risk assessment methods. The following issues are considered:

e Given the exposure routes and health effects of concern, are the chemicals in the

toxicity groups appropriate?

Example: For the Same Media/Same Time exposure scenario, DCA is a non-
volatile DBP that would not volatilize, but would be found in aerosol (water
particles) during showering. Because of the relatively low level of exposure via
inhaled aerosols during showering, it could be removed from the toxicity groups.
Also, BDCM is known to cause renal effects via inhalation, but the toxicity data
on fetal loss are from oral exposures, with no developmental data available for
inhalation exposures; thus, because of the potential for a large inhalation
exposure to BDCM during showering and because fetal loss is a severe effect, it
would be reasonable to retain BDCM in the “fetus” grouping, but this uncertainty
is then discussed in the Risk Characterization phase.
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Do data exist on toxicological interactions between chemicals in the groups that
would raise concerns for increased (or decreased) toxicity from the joint
exposure?

Example: Data exist that show a synergistic interaction effect in the brain for joint
exposures to TCE and CCls (ATSDR, 2003a). This relationship is only
documented for this one toxic effect. It is reasonable, however, to keep both
chemicals listed within all toxicity groups when the exposure scenario indicates
they will co-occur. Thus, in Figure 4-9, both TCE and CCl4s would be added to all
toxicity groups under exposure scenarios involving the contaminated ground
water source.

Are there metabolites that should be added to the groups and, if so, should the
parent compound be retained or removed?

Example: Although this exposure scenario is not shown in Figure 4-9, suppose a
same media/same time scenario involves co-exposures to the DBP, DCA and the
source water contaminant, TCE. Because DCA is a metabolite of TCE in the
body and both chemicals are known to cause effects in the brain, exposures to
both chemicals could result in elevated levels of DCA for consideration in the risk
assessment. If it cannot be determined whether or not TCE would still be
present or instead be completely metabolized, it may be reasonable to also retain
TCE in the risk assessment, but this uncertainty is then noted in the Risk
Characterization discussion.

When the population is exposed to sources at different times, do the chemicals
from the first exposure remain in the body long enough to be of concern when
the second exposure occurs?

Example: The potential for toxic interactions of Cd and TCE on the
cardiovascular system may be based on direct interactions in the heart itself, and
by additional, indirect, effects of Cd and TCE on kidney function related to blood
pressure regulation. Both TCE and Cd are readily absorbed into the body. TCE
is eliminated from the body with a half-life measured in hours, whereas Cd is
eliminated from the body with a half-life measured in decades; thus an earlier
exposure to Cd may result in persistent body burdens, and internal co-exposure
with TCE in tissues. The tissue concentrations and the effects of Cd in the heart
and kidney may persist beyond the initial exposure period, making these organs
more susceptible to the injury produced by TCE.

When the population is exposed to sources at different times, do the health
effects resulting from the first exposure last long enough to be of concern when
the second effect from the subsequent exposure occurs?

Example: As shown in Text Box 3-10, benzo[a]pyrene (BaP) and TPA are an
initiator/promoter pair. TPA does not have a tumorigenic effect in mouse skin
assays, but when it is applied after initiation with BaP tumorigenic activity is
greatly enhanced (Verma et al., 1985).
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Figure 4-10 illustrates a few of the changes (not comprehensive) that would be
made in Figure 4-9 based on the points raised in this section. Considerations of body
burden, pharmacokinetics, exposure route, persistence of effects, metabolites and
multi-route exposures may be used to alter and refine the toxicity groups. When the
groups are finalized then the analyst can move forward to conducting the cumulative
toxicity assessment.

4.4.2.1. Uncertainties and Data Gaps in Grouping Chemicals — The amount
of data needed for grouping chemicals and analyzing risks for cumulative risk
assessment may be significant, particularly when multiple toxic effects and exposure
routes are of concern. However, lack of data for certain chemicals or exposure
durations is not unique to cumulative risk assessment. Furthermore, uncertainty due to
extrapolations (e.g., from animals to humans), potential variability in response due to
differential susceptibility of some individuals or subgroups, and knowledge gaps, are
incorporated into IRIS or other (e.g., AEGL) reference value determinations. Options for
addressing uncertainties associated with extant toxicity values as well as uncertainties
associated with lack of toxicity values for key chemicals (i.e., data gaps) are similar to
those used in site risk assessments conducted under existing guidance. EPA (e.g.,
U.S. EPA, 1989a), NRC (e.g., NRC, 1994) and OMB (2006) clearly state the importance
of providing a full and open discussion of uncertainties in a risk assessment, including
identification of the sources and magnitude of uncertainty associated with the risk
estimates. For chemicals that are critical to an analysis, EPA (or other agencies) can
be asked to develop toxicity values for the route of exposure(s) and exposure
duration(s) of interest. For cumulative assessments, it is also important to assess
secondary effects, i.e., those seen at doses above that producing the critical effect on
which the standard toxicity value is based. Toxicity values can be derived if the
underlying toxicity studies needed to complete the evaluation are available. In the
absence of an adequate toxicological database, expert judgment may be used, along
with quantitative structure activity analysis, with associated identification and
characterization of uncertainty. Finally, as a long range strategy, chemicals may be
prioritized for toxicological testing.

4.4.3. Cumulative Toxicity Assessment Scheme. After the joint exposure and target
organ groups are determined, the toxicity assessment for each group can then follow
the schematic shown in Figure 4-7c. This flow chart begins in the same way as Figure
4-2a and 4-2b in that the risk analyst examines the available data for toxicity information
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Exposure Groups

Exposure Group:

Same Media;
Same Time

Same Media;
Different Time

Different Media;
Same Time

Different Media;
Different Time

Exposure
Scenarios:

Air: Daily Exposure to
Municipal Waste
Combustor Emissions

Air: Daily Inhalation
Exposure to Disinfection
By-Products via
Showering

Drinking Water: Acute
Accidental Exposure to
Source Water
Contaminants

Drinking Water:
Exposure to Uranium
Contaminated Ground
Water, Years Later

Drinking Water: Daily
Exposure to Disinfection
By-Products via Ingestion
and Showering

Fish: Daily Exposures via
Local Fish Consumption

Air: Short Term Exposure to
Emissions from Temporary
Combustor

Drinking Water: Acute
Accidental Exposure to
Source Water Contaminants,
Months Later

Exposure-Toxicity Groups Refined Based on Interactions, Metabolites,

Exposure Routes

Kidney Hg, Cd, BDCM TCE, Ni, U, Cr, Hg, BDCM Cd, TCE, Ni, Cr,
CClz2 CClz2
Brain HgP TCE, As, Ni, CCl,, Hg, DCA, PCB TCE, As, Ni, CCl,,
DCAc DCAc
Fetus Hg, BDCMp TCE, Ni, Cr, Hg, BDCM, DCA, TCE, Ni, Cr, CCl 2,
CCl,2, DCAc PCB DCAc
Heart Hg, Cd TCE, Ni, As, Cr, Hg Cd, TCE, Ni, As,Cr,
CClz2 CCl,2
Lung Hg Ni, Cr Hg Ni, Cr

2 CCl, added to account for potential interaction effects between CCI, and TCE.

b DCA removed because it is not a volatile compound; inhalation exposures are not a concern.

¢DCA added as a metabolite of TCE.

FIGURE 4-10

Examples of Toxicity Group Refinements
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on the whole mixture and on the mixture components. The whole mixtures and single
chemicals are first evaluated for toxicity potential; those with the greatest potential to
cause toxicity are maintained in the cumulative risk assessment. The whole mixtures
may be evaluated according to the methods in Figure 4-2a (Section 4.3.3.1). Then, for
the toxicity groups in Figure 4-9, it is not likely that toxicity data would be available for
those specific chemical combinations, so the risk analyst would follow the flow chart in
Figure 4-2b for evaluation of component data. Initially, if data are available for each of
the single chemicals in a toxicity group, then the single chemical hazard quotients and,
if applicable, cancer risks are calculated. Public health levels for these chemicals are
also collected and checked against environmental levels. If calculations show any HQ
>1 or cancer risk >107° or if a public health level is exceeded, then that single chemical
is designated to remain in the cumulative toxicity assessment. (It is not removed from the
toxicity group.) The next step is to apply the component-based chemical mixture risk
assessment methods (flow chart in Figure 4-2b) to each toxicity group, using the Hi
(Section 4.2.1), response addition (Section 4.2.1) or RPF (Section 4.7.1.2) approaches
as appropriate, according to the judgments made regarding toxicological similarity of the
component chemicals (see U.S. EPA, 2000a, for details on applying these methods).
Finally, the optional quantitative methods detailed in Figure 4-7d may be undertaken to
evaluate multiple effects (Section 4.5), toxicological interactions (Section 4.6) and
multiple route exposures (Section 4.7). If quantitative data are not available to conduct
the analysis, but qualitative toxicity information exists, then some qualitative discussion
of these issues may be possible. If none of these mixtures assessments raises concern
for population health risks, then the toxicity group may be screened out of the
cumulative toxicity assessment. Otherwise, the risk analyst retains both the toxicity
group(s) and the single chemicals with elevated HQs, cancer risks or public health
levels, as well as any whole mixtures that may have the potential to cause toxicity and
finalizes the cumulative risk assessment, including a complete Risk Characterization
(Chapter 5).

4.4.3.1. Evaluation of Whole Mixtures Data—\When data on the toxicity group as a
whole mixture are available, the risk assessment can use that information to estimate
health risks for the toxicity group. Also, within the toxicity group, there may be a
complex mixture with a chemical composition that is not fully characterized (e.g.,
complex disinfection by-product mixtures typically contain ~50% of unidentified total
organic halide material). Toxicity may be estimated for the whole mixture as shown in
Figure 4-2a (see procedure in Text Box 4-3) and compared with environmental
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exposure levels. For example, an
RfD can be calculated for the whole
mixture (RfDp) as shown for the
general case and compared to the
IRIS value for Araclor 1016 in Figure
4-11. The Arachlor 1016 RfDy,
represents that particular PCB
mixture and could be used in the
cumulative toxicity assessment as a
surrogate value for the PCB exposure
via fish consumption with the relevant
toxicity groups for effects in the brain
and fetus. Returning to Figure 4-7c, if
the whole mixture toxicity is shown to
be of concern, then it remains in the
cumulative toxicity assessment.

Procedure for Estimating Whole Mixture Toxicity
Values (Text Box 4-3)

1) Collect and Evaluate Data
Epidemiology/human data preferred, supporting
toxicology data
2) Evaluate Stability within a Mixture
Variability in components and their relative
proportions
3) Assess Sufficient Similarity Across Mixtures
(if applicable)
Similarity across mixtures’ components and relative
proportions
Similar toxicity of two mixtures or of common
components
Common sources or produced by similar process
4) Conduct Dose-Response Assessment
Use same procedures as for single chemicals (e.g.,
RfD, slope factors)
5) Characterize Uncertainties
Relevance of health effects data to environmental
exposures
Stability of the mixture and environmental fate
(U.S. EPA, 2000a)

4.4.4. Evaluating Subpopulations. Information on vulnerable subpopulations may be
collected and included in the cumulative risk assessment when such information is
available. An extensive treatment of how to incorporate such information into the
cumulative risk assessment will not be described in this report, but future research on
this aspect of cumulative risk assessment may contribute insights and is encouraged.
The Agricultural Health Study and other literature on mixture exposures and potential
susceptibilities related to environmental exposures (see Chapter 1) will become useful
data sources in the future for identifying vulnerable subpopulations of concern when
conducting a cumulative risk assessment. In the development of chemical groups for
evaluation at a site, the characteristics of the potentially exposed population may be
evaluated (Chapter 2). In order to conduct an initial evaluation of the subpopulation
health impacts, chemical mixture exposure and risk estimates for vulnerable
subpopulations may be calculated separately from risk assessments on the general
population and presented in a separate section of the Risk Characterization.

4.5. EVALUATING MULTIPLE EFFECTS
The hazard identification phase of a cumulative risk assessment is broadened to

include factors beyond those considered for single chemicals. An important difference
between cumulative risk assessment and traditional single-chemical assessments is the
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General Case (U.S. EPA, 2000c) Aroclor 1016 (U.S. EPA, 2005c)

_ NOAEL, LOAELor BMDL __ NOAEL=0007mg/kg/d

" UF, UF, =100
where: where:
NOAEL/LOAEL = No/Lowest-Observed- NOAEL = Reduced birth weight in monkey
Adverse-Effect Level reproductive study
BMDL = Lower 95% confidence limit on an X% UF, = 3 for rhesus monkey to human
Effective Dose (e.g., ED,;) extrapolation
UF, = Uncertainty Factors for the mixture 3 for infants as a sensitive
(e.g., interspecies, intraspecies, subpopulation
exposure duration, NOAEL to 3 for subchronic to chronic
LOAEL, data base deficiencies) exposure duration
3 for missing 2 generation repro &
NOAEL, LOAEL or BMDL from experimental adult male repro studies
toxicity data on the complex mixture dose- (i.e., 100 = 3 x 3 x 3 x 3, rounded up)
response. Uncertainty factors are derived using
expert judgment, as is the case for single Confidence in RfD is medium when PCB
chemicals. The uncertainty characterization mixtures in the environment do not match the
should include the relevance of the experimental ~ pattern of congeners found in Aroclor 1016; high
mixture from which the RfD,, is derived to the if the environrmental mixture is Aroclor 1016.

chemical composition of environmental mixtures.

FIGURE 4-11
Complex Mixture Reference Dose
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number of health effects evaluated. In the assessment of chemical mixtures, secondary
health effects may be observed as a result of combined chemical exposures that are
different in phenotype or magnitude from the critical (primary) effects caused by the
chemicals individually. These secondary health effects may occur at doses or
exposures higher than those causing the critical effect. Conversely, observed toxic
threshold(s) or effect level(s) (e.g., a LOAEL) for single chemicals may be altered such
that the dose(s) required to elicit the same and/or additional effect(s) may be less when
the exposure is to a mixture (e.g., Nickel causes increased sensitivity to Cobalt-induced
dermal allergy). Thus, it is important to evaluate secondary effects for those chemicals
to which humans may be exposed in combination. In these cases, the doses of the
chemicals in the mixture may act in an additive manner to cause one of these
secondary or higher level effects, or the responses (effects or risks) themselves may be
additive. In addition, co-exposure to these chemicals may result in toxicological
interactions (e.g., synergism or antagonism) related to a secondary or higher level
effect. The method described in Figures 4-7a, 4-7b, 4-7c and 4-7d shows that the
cumulative risk assessment includes an evaluation of all adverse effects, as evidenced
by available health effects data (e.g., toxicology data, public health data and
epidemiology studies). Finally, the set of identified effects takes into account the
potential routes of exposure.

The application of the toxicity assessment to actual site exposures will often
require extrapolation beyond the range of concentrations (exposures) used to develop
toxicity data in test animals. When external exposure levels are used in the risk
assessment, then inferences about multiple effects may be highly uncertain. When data
are available and resources permit a more extensive investigation, internal chemical
doses may be developed or inferred from pharmacokinetic and mechanistic
information. The issue of whether to express exposure in external or internal terms
becomes important when the relationship between exposure concentration and
internal concentrations (tissue dose) is nonlinear or has not been characterized.
Another level of complexity can be avoided when internal doses are used to evaluate
the response in multiple-organ systems, such as the immune system. Here, tissue
concentrations may vary appreciably among the multiple organs involved, and those
tissue concentrations may or may not be linearly related to external exposures.
Chemicals that affect organs or tissues that are parts of a larger biological system
may be considered as affecting the same target system. Finally, exposure to chemical
mixtures may result in toxicokinetic alterations in the body that may alter the internal
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dosimetry and tissue distribution of chemical components. In this way, the assessment
of multiple effects can be simplified by grouping the effects.

4.5.1. A Quantitative Method for Evaluating Multiple Effects. One of the goals in a
cumulative toxicity assessment is to account for the joint impact of all of the major
health impacts from exposure to multiple stressors. The approach demonstrated in this
report involves a three step process: a dose-response model for multiple effects, hazard
calculations using both dose-addition (HI) and response-addition approaches and a
comparison of the results. This approach begins by analyzing dose response
relationships for each single chemical and incorporating all toxic effects in the same
modeling procedure. Various statistical models could be applied (e.g., multivariate
normal linear regression or ordinal categorical regression) to predict the probability of
observing an array of toxic effects for a given dose. For many chemicals, the available
data on multiple effects differ across effects as well as across chemicals in terms of
completeness, range of doses covered and level of detail, making multivariate
approaches difficult. In this report, a simpler categorical regression model based on
toxicological judgment will be used to illustrate estimating the probability of a certain
severity level of (non-specific) response that can represent a number of different toxic
effects, given exposure to a single chemical. From the modeling results, a risk estimate
for the exposure of interest can be made for that single chemical, or a benchmark dose
(BMD) can be estimated (e.g., a 5% effective dose or EDgs). To apply dose addition,
this modeling approach is conducted for each of the chemicals in the mixture, and a Hl
is calculated by summing the ratios of each chemical’s exposure to its BMD, which
provides an indication of risk for the mixture. To apply response addition, the
categorical regression model can be used to predict the risk of an adverse effect for
each individual chemical at its environmental exposure level; these risk estimates can
then be summed across chemicals to calculate the mixture risk. These results can be
compared in the Risk Characterization phase (see Chapter 5) to evaluate the potential
health impacts for the exposure scenario of interest.

Ordinal categorical regression is a statistical modeling procedure that allows for a
dose-response assessment of several toxicological effects at once. The use of a
categorical regression procedure to express the risk of adverse health effects for
toxicological data was first proposed by Hertzberg and Miller (1985) and Hertzberg
(1989) and then demonstrated with several chemicals (Dourson et al., 1997; Farland
and Dourson, 1992; Guth et al., 1991; Rao et al., 1993; Teuschler et al., 1999;
Strickland and Guth, 2002).
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In this procedure, toxicity data, regardless of the type of effect, are interpreted
using toxicological judgment in terms of pathological staging. Toxic effects, which may
include both quantal and continuous data, are classified into ordered categories of total
toxic severity, e.g., categories 1-4 refer to none, mild, moderately adverse and severe
effects, respectively (see Appendix C for further discussion of severity of toxic effect).
The model reflects a regression of dose on the category of effect, yielding the
probability that a given dose will result in a level or category of response (e.g., the
probability of observing a level 3 adverse effect, given dose). The EPA’s software,
CATREG, is useful for conducting this procedure (U.S. EPA, 2000c,d). In addition,
CATREG has the ability to incorporate other factors in the analysis, including duration,
study effects, species and censored data (Guth, 1996; Guth et al., 1991, 1997). Thus,
models may be developed to describe dose-risk relationships for a variety of exposure
scenarios.

To illustrate the modeling procedure, an example is shown here from Dourson et
al. (1997), where categorical regression analysis was used to model human clinical data
to describe the relationship between the logarithm of doses and severity levels of
cholinesterase inhibition for the pesticide, aldicarb. Table 4-2 shows the four, ordered
categories of toxic severity for cholinesterase data that were used to classify the
response data, along with the clinical effects expected to be observed at each severity
level. In Dourson et al. (1997), results from two human clinical studies available on
aldicarb, Haines (1971) and Wyld et al. (1992), were evaluated using the criteria in
Table 4-2, and each subject was placed in a severity category as summarized in Table
4-3. Both studies had similar experimental designs (see summaries in Dourson et al,
1997). A categorical regression model was developed to predict the probability that a
subject would exhibit a certain severity level of cholinesterase inhibition, given the
exposure dose.

In the catergorical regression model, the toxic response was related to the
explanatory variable, logdose, using a logistic function and P was defined as the
probability of observing a response of a certain severity or a lesser response. The
logistic function used to express the relationship between P and the explanatory
variable, dose, is given below:

P(s<i) \_ . ]
Log(mj—aiﬁ‘ﬁ D (4 5)

4-35



TABLE 4-2

Severity Assignments for Cholinesterase Inhibition Data
(Adapted from Dourson et al. ,1997)

g everity Site Effect
ategory
4 Cholinergic effects Severe abdominal pain, nausea and/or
Frank vomiting, diarrhea
Effects : . . . .
Cholinergic effects Seizures, severe disorientation or
confusion, excitation
Whole Body Mortality
3 Brain, whole blood or red Inhibition (e.g., of 20% or greater)
Adverse blood cell (RBC)
Effects acetylcholinesterase
Cholinergic effects Mild: Muscular weakness or twitching
Cholinergic effects Mild: Blurred vision and/or watery eyes,
pinpoint pupils, excess salivation,
sweating or clamminess
Nervous system Hyperactivity or altered patterns of
locomotion
2 Plasma, whole blood or Inhibition (e.g., observed, but less than
Non- RBC acetylcholinesterase | 20%)
Adverse
Effects
1 All No effect
No Effects
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TABLE 4-3

Frequency of Categories of Effect Associated with Aldicarb Exposure in Humans
(Adapted from Dourson et al. ,1997)

Frequency of Responders within Categories of*
Dose Group
Stud . .
y (mg/kg/day) | Size No aglvoer;se Adverse Frank
Effects Effects Effects
Effects
Haines, 0.025 4 0 0 4 0
1971
0.050 4 0 0 4 0
0.10 4 0 0 2 2
Wyld et al., | 0.0 22 22 0 0 0
1992
0.010 8 8 0 0 0
0.025 12 2 9 1 0
0.050 12 0 9 3 0
0.075 4 0 0 4 0

*Numbers reflect a judgment that whole blood (Haines, 1971) or red blood cell (Wyld et
al., 1992) cholinesterase inhibition of 20% or greater is considered an adverse effect.
This percentage can be debated and is a source of uncertainty for the analysis.
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where:

the probability of observing an effect of severity i or less,
the severity of the effect,

the severity category 0, 1, 2 or 3,

an unknown intercept parameter associated with severity |,
an unknown slope parameter associated with the dose,
the logdose of the chemical, aldicarb.

O v
I

Table 4-4 shows the results of the regression modeling. Using the values in this
table and rounding down, a hypothetical example of a 10% BMD level for use in
developing a HQ (and subsequently using this in a HI calculation) would be roughly
equal to 0.02 mg/kg. (It may be noted that a lower bound on the BMD, a BMDL, would
typically be used in the HQ calculation, but these values are not shown in Dourson et al.
[1997]; thus the BMD is used here for illustration.) Alternatively, if a hypothetical
exposure in a community were equal to 0.01 mg/kg, then the upper bound human risk of
~4% in the table could be used in a response addition calculation for that risk
assessment.

This categorical regression procedure can be expanded beyond a single group of
toxic effects to include other effects whose severity is judged to be of a similar nature
and level (e.g., Table 4-2 could be expanded to include severity judgments for liver and
kidney effects along with cholinesterase inhibition). In addition, duration can be
included as a second dependent variable in the model. Using this procedure, the dose-
response relationship for multiple effects can be modeled and shown as the probability
of toxic effects for a given duration and dose (e.g., the probability of an adverse effect
for a 1-day exposure at 0.1 mg/kg/day), and BMDL estimates can be determined (e.qg.,
lower bound on the dose causing a 5% chance of a non-adverse effect). Results of the
categorical regression equation can then be used in response addition and the HI to
present a range of potential health risk for the exposure of interest. In particular, using
Equation 4-1 (from Section 4.2.1) for the HI, the RfD for each chemical can be replaced
by the BMDL for multiple effects divided by an uncertainty factor (e.g., UF = 100) to
account for inter- and intra- species differences. The resulting equation for the multiple
effects HI, for chemicals k =1, 2,...,n, and exposures Ei, would be:

Hl(effects) = Zn: (4-6)

E,
BMDL,
UF,
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TABLE 4-4

Modeled Probabilities of an Adverse or Frank Effect

Dose (mg/kg) Inhibition >20% = Adverse Effect
Mean P(AE or FE)* Upper 95%CL On P(AE or FE)*

0.001 | e 0.00001
0.003 | e 0.0007
0.01 0.0014 0.04
0.015 0.03 0.17
002 0.14 0.36
0.025 0.44 0.67
0.03 0.79 0.93
0.035 0.89 0.97
0.04 0.95 0.99
0.10 0.99 1.00

*P(AE or FE) is equal to P(s > 3), i.e., the probability of observing an adverse effect
(severity level 3) or a frank effect (severity level 4), given dose. P(AE or FE) is also
equal to 1 — P(s < 2), i.e., one minus the probability of observing a non-adverse effect or
no effect.
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As an example, suppose chemical A and chemical B are in a mixture with
exposures doses of 8 and 2 mg/kg, respectively. From their individual categorical
regression models of multiple effects, the 10% BMDL'’s are estimated at 50 and 75
mg/kg, respectively. It is determined that an UF = 100 is appropriate for each chemical.
Therefore, the Hl(effects) = 8/(50/100) + 2/(75/100) = 16 + 2.7 = ~19, which would
indicate potential risk for adverse effects at that environmental exposure.

A probabilistic mixtures risk estimate could also be calculated for multiple effects
using the categorical regression results. Based on Equation 4-2 (and expanding for
more than k = 1,..,n chemicals), for ordered severity categories of 1 = no effects, 2 = not
adverse effects, 3 = adverse effects, 4 = frank effects), response addition under
categorical regression for a specific exposure of interest is calculated:

R, (effects) =1- ﬁPk (severity < 2) (4-7)

k=1

where Py(severity < 2) is the same as P(s </) when i = 2, in Equation 4-5 above. These
probabilities can be calculated from the regression modeling results. As an example
using some of the data from Table 4-4, the mean P(s < 2) for a dose of 0.015 mg/kg = 1
—P(s>3)=1-0.03=0.97. Suppose another chemical present in the mixture is
measured at a exposure dose of 0.04 mg/kg and that its categorical regression model
evaluated at that dose yields the P(s < 2) = 0.99. Then, using Equation 4-7 for that two
chemical mixture, Rn(effects) = 1 — (0.97)*(0.99) = 1 — 0.96 = 0.04, the risk estimate for
multiple effects for the mixture exposure of interest.

4.5.2. Interpretation. These two methods for dose-response assessment of multiple
health effects yield very different types of answers. The Hl(effects) is expressed as a
risk indicator and the Rm(effects) is expressed as a probabilistic risk estimate. A group
of chemicals may be screened in as part of a cumulative risk assessment when either
the value of an Hl is greater than or equal to some pre-determined level (e.g., 0.5) or a
response addition risk estimate is greater than or equal to an acceptable risk level (e.g.,
1x 10°). In either case, when estimates approach or exceed these “cut off’ values,
expert judgment of the toxicological significance is used to evaluate the chemicals and
data used in the analysis and to determine the level of concern for the analysis. For a
cumulative risk assessment screening exercise, if either “cut off” value is met or
exceeded, then those chemicals are kept in the cumulative risk assessment. The
factors considered when evaluating dose and response addition in mixture risk
assessments also apply here but only in a rough sense: whether the collection of effects
seem to be toxicologically similar across the set of chemicals or seems to be
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TABLE 4-5

Using Oral Exposure

Joint Toxicity: Non-additive Effects of Metal Pairs on Systems/Organs

Effect of Not
Metall o . Arsenic Cadmium Chromium Lead
Additive
on Metal—
Higher Neurological
A . Blood
roeme Lower Kidney Kidne Blood
Male y Kidney
reproductive
Neurological
Higher Male
Cadmium reproductive
Blood
Lower Blood Kidney
Chromium Higher Skin
Lower Kidney
) . Male
Higher | Neurological reproductive
Lead
Kidney
Lower Blood

* Higher = Effects are greater than expected under additivity

Lower = Effects are less than expected under additivity
Source: ATSDR (2004).
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independent, particularly at the exposure levels under consideration. As described in
the U.S. EPA (2000a) mixture guidance, these formulas give similar results when
component exposures are low.

4.6. EVALUATING INTERACTION EFFECTS

EPA (2000a) defines toxicological interactions as any toxic responses that are
greater than or less than what is observed under an assumption of additivity (e.g., a
departure from dose additivity or response additivity for a group of chemicals). Many
terms are used to represent various kinds of interaction effects (e.g., inhibition,
antagonism, masking). The most common and general of these refer to effects that are
greater than additive (i.e., synergistic) or less than additive (i.e., antagonistic).

The detection of interaction effects varies from toxicological judgment to
statistical determinations. For cumulative risk assessment, interactions information may
be collected from the toxicological and epidemiologic literature and used to inform the
grouping process. EPA has two collections of bibliographic summaries of interaction
studies: the Integral Search System (Arcos et al., 1988) and the MIXTOX database
(Marnicio et al., 1991). ATSDR has also published eleven interaction profiles for
common environmental contaminants (ATSDR, 2006; Pohl et al., 2003). For example,
in Table 4-5, the non-additive interactions are shown for four metals: As, Cd, Cr and Pb
(ATSDR, 2004). As Table 4-5 shows, even when interactions data exist, the situation is
complicated because the direction of interaction can be different for different effects or
for changes in the sequence of exposure. For metals, toxicological interactions are
more troublesome because environmental conditions (e.g., pH) can alter the speciation
and bioavailability of the metals. At a minimum, when evidence of synergistic
interaction is found for two or more chemicals within a group (formed using
Figure 4-7b), those chemicals are included in the cumulative risk assessment. A further
quantitative evaluation may be conducted using the interaction-based HI (see Section
4.6.2 and Chapter 5) or by evaluating interactions using an internal dose Hl
(Section 4.3.1).

4.6.1. Toxicology of Interactions. A mixture can consist of chemicals that cause a
unique toxicological expression that was not anticipated from the toxicity of the
individual compounds; the toxicodynamic process of one compound influences that of
another (e.g., one compound causes toxicity and a second compound slows the
process of cellular repair). The toxicity of chemical mixtures is dependent upon the
interactions of mixture components at either toxicokinetic (TK) or toxicodynamic (TD)
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processes, thus, interactions at either level may result in mixtures interactions. TK
processes govern tissue distribution of compounds and include both passive and active
processes. TD processes include the effects or events that are dependent upon the
contact between the toxic chemical species and the biomolecules responsible for the
effect. Interactions at the TK level occur when tissue dosimetry is altered due to gross
tissue alteration or chemicals interact at the same metabolic enzyme.

In addition to separating interactions according to TK or TD, toxicological
interaction among compounds may be direct or indirect. Examples of indirect
interaction include chemicals that may alter the internal dosimetry/metabolism of other
compounds (e.g., enzyme induction, glutathione depletion) and thus exert an indirect
effect on their toxicity. Direct interactions are demonstrated by compounds altering the
same biochemical pathway or cell type or organ/tissue that is directly related to the toxic
effect of the compound. Examples of direct interaction include competition for key
metabolizing enzymes, receptor binding sites and lipid peroxidation leading to
membrane damage and radical formation. Some of these interactions will depend on
the severity of the effect produced. If the effect of the first compound only results in a
slight functional decrement and is recovered quickly or is compensated by the tissue,
then such an effect, whether direct or indirect, may not be sufficient to serve as the
basis for an assumption of interaction. Knowledge that a given effect may be reversible
or compensated for by the cell is coupled with information on the dose-response and
temporal characterization of the reversibility. This applies also to cellular/biochemical
systems which are redundant and may be directly or indirectly related to toxic effects
(e.g., at what point glutathione depletions lead to susceptibility).

It is important to carefully evaluate information on acute toxicities. The

manifestation of acute toxicity (toxicity evident in close temporal proximity to the
exposure) generally requires chemical exposure levels that are greater than those
required to produce delayed effects. Further, doses sufficient to produce acute toxicity
bring a higher likelihood that fundamental biochemistry can be perturbed to produce TK
and/or TD interactio