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FOREWORD

This report was developed by the U.S. Environmental Protection Agency's (EPA)
Office of Research and Development (ORD), National Center for Environmental
Assessment - Cincinnati Office (NCEA-Cin). It contains information concerning the
conduct of risk assessments for mixtures of disinfection by-products (DBPs) across
various drinking water treatment systems. Under 42 USC § 300 of the Safe Drinking
Water Act Amendments of 1996, it is stated that the Agency will “develop new
approaches to the study of complex mixtures, such as mixtures found in drinking
water...” In addition, the EPA’s Office of Water drafted a Research Plan for Microbial
Pathogens and DBPs in Drinking Water that calls for the characterization of DBP
mixtures risk (U.S. EPA, 1997a). This report reflects the current results relative to
research in this area over the past five years. The report as a whole presents an
illustrative DBP mixtures risk characterization; the summary of an expert scientific
workshop on this subject; EPA conclusions and recommendations subsequent to the
workshop; a conceptual cumulative risk approach; and ideas on future research needs.

This effort has resulted in the production of four reports contained in this
document. Appendix | contains an initial report generated as a pre-meeting report to an
April 1999 workshop on this subject. It is entitled, Workshop Pre-meeting Report: The
Risk Assessment of Mixtures of Disinfection By-Products (DBPs) for Drinking Water
Treatment Systems (U.S. EPA, 1999a) and was developed to detail the response
addition approach to estimating DBP mixture risk that has recently been developed by
NCEA-Cin. Having performed this initial assessment, NCEA-Cin scientists recognized a
number of areas for improvement and held a workshop in April 1999 to examine the
current method, present ideas to advance the approach, and come to some conclusions
relative to new research and development directions. The resulting workshop report is
presented as Report 2, entitled, Workshop Report: The Risk Assessment of Mixtures of
Disinfection By-Products (DBPs) for Drinking Water Treatment Systems. Finally, EPA
scientists have used the information developed in the April 1999 workshop to develop a
number of conclusions and recommendations relative to this area of research and to
develop a conceptual approach to performing a cumulative risk assessment. This
information is presented as Report 1, entitled, EPA Conclusions and Conceptual
Approach for Conducting a Risk Assessment of Mixtures of Disinfection By-Products
(DBPs) for Drinking Water Treatment Systems.

An external review of this document was conducted June 21-22, 2000, with the
primary goal of evaluating Report 1 on EPA’s conclusions and conceptual approach.
These reviewers were also invited to comment on the data, methods and discussions
presented in Reports 1 and 2 or to add new information and perspectives to this
document where needed. A final report containing the summary of the external review
comments is contained in Appendix II.

To facilitate the production of this document, work was done under three

contractual agreements. The illustrative example of a risk characterization was
developed by Dr. Joshua Cohen, under contract #68-C6-0024 with TN & Associates,



Inc. The workshop was conducted on April 26-28, 1999, at EPA’s Andrew W.
Breidenbach Environmental Research Center in Cincinnati, Ohio, under contract #68-
C7-0011 with SAIC, Inc, who also invited several of the expert scientists who
participated. The proceedings of the workshop were then subcontracted to Syracuse
Research Corporation and the report prepared by Dr. Pat McGinnis. The independent
external review and preparation of comments was conducted under contract #68-C-99-

238 with Versar, Inc.
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EXECUTIVE SUMMARY

Human exposure to disinfection by-products (DBPs) in drinking water presents
an example of a multiple chemical, multiple route exposure that is ubiquitous across all
segments of the U.S. population, as well as the populations of many developed
countries around the world. DBPs may be present in liquid, vapor, or aerosol form(s);
can enter the body via ingestion, respiration, or dermal penetration; and may be
metabolized before distribution to the target organ(s).

Disinfectants such as free chlorine, combined chlorine, ozone, and chlorine
dioxide react with naturally occurring organic and inorganic material in the incoming
source water to produce a variety of DBPs. Several hundred chemically distinct DBPs
have been identified in the laboratory, but in general, as illustrated for the organic
halogens in Figure E-1, approximately 50% of the DBPs is typically made up of an
unknown number of unidentified chemicals (Miltner et al., 1990; Richardson, 1998;
Weinberg, 1999).

Exposure to DBPs is a potential human health hazard; both the epidemiologic
and toxicologic literature provide some evidence of potential adverse health effects.
Taken as a whole, epidemiologic studies on chlorinated drinking water offer some
evidence of an association with certain cancers, reproductive and developmental
effects, warranting further investigation. In contrast, in whole mixture studies, toxic
effects have not been observed when animals are exposed to finished drinking water,
but there is evidence of mutagenicity in in vitro studies of drinking water extracts and

concentrates. In in vivo studies at high doses of individual DBPs and some defined
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Percentage of Total Organic Halogen Accounted for by
Known DBPs (on a Molar Basis)*

Cyanogen
Chloride

TrihaloJ
methanes

Haloaceto-

nitriles
/‘é Chloral Hydrate

Unknown Sum of 5
Organic Halogen Haloacetic Acids
62.4% Bromochloro-

2.8% acetic Acid

*California water, 1997 (raw-water bromide = 0.15 mg/L):
Total organic halogen =172 pg/L

FIGURE E-1
Typical Distribution of Disinfection By-Products

Source: Stuart Krasner, Metropolitan Water District of So. California, 1999
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DBP mixtures, there is evidence of carcinogenicity, reproductive and developmental
effects, nephrotoxicity and hepatotoxicity. Thus, the existence of adverse human health
effects from exposure to environmental levels of DBPs is certainly possible, but also
highly uncertain.

The need to study the conduct of a risk assessment for DBP mixtures arose both
as a mandate and also as a logical scientific direction. Under 42 USC § 300 of the Safe
Drinking Water Act Amendments of 1996, it is stated that the U.S. Environmental
Protection Agency (EPA) will “develop new approaches to the study of complex
mixtures, such as mixtures found in drinking water...” In addition, the EPA’s Office of
Water drafted a Research Plan for Microbial Pathogens and DBPs in Drinking Water
that calls for the characterization of DBP mixtures risk (U.S. EPA, 1997a). In response
to these mandates, U.S. EPA’s National Center for Environmental Assessment -
Cincinnati (NCEA-Cin) began investigating the DBP mixture issue and developed a
number of scientific interests that included: developing a method to compare DBP risks
across various drinking water treatments; evaluating potential drinking water health risks
by comparing and integrating toxicology and epidemiology data; and furthering the
development of mixtures risk assessment methods for general use in evaluating
environmental problems.

The risk assessment of disinfection by-product mixtures in drinking water
addresses an important issue in environmental health and also facilitates risk
assessment methods development. To improve its assessment of DBP mixture health
risk, the NCEA-Cin has been exploring a number of novel approaches to generating
realistic, central tendency estimates of potential health risks, despite data limitations

and uncertainties. The purpose of this document is to detail the response addition
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method developed to estimate DBP mixtures risk; discuss the state of DBP toxicity and
exposure data; present available methods for mixtures risk characterization that may be
applicable; explore alternative methodologies; and make recommendations for future
applications and methodological developments. This effort has resulted in the
production of three interrelated research reports and an external review report
contained in this document, as follows:
. Report 1, September, 2000: EPA’s conclusions, recommendations,

conceptual approach, and future directions regarding the conduct of a

DBP mixture risk assessment. Although new information and ideas not in

Report 2 or Appendix | are included, Report 1 is not written as a stand-

alone document; it is meant to be read in conjunction with Report 2 and
Appendix .

. Report 2, January, 2000: Summary of presentations and discussions at
an April 1999 workshop where scientists examined an illustrative example
of a DBP mixtures risk assessment, presented ideas to advance the
approach, and recommended research and development directions.

. Appendix I, April, 1999: An illustrative example of a DBP mixtures risk
assessment using a response addition approach developed by NCEA-Cin,
including data, assumptions and statistical methods used. Shows
resulting risk distributions and uncertainty analysis.

. Appendix I, July, 2000: External scientific review comments and
recommendations, concentrated primarily on Report 1 of this document.

The authors of this document have chosen to evaluate DBP health effects using
mixture risk assessment approaches, rather than assessing each chemical separately.
These approaches acknowledge real human exposures, as well as account for any
compounded effects from exposure to the low levels of multiple DBPs that are found in
drinking water. Because toxic effects have not been observed in animal studies when
the exposures are to low doses of DBPs and because the epidemiologic data are
inconsistent across studies with only relatively weak to moderate associations noted,

the existence of human health risks is questionable, but cannot be entirely dismissed.
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If it is assumed, however, that the human health effects suggested in some
epidemiologic studies are real, then one hypothesis that explains the discrepancies
between the epidemiologic results and the lack of effects in animals exposed to finished
drinking water (i.e., water that has undergone a disinfection process) is that there is an
effect from exposure to the mixture of DBPs greater than what would be expected from
a low level exposure to any individual DBP. The authors of this document have chosen
this hypothesis — that adverse health effects exist and are attributable to exposure to
the complex mixture — as the basic premise on which to build a risk assessment
approach.

The EPA has both experience and guidance available to address the issue of
DBP mixture risk estimation. The EPA generally follows the paradigm established by
the National Academy of Sciences (NRC, 1983) when performing a human health risk
assessment. This paradigm consists of a group of inter-related processes: hazard
identification, dose response assessment, exposure assessment and risk
characterization. These processes are also the basis for the current DBP mixtures risk
assessment and are the elements that must be addressed in making improvements.
The EPA began to address concerns over health risks from multiple chemical
exposures in the 1980s and issued its Guidelines for the Health Risk Assessment of
Chemical Mixtures in 1986 (U.S. EPA, 1986). Continued interest and research in this
area and in multiple route exposures has resulted in other documents over the years
(U.S. EPA, 1989a,b, 1990, 1999b). In 2001, the EPA is expected to release further
guidance on the assessment of risks posed by exposures to chemical mixtures (U.S.

EPA, 1999c, 2000a).
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Three basic approaches are available for quantifying health risk for a chemical
mixture, depending on the type of data available to the risk assessor (U.S. EPA, 1986,
1999c, 2000a). These approaches are: data on the complex mixture of concern; data
on a similar mixture; or data on the individual components of the mixture or on their
interactions. Figure E-2 illustrates that these three approaches can be mapped directly
to three toxicity testing scenarios recommended by an International Life Sciences
Institute (ILSI) expert panel on DBP mixtures toxicity (ILSI, 1998). Figure E-2 also
shows the potential uses of such data for risk assessment.

The initial risk assessment was done to illustrate how DBP mixture risk could be
quantified using occurrence data, DBP toxicity estimates, and human drinking water
consumption rate data (U.S. EPA, 1998a, 1999a). (The details of this risk
characterization, including exposure estimates, toxicity values and risk estimates are
presented in full in Appendix I; presentations of this analysis from an April 1999
workshop are summarized in Section 2 of Report 2.)

This illustration was developed as a limited demonstration to evaluate:

. Whether sufficient data exist on exposure and toxicity to estimate DBP
mixture risks

. If a reasonable risk assessment method for this effort is response addition
(a component-based method for joining dose-response and exposure data
to estimate risk for the mixture by estimating each individual chemical
component’s endpoint-specific risk at its measured exposure
concentration and then summing these risks to yield the total mixture risk
for that health endpoint)

. How to address and present the uncertainty and variability in the available
data

Through the development of a reasonable set of assumptions regarding two

hypothetical drinking water treatment interventions and the potential toxicity of the DBP
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Mixtures Risk Approaches to Risk Assessment Uses

Assessment Guidance Data Collection
Real World Extr?polation of Animal
. h Samples - Toxicity Data to Human
Data Available Health Risk Estimation
or Extracts
on Complex
Mixture
of Concern ” Epidemiologic - Evaluate Human Health
Studies Risks Directly From Data
Data Available Reproducible Extrapolate Toxicity Results
on Similar ” Disinfection - Across Similar Treatment
Mixture Scenarios (RDS) Trains and Source Waters
- Evaluate Joint Action of DBPs;
Data Available _ Compare with RDS
on Compqnents, Defined Mixtures Samples to Estimate Toxicity
Interactions of Unidentified DBPs
FIGURE E-2

Mapping of Risk Assessment Approaches to Drinking Water Health Effects Studies
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mixtures, the illustration shows that facility-specific data can be used to develop
distributions of DBP mixtures risk estimates for a drinking water treatment system. This
illustration highlights critical areas where pertinent research could potentially change the
outcomes of the analysis. The constraints of the illustration include:

. Comparison of only two alternative drinking water treatment technologies
(a conventional chlorination treatment system and a pre-ozonation system
followed by a conventional chlorination treatment system) with no
comparison of gradations of application (e.g., changes in the levels of
chlorination or ozone).

. Limitations of available input data for DBP concentrations and toxicity
values and tap water consumption rates to develop distributions for
conducting an uncertainty analysis.

. Constraints concerning the current scientific measurement and temporal
distribution of concentrations of DBPs in treated drinking water from a
single treatment system. Additionally, no attempt has been made to
characterize the impact of the water distribution system on estimated DBP
concentrations.

. Limitations in the understanding of the relationship between health effects
and DBP exposures through drinking waters inherent in the risk
assessments of these agents both collectively and individually.

. Evaluation of systems functioning normally without taking into account
scenarios that may result from perturbation(s) or critical failures of the
drinking water treatment plant.

In this approach, the epidemiologic data and the toxicologic data were used to
identify the nature of the hazard posed by DBPs. In this case, cancer and reproductive
and developmental effects were identified to be of concern from DBP exposures using
both the epidemiologic and toxicologic data as corroborating evidence. Only the DBP
toxicology data were used in the dose-response assessment; however, the
epidemiologic attributable risk estimates were incorporated into the uncertainty analysis.

The response-addition model assumes that risk (unitless) is related to the

concentration and potency of each individual component chemical as follows:
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_ 1
risk =Y x 1000 %{:@Si +;@B‘i

where
Y =  Tap water intake (L/kg-day)
C =  Concentration of DBP, (ug/L)
S, = Incremental toxicity for DBP, (mg/kg-day)™
1mg = 1000 pg
k =  Set of identified DBP
u =  Set of unidentified DBP

Equation E-1 is a theoretical construct, as it requires information that is not
known (i.e., u, the set of unidentified DBP, will never be completely analytically
characterized as to chemical species). Measured data on total tap water consumption
(Y) were available for the analysis (Ershow and Cantor,1989). For each of the identified
DBPs that comprised set k, there was a measure of its concentration in tap water, C,
and its incremental risk (S;), so the summation, >CS,, was calculated. For the
unidentified DBPs, set u, these values were unknown, so the summation, >CS,, had to
be estimated.

Figure E-3 shows the steps developed to estimate the potential toxicity of set u
using data on the known DBPs (Group A), summary measures of Total Organic Halide

(TOX), expert judgment, and Quantitative Structure Toxicity Relationship
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Step 1

, Conc, ,
Risk, = —*
onc

Assume equal Risk of
Group A and Group B
DBPs per unit of TOX for a
specific health endpoint

Step 4

1) Assume that each
member of Group B
accounts for the same
fraction of TOX

2) Use QSTR to classify
health endpoints associated
with individual Group B
DBPs

Risk |,

Estimate this
concentration

Step 2

Total TOX

Group A
Concentration and

Toxicity are Known

Group B
Toxicity Unknow

>

Step 5
Assume that the % of
Group B DBPs classified by
QSTR as associated with an
individual health endpoint
represents the actual
proportion of Group B’s
concentration that can be
associated with the
individual health endpoint

FIGURE E-3

Step 3

Identify DBPs that may
be present in Group B

Step 6

1) Use information in steps 2-5 to
calculate Riskjy as shown in Stepl.

2) Using assumption of response
addition, add risks estimated for
DBPs in Groups A and B.

Process for Estimation of Risk for Unidentified TOX (Group B Chemicals)
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(QSTR) modeling techniques. This process estimated risk only for the unidentified
organic halides (Group B); the non-halogenated DBPs (Group C) were not included.
The total endpoint-specific risk, using equation E-1, is the sum of the risks for the
identified DBPs (Group A), as calculated from known toxicity and measurement data,
and the unidentified DBPs (Group B), as estimated using Steps 1 through 6 of Figure
E-3.

To address variability and uncertainty, a two-stage Monte Carlo analysis was
performed to calculate distributions of DBP mixture risk. Input distributions were
developed to quantify variability (heterogeneity) in the population tap water consumption
rates (Y), (i.e., the range of plausible risks resulting from differences among members of
the population) and to quantify uncertainty (i.e., the range of plausible risks for each
individual corresponding to alternative plausible assumptions) for DBP concentration
data (C;) and DBP toxicity estimates (S;). The result of such an analysis is the
development of risk distributions, as shown in Figure E-4, that reflect variability on the
X-axis and uncertainty on the Y-axis.

EPA held a workshop in April 1999 to examine the response addition illustration
and to advance the development of methodology to assess health risk for mixtures of
drinking water DBPs. The workshop assembled a multi-disciplinary group of scientists
that worked together to formulate a range of approaches to solving this problem. They
then determined the most practical and scientifically sound directions the EPA should
take to improve the risk assessment (see Charge to Participants, Attendees in Report
2). As a result of the April 1999 workshop, EPA identified the major issues for

consideration regarding improvement of the DBP mixtures risk assessment
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methodology. The Workshop Report (Report 2) relates a number of discussions and
recommendations made by the participants. Each of these was considered by EPA
within the context of the EPA’s previous experience with DBP mixtures risk assessment
and was evaluated for scientific validity, feasibility of application in the near term, data
availability, consistency with other EPA guidelines and practices, and relevance to risk
assessment goals and regulatory needs. The selected recommendations are presented
in Section 3 of Report 1. These were determined to potentially have the most significant
impact in the near term on improving the DBP mixtures risk assessment. Additionally, a
number of longer term research needs were identified; these are presented in Section 5
of Report 1.

A major recommendation is to approach human health risks posed by DBPs as a
cumulative risk problem that can account for:

. Multiple routes of exposure

. Any toxicologic similarity among chemicals in the mixture (beyond target
organ effects)

. Temporal issues of exposure.
A conceptual model, Cumulative Relative Potency Factors (CRPF), was

developed with the following goals:

. To develop a mixtures approach with the flexibility to integrate selected
mixtures risk models based on an understanding of the toxic mode-of-
action

. To consider the temporal nature of DBP exposures and variability of

human activity patterns and address and appropriately integrate
exposures through the three routes of primary concern for environmental
pollutants: ingestion, dermal, and inhalation

. To address the main endpoints of concern in the epidemiologic literature:
developmental and reproductive effects and cancer
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. To identify the “risk-relevant” components of DBP mixtures. This may
include organic halides that are not measured individually as well as
DBPs that are not halogenated

. To estimate risks for various drinking water treatment trains, reflecting
differences in the DBPs formed and their concentrations over time in the
distribution system

. To generate central tendency risk estimates along with their associated
probability distributions; such distributions of risks are needed to
appropriately reflect both the uncertainty and variability found in these
data

. To identify specific measures to incorporate into future epidemiologic
investigations that could improve exposure classification

. To develop mixtures risk characterization approaches to be used in the
evaluation of causality.

The goal of the conceptual approach is the integration across routes of Relative
Potency Factor (RPF)-based risk estimates (U.S. EPA, 2000a) that are route-specific for
toxicologically similar subclasses of DBPs for an effect-specific period of duration.

Once several RPF risk estimates are generated, then the analyst can make some
assumptions relative to the likely relationships of the across-subclass risks and
determine if and how the subclasses should be combined (e.g., a response addition
assumption would lead to summing these RPF risks) to estimate the total risk estimate
for the mixture (Figure E-5). This approach is designed to produce a transparent
cumulative risk assessment because assumptions about the toxicity and the interactions
must be specifically identified.

The RPF approach has been proposed as an interim approach for characterizing
health risks associated with mixtures of chemical compounds that have data indicating

that they are toxicologically similar (U.S. EPA, 1999c). To develop an RPF-based
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risk estimate for a class of chemicals, toxicologic data are needed at least for one
component of the mixture (referred to as the index chemical), and scientific judgment is
used to assess the relative toxicity of the other individual components in the mixture as
well as of the mixture as a whole. The RPF approach assumes dose addition is
appropriate for the related components that comprise the mixture or a subset of the
mixture components. True dose addition assumes that the components of the mixture
act by the same mode of action. The exposure level of each component in the mixture
is scaled by its toxicity relative to that of the index chemical, resulting in an index
chemical equivalent dose for each component (e.g., the columns of circles or rectangles
in Figure E-5). This scaling factor (the RPF) is based on a comparison of relevant dose-
response information between the index chemical and the component, including the
results of toxicologic assays and analyses of structural similarity to other compounds of
known toxicologic potential. For each component of the mixture, the RPF approach
predicts an equivalent exposure in terms of the index chemical; these equivalent
exposures are then summed to generate an index chemical-equivalent total mixture
dose. The risk posed by the mixture is then estimated using the dose-response curve
of the index chemical.

The development of RPF-based risk estimates and their integration with
response addition in a CRPF approach addresses many of the shortcomings of the first
response addition assessment; not all issues are addressed, however. The approach
does not directly address the differences in risks for sensitive subpopulations or the
contribution to the risk estimate that may be addressed by using what is known in the
epidemiologic literature. In addition, application of CRPF promises to be a resource-

intensive exercise that may be more technically correct than the application of response
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addition, but, in the end, may not produce risk estimates very different in magnitude.
Furthermore, an enormous problem lies in the fact that very few toxicity data are
available for the dermal and inhalation routes of exposure.

The CRPF approach is a conceptual model for development of a cumulative risk
assessment for DBP mixtures. It improves upon the initial response addition
assessment by more carefully considering toxicologic similarities among chemicals,
route of exposure, and physiologically-relevant time frames. It allows treatment system-
specific exposures to be investigated and, although not specified in this discussion,
does not preclude the use of human activity patterns and distribution system effects
from being incorporated into the analysis. Risk estimates for the unidentified DBPs can
also be included in the development of the RPF-based risk estimates. A probabilistic
analysis and full risk characterization would be required with careful treatment of the
variabilities and uncertainties examined and explained.

In summary, investigations into the potential human health risks from DBP
mixture exposures are important to conduct because of both the ubiquitous nature of
the exposures and the evidence of health effects in both the epidemiology and
toxicology literature. In this research effort, we have made the following progress:

. NCEA-Cin has performed an assessment of human health risks for

developmental and reproductive effects and cancer from exposure to
DBP mixtures (Appendix ), using a response addition approach that
incorporates data on the unidentified fraction of the DBPs and uses a
probabilistic approach.

. NCEA-Cin has produced a workshop report (Report 2) that contains a

wealth of information on the exposure, dose-response and risk
characterization issues relative to DBP mixtures health risks that can be

used by risk assessors interested in this area.

. NCEA-Cin has developed a new conceptual approach (Report 1), the
Cumulative Relative Potency Factors (CRPF) method, for assessing
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DBP mixtures health risks. The CRPF method improves on the
response addition method by integrating data on mode of action and
multiple routes of exposure over physiologically-relevant time frames.

NCEA-Cin has recommended areas of research most critical for
improving DBP mixtures health risk assessment
(Report 1).

Improvements in the development of health risk estimates are needed, with the

most important scientific directions to include:

Integration of both human and animal toxicity data into the assessment

Development of exposure models that incorporate dermal, oral and
inhalation routes, human activity patterns, and measures of internal dose

Collection of concentration data that are representative of real world
drinking water samples, including additional information on the
unidentified fraction of the DBPs

Application of risk characterization methods that incorporate data on the
toxic mode of action for the physiologically-relevant exposure time frame

Consideration of sensitive subgroups in the population

Analysis of variability in the data and uncertainty of the final risk
estimates.

Research that addresses these improvements will be valuable not only to the

human health risk assessment of DBP mixtures, but also to the advancement of

chemical mixtures risk assessment methodology applicable to other environmental

exposures.
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1. INTRODUCTION

1.1. PURPOSE

The risk assessment of disinfection by-product (DBP) mixtures in drinking water
addresses an important issue in environmental health and also facilitates risk
assessment methods development. To improve its assessment of the DBP mixture
health risk, NCEA-Cin has been exploring a number of novel approaches to generating
realistic, central tendency estimates of potential health risks, despite data limitations
and uncertainties. These include such risk characterization methods and adjuncts such
as response addition, proportional-response addition, relative potency factors,
dosimetry, quantitative structure activity relationships, development of distributions for
relevant variables, and Monte Carlo simulation. The purpose of this document (i.e.,
Report 1, Report 2, and Appendix |) is to detail the response addition method that was
initially developed to estimate DBP mixtures risk, discuss the state of DBP toxicity and
exposure data, present available methods for mixtures risk characterization that may be
applicable, explore alternative methodologies, and make recommendations for future
applications and methodological developments.

The need to study the conduct of a risk assessment for DBP mixtures arose both
as a mandate and also as a logical scientific direction. Under 42 USC § 300 of the Safe
Drinking Water Act Amendments of 1996, it is stated that the EPA will “develop new
approaches to the study of complex mixtures, such as mixtures found in drinking
water...” In addition, the EPA’s Office of Water drafted a Research Plan for Microbial

Pathogens and DBPs in Drinking Water that calls for the characterization of DBP
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mixtures risk (U.S. EPA, 1997a). In response to these mandates, NCEA-Cin began
investigating the DBP mixture issue and identified a number of scientific interests,
including: developing a method to compare DBP risks across various drinking water
treatment interventions; evaluating potential drinking water health risks by comparing
and integrating toxicology and epidemiology data; and furthering the development of
mixtures risk assessment methods for general use in evaluating environmental
problems.
1.2. STRUCTURE OF THE DOCUMENT
This effort has resulted in the production of three interrelated research reports
and an external review report that are contained in this document as follows:
. Report 1, September, 2000: EPA’s conclusions, recommendations,
conceptual approach and future directions regarding the conduct of a
DBP mixture risk assessment. Although new information and ideas not
in Report 2 or Appendix | are included, Report 1 is not written as a

stand-alone document; it is meant to be read in conjunction with Report
2 and Appendix |.

. Report 2, January, 2000: Summary of presentations and discussions at
an April 1999 workshop where scientists examined an illustrative
example of a DBP mixtures risk assessment, presented ideas to
advance the approach, and recommended research and development
directions.

. Appendix I, April, 1999: The illustrative example of a DBP mixtures risk
assessment (using a response addition approach) developed by NCEA-
Cin, including data, assumptions and statistical methods used. Shows
resulting risk distributions and uncertainty analysis.

. Appendix II, July, 2000: External scientific review of the Research
Report. Comments and recommendations are concentrated primarily on
Report 1 of this document.
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Figure 1 illustrates the process NCEA-Cin has followed to produce this document
and projects subsequent activities in this research area. The initial assessment of the
project in December 1998 (U.S. EPA, 1998a) was subsequently developed into a pre-
meeting report for the April 1999 workshop on this subject entitled: Workshop Pre-
Meeting Report: The Risk Assessment of Mixtures of Disinfection By-Products (DBPs)
for Drinking Water Treatment Systems (U.S. EPA, 1999a) Appendix 1 details the
response addition approach to estimating DBP mixture risk. During this initial
assessment, NCEA-Cin scientists recognized a number of areas for improvement and
held the April 1999 workshop to examine the response addition method, present ideas
to advance the approach, and generate some conclusions relative to new research and
development directions. The resulting workshop report is presented as Report 2
entitled: Workshop Report: Novel Methods for Risk Assessment of Mixtures of
Disinfection By-Products (DBPs) for Drinking Water Treatment Systems. Finally, based
on information developed in the April 1999 workshop, EPA scientists reached a number
of conclusions relative to this area of research and developed an approach to the
assessment of cumulative risk. This information is presented as Report 1, entitled EPA
Conclusions and Conceptual Approach for Conducting a Risk Assessment of Mixtures
of Disinfection By-Products (DBPs) for Drinking Water Treatment Systems. Report 1 is
a composite document linked to Report 2 and Appendix | by pointers within the text to
provide the reader with additional information on a topic area. Appendix Il contains the
external review report entitled: Peer Review of the “Research Report: The Risk

Assessment of Mixtures of Disinfection Byproducts (DBPs) for Drinking Water
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Treatment Systems.” As indicated in Figure 1, additional research and assessment
work on DBP mixtures risk assessment is ongoing.
1.3. BACKGROUND

The authors of this document have chosen to evaluate DBP health effects using
mixture risk assessment approaches, rather than assessing each individual chemical
separately. These approaches acknowledge real human exposures, as well as account
for any compounded effects from exposure to the low levels of multiple DBPs found in
drinking water. Because toxic effects have not been observed in animal studies when
the exposures are to low doses of DBPs and because the epidemiologic data are
inconsistent across studies with only relatively weak to moderate associations noted,
the existence of human health risks is questionable, but cannot be entirely dismissed.
If it is assumed, however, that the human health effects suggested in some
epidemiologic studies are real, then several hypotheses can be posed to explain the
discrepancies between the epidemiologic results and the lack of effects in animals
exposed to finished drinking water (i.e., water that has undergone a disinfection
process). Such hypotheses include the following:

. There is an effect from exposure to the mixture of DBPs that is at least
additive (if not synergistic) in nature, so that toxicology studies involving
low levels of individual DBPs are inadequate to explain the health effects
found in the positive epidemiologic data

. Effects in humans are the result of chronic, repetitive insult from daily
exposure to DBP mixtures; effects in humans may occur only in sensitive
individuals who are genetically predisposed or in high end consumers of
drinking water

. Laboratory animals differ from humans in physiology, biochemistry,

anatomy, genetic heterogeneity and lifestyle factors (e.g., high fat diets)
that prevent demonstration of the same health outcomes across species
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Laboratory studies to date expose animals by only a single route, usually
oral, so that effects resulting from a combined oral-dermal-inhalation
exposure are not observed

Effects in epidemiologic studies are the result of exposure to other
environmental contaminants, such as metals, inorganic materials or
pesticides in the drinking water, so that animal studies solely focused on
DBPs will not corroborate epidemiologic findings.

Although it may be noted that these hypotheses are not mutually exclusive, the authors

of this document have chosen the first hypothesis (that adverse health effects exist and

are attributable to exposure to the complex mixture) as the basic premise on which to

build a risk assessment approach.

The specific goals of the DBP mixtures risk assessment are the following:

To compare DBP risks for drinking water treatment trains that reflect
differences in DBP production and concentrations

To make reasonable risk estimates for all endpoints of concern because
of suggested cancer, reproductive and developmental effects in the
epidemiologic literature

To develop distributions of risks that reflect their uncertainty and
variability for use in sensitivity analyses

To incorporate information on both the unknown and known DBPs into
the risk estimate.

The response addition approach (Section 2.5. of this report and Appendix |) was

used as a first step in this process, although a number of factors were not addressed.

Specifically, this initial assessment:

Did not address multiple exposure routes (dermal, oral, inhalation)

Did not assess multiple time frames or physiologically relevant time
frames

Did not use epidemiologic data for quantitative risk assessment
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. Did not take into account human activity patterns to adjust exposure

. Did not make dosimetric adjustments to account for toxic mode of action,
including consideration of pharmacokinetic and pharmacodynamic
determinants of observed effect

. Did not address unidentified by-products of disinfection other than
organic halides;

. Dd not use alternative Quantitative Structure Activity Relationship
models in assessing potential toxicity of unidentified compounds

. Did not utilize alternative mixtures risk characterization models to derive
estimates of risk.

These topics were addressed in the April 1999 workshop (Report 2) and have become

the basis for proposing a new conceptual model for assessing DBP mixture risk.
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2. SUMMARY: CURRENT STATE OF THE SCIENCE

2.1. INTRODUCTION

Humans are exposed concurrently and sequentially to chemical mixtures at
various exposure levels. The by-products formed during chemical disinfection of water
present an example of multiple chemical, multiple route exposure that is ubiquitous
across all segments of the U.S. population, as well as the populations of many
developed countries around the world. Human exposure to the chemicals formed as
by-products of chemical disinfection of water is an example of both a concurrent
exposure to a complex mixture of chemicals (the mixture of chemicals in the glass of
water consumed today) and a temporally separated mixtures exposure (exposure to the
DBPs in the glass of water consumed today is temporally separated from the DBPs
consumed yesterday, as well as from the DBPs encountered during bathing in the
morning).

The health benefits of chemical disinfection, i.e., dramatic decreases in both
morbidity and mortality from water-borne diseases, are clearly evident (Regli et al.,
1993). A consequence of water disinfection however, is low-level exposure to myriad
DBPs. Disinfectants such as free chlorine, combined chlorine (monochloramine),
ozone, and chlorine dioxide [the most common oxidants and disinfectants used (Singer,
1995)] react with naturally occurring organic and inorganic material in the incoming
source water to produce a variety of DBPs. A number of factors influence the formation
of DBPs: the type, concentration and point of application of the disinfectant; the type

and concentration of organic and inorganic precursor material; the disinfectant contact
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time; and source water characteristics of pH, bromide concentration and temperature
(Singer, 1995; Fair, 1995). Several hundred chemically distinct DBPs have been
identified in the laboratory but, in general, approximately 50% of the DBPs is made up
of an unknown number of unidentified chemicals (Miltner et al., 1990; Richardson, 1998;
Weinberg, 1999).

Human health risks from exposure to DBPs are of concern; both the
epidemiologic and toxicologic literature provide some evidence of potential adverse
health effects. Taken as a whole, epidemiologic studies on chlorinated drinking water
offer some evidence of an association with certain cancers, and reproductive and
developmental effects, warranting further investigation. In contrast, in whole mixture
studies, toxic effects have not been observed when animals are exposed to finished
drinking water, but there is evidence of mutagenicity in in vitro studies of drinking water
extracts and concentrates. In in vivo studies at high doses of individual DBPs and some
defined DBP mixtures, there is evidence of carcinogenicity, reproductive and
developmental effects, nephrotoxicity and hepatotoxicity. Thus, the existence of
adverse human health effects from exposure to environmental levels of DBPs is
certainly possible, but also highly uncertain.

2.1.1. Risk Assessment Paradigm for DBP Mixtures. The EPA generally follows the
paradigm established by the National Academy of Sciences (NRC, 1983) when
performing a human health risk assessment. This paradigm consists of a group of
interrelated processes: hazard identification, dose-response assessment, exposure

assessment and risk characterization. These processes are also the basis for the
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current DBP mixtures risk assessment and are the elements that must be addressed in
making improvements. These elements are described briefly as follows:

1) Hazard Identification. Available data on biological endpoints are used to determine
if the DBPs are likely to pose a hazard to human health. These data are also used to
define the type of potential hazard, its severity, and the modes of action associated with
the chemicals of interest. For mixtures, hazard identification must also consider
potential interaction effects from exposure to the combination of DBPs and their
combined doses.

2) Dose-Response Assessment. Data are used to estimate the concentrations of
DBPs that may elicit an adverse effect in humans. The risk assessor may define a
quantitative dose-response relationship usable for low dose exposure, often by applying
mathematical models to the data. For mixtures, dose-response assessment must
consider the potential for effects below individual chemical thresholds as well as
incorporate judgments related to similarity of mode-of-action within or between mixtures.
3) Exposure Assessment. Exposure assessment uses available data relevant to
population exposure, such as concentration data, tap water consumption patterns, and
biomarker information to determine the extent to which a population is exposed to
DBPs. Fate and transport of the DBPs in the environment, routes of exposure,
pharmacokinetics and pharmacodynamics of the DBPs once in the body may all be
considered in the exposure assessment. For mixtures, exposure assessment must take
into account chemical characterization of unidentified DBPs in the complex mixture and

the variability of the mixture in the distribution system over time.
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4) Risk Characterization. This step in the paradigm summarizes assessments of
human health, identifies human sub-populations at elevated risk, assesses exposures
from multiple environmental media and describes the uncertainty and variability in these
assessments. For mixtures, risk characterization must evaluate how well the
assumptions made about interaction effects, toxicologic similarity of mixtures or their
components, and exposure can be supported by the data. In both the exposure
assessment and the dose-response assessment steps for a chemical mixtures risk
assessment, the analyst must determine whether the mixture evaluated in the
laboratory is “sufficiently similar” to the mixture encountered in the environment. This
judgement of sufficient similarity between the “tested” mixture and the “environmental’
mixture is a unique element of the risk characterization step in the chemical mixtures
risk assessment paradigm.
2.2. MIXTURES RISK ASSESSMENT METHODS

The EPA began to address concerns over health risks from multiple chemical
exposures in the 1980s and issued its Guidelines for the Health Risk Assessment of
Chemical Mixtures in 1986 (U.S. EPA, 1986). Continued interest and research in this
area and in multiple route exposures has resulted in other documents over the years
(U.S. EPA, 1989a, 1989b, 1990, 1999b). In 2001, the EPA is expected to release
further guidance on the assessment of risks posed by exposures to chemical mixtures
(U.S. EPA. 1999c; 2000a). A number of publications provide additional depth and
information on chemical mixtures toxicology and risk assessment methods for complex

mixtures (see, e.g., Cassee et al., 1998; Hertzberg et al., 1999; Krishnan and Brodeur,
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1991; Mumtaz et al., 1997a, 1998; NRC, 1988; Simmons, 1995a; Svendsgaard and
Hertzberg, 1994; Teuschler and Hertzberg, 1995; Yang, 1994; Yang and Suk, 1998).
2.2.1. Key Concepts. Several important concepts have evolved relative to the
evaluation of chemical mixtures (U.S. EPA, 1999c). The first is the role of toxicologic
similarity which can be considered along a spectrum of information on toxicologic action
from mechanism-of-action, specific molecular understanding of a toxicologic process
(e.g., DNA damage due to adduct formation), to mode-of-action, a more general
understanding of these processes at the tissue level in the body (e.g., centrilobular
necrosis of the liver), to toxicologic similarity, toxicologic action expressed in broad
terms such as at the target organ level (e.g., enzyme changes in the liver).
Assumptions about toxicologic similarity play an important role in chemical risk
assessment evaluations.

The second key concept is the assumption of similarity or, in contrast,
independence of action. The term, sufficiently similar mixture, refers to a mixture very
close in composition to the mixture of concern; differences in their components and their
proportions are small; and the data from the sufficiently similar mixture can be used to
estimate risk for the mixture of concern. The term, similar components, refers to the
single chemicals within a mixture that act by the same mode-of-action and may have
comparable dose-response curves; a component-based risk assessment can be
performed. The term, group of similar mixtures, refers to chemically-related classes of
mixtures that act by a similar mode-of-action, have closely related chemical structures,
and occur together routinely in environmental samples, usually because they are

generated by the same commercial process or remain after environmental
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transformation; chemical mixtures risk assessments are conducted using knowledge
about the shifts in chemical structure and relative potency of the components. Finally,
the term, independence of action, refers to a group of mixture components for which the
toxicity caused by any single component is not influenced by the toxicity of the other
components; the probabilities of toxic effects for the individual components can be
combined.

The third key concept is understanding language referring to toxicologic
interactions, defined here as any toxic responses that are greater than or less than what
is observed under an assumption of additivity. The term, additivity, is used when the
effect of the combination of chemicals can be estimated directly from the sum of the
exposure levels (dose addition), the sum of the responses (response addition) of the
individual components, or the sum of the biological effects of the individual components
(effects addition). The most general terms for interaction effects are synergism (i.e.,
greater than additive) and antagonism (i.e., less than additive).

2.2.2. Data-Driven Approaches for Assessing Risks Posed by Chemical Mixtures.
Figure 2 (U.S. EPA, 1999c) describes the selection of a chemical mixture risk
assessment method, beginning with an assessment of data quality and availability and
progressing to a number of judgments relative to data type, chemical composition, and
toxicologic activity to choose among risk assessment methods. The major concerns are
whether the available data are on components or whole mixtures; whether the data are
composed of either similar components or similar mixtures that can be viewed as acting
by similar toxicologic processes; whether the mixture components act by the same

mode of action or are functionally independent; and whether the data may be
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grouped by emissions source, chemical structure or biologic activity. The results of
such judgments point the risk assessor toward methods that are available for these
specific types of data. Methods selected for whole mixtures depend on whether
information is directly available on the mixture of concern or only on sufficiently similar
mixtures or groups of similar mixtures. Methods available for component data depend
on whether data on interactions are available, or whether the components act with a
similar mode of action or are toxicologically independent. For all assessments based on
data of adequate quality, the outcome is a quantitative assessment with a complete risk
characterization and uncertainty discussion presented. Tables 1 and 2 contain short
descriptions for many of the available methods indicated as endpoints in Figure 2, with
references for further information.

Figure 2 is deceptively simple, as many of the issues presented in the diagram
depend on scientific judgment or data that may not be readily available. In addition,
there will often be mixtures for which whole mixture data and component data both
exist, so the choice of method will not be clear (for example, both epidemiologic data
and component toxicity data may exist). Furthermore, the true toxicologic mechanism-
of-action is rarely known for a given mixture or even for most of its components; the
judgments made of toxicologic similar action or independence of action, for example,
will be uncertain. Thus, one approach that the risk assessor can take is to implement
several of the methods that are practical to apply and evaluate the range of health risk
estimates that are produced.

2.2.3. Risk Characterization and Uncertainty. Mixtures risk characterization requires

the use of considerable judgment along with plausible approaches that must be
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TABLE 1

Methods for Component Data

Approach [Type of Data Strategy of Ease of Use / Assumptions Limitations and References
Assessment] Requirements Method Advantages Uncertainties
Response Addition | Toxicity data Risk estimated for | Easy to Assumes Limited to low exposure U.S. EPA,
(measured in % |each component | calculate. Data | toxicologic doses. Slight overestimate | 1989a.
[Risk responding) and | using its dose- available on independence of | of mixture’s upper bound Chen et al.,
Characterization exposure data on | response curve at | components action. Assumes | on risk when adding 1990.
for any Toxic the mixture’s the exposure (e.g., EPA’s interactions are | component upper bound Cogliano, 1997.
Endpoint] components. concentration. IRIS database) | not significant at | risks. Individual risk
Component risks low exposures. estimates may vary in
are added. quality, accuracy.
Hazard Index, Toxicity and Scale individual Easy to Dose addition: Exposure data must be at | U.S. EPA,
Target Organ exposure data on [ component calculate. Data | same mode-of- low levels. Toxicity values | 1989a.
Toxicity Doses mixture’s exposure available on action (same across components may Mumtaz et al.,
components. concentrations by | components target organ), vary in their uncertainty. 1997b.
[Risk acceptable “safe” | (e.g., EPA’s parallel dose- Individual risk estimates
Characterization dose level. Add IRIS database) | response curves | may vary in quality,
for any Toxic concentrations. for components. | accuracy.
Endpoint]
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TABLE 1 cont.

Approach [Type of Data Strategy of Ease of Use / Assumptions Limitations and References
Assessment] Requirements Method Advantages Uncertainties

Interaction-based | Toxicity and Scale individual Complicated to | Assumes binary [ Limited interactions data Mumtaz and
Hazard Index exposure data on | component use. Offers a interactions are | are available. Binary Durkin, 1992.

components, exposure method for the most interactions used to Mumtaz et al.,
[New Procedure for | interactions data | concentrations by | incorporating important. represent the interactions 1998 Hertzberg,
Risk on at least one acceptable “safe” | interaction for the whole mixture. etal., 1999.
Characterization of | pair of dose level. Modify | effects using Individual risk estimates
any Toxic components. this term with data | binary data, may vary in quality,
Endpoint] on binary which are the accuracy.

interactions. Add | most readily
concentrations. available
interactions
data.

Relative Potency Toxicity and Scale component | Complicated to | Dose addition: Limited by data quality and | Hertzberg, et
Factors (RPFs) exposure data on | exposures relative | use. Data same mode-of- similarity. May not have al., 1999.

components. to potency of an intensive. action (use data from all routes of
[New Procedure for | One well-studied | index chemical. Requires some | surrogates), exposure of interest. Same
Dose-Response chemical. Add scaled statistical parallel dose- mode-of-action across
Assessment of any | Toxicity data concentrations. modeling and response curves | components may not be
Toxic Endpoint] may be missing | Estimate risk for | judgment of for components. | known. Judgment of

for some sum using dose- | RPFs. Offers Applied to relative potency factors

components. response curve of | interim method. | specific endpoint, | required.

index chemical.

route, duration.
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TABLE 1 cont.

Approach [Type of Data Strategy of Ease of Use / Assumptions Limitations and References
Assessment] Requirements Method Advantages Uncertainties
Toxicity Toxicity and Scale component | Complicated to | Dose addition: Rare data. Restricted by U.S. EPA,
Equivalence exposure data on | exposures relative | use. Data same mode-of- strong similarity, so few 1989b.
Factors (TEFs) components. to potency of an intensive. action, parallel chemical classes will
One well-studied | index chemical. Requires some | dose-response qualify. Same mode-of-

[Dose-Response chemical. Add scaled statistical curves for action across components
Assessment of any concentrations. modeling and components. is established.
Toxic Endpoint] Estimate risk for | judgment of Applied to all

sum using dose- | TEFs. Dioxin endpoints and

response curve of | TEFs reviewed | exposure routes.

index chemical. extensively.
Geographic Site- Toxicity data on | Range of risk Complicated to [ Requires the Some data restricted by U.S. EPA,
Specific commercial estimates for the |use. Data user to make similarity. Restricted to 1996a
Assessment mixture and commercial intensive. Offers | scientific specific conditions. Limited | Cogliano, 1998.

environmental mixture are method for judgements by data quality, accuracy.

[Risk exposure data on | adjusted for incorporating about the fate
Characterization components. environmental effects of and transport of
for Any Toxic mixture environmental groups of
Endpoint] composition. degradation of | chemicals.

the mixture.
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TABLE 2

Methods for Whole Mixture Data

Approach [Type of
Assessment]

Data
Requirements

Strategy of
Method

Ease of Use /
Advantages

Assumptions

Limitations and
Uncertainties

References

Mixture of Concern
Toxicity Value

[Dose-Response
Assessment]

Toxicity data on
mixture of
concern (e.g.,
epidemiologic
data, human
clinical studies,
toxicology data
on complex
mixture).

Estimate dose-
response toxicity
value directly from
data on complex
mixture of
concern, using the
same procedures
as those used for
single chemicals.

Calculations are
simple.
Assesses whole
mixture so
potential toxicity
of unknown
components is
accounted for.

Composition of
the test mixture
is functionally the
same as the
environmental
mixture. Test
data account for
all sensitive
endpoints.

Data are rarely available.

Scientific judgments
made of the chemical
composition of the
mixture; toxicologic
relevance of the
laboratory data to the
environmental mixture
may be weak.

U.S. EPA, 2000b.
(see RfD for
Arachlor 1016;
cancer
assessment for
coke oven
emissions)

Sufficiently Similar
Mixture Toxicity
Value

[New Procedure for
Dose-Response
Assessment]

Toxicity data on
a mixture judged
as sufficiently
similar to the
mixture of
concern for
which no data
are available.

Estimate dose-
response toxicity
value using data
on the sufficiently
similar mixture as
a surrogate for
data on mixture of
concern; use

Calculations are
simple.
Assesses whole
mixture so
potential toxicity
of unknown
components is
accounted for.

Composition of
the sufficiently
similar mixture is
functionally the
same as the
environmental
mixture. Test
data account for

Availability of data is
limited. Scientific
judgments of sufficient
similarity, chemical
composition and stability
of mixtures; toxicologic
relevance of the
laboratory data to the

U.S. EPA,, 1999c.

same procedures all sensitive environmental mixture
as for single endpoints. must be supported.
chemicals.
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TABLE 2

Methods for Whole Mixture Data

Approach [Type of Data Strategy of Ease of Use / Assumptions Limitations and References
Assessment] Requirements Method Advantages Uncertainties
Comparative Short-term data | Estimate dose- Calculations Assumes Availability of data is Lewtas, 1985.
Potency on several response value involve some potency change | limited. Scientific Lewtas, 1988.
similar mixtures | using statistical for similar judgments of sufficient Nesnow, 1990.
[Dose-Response including mixture | relationships modeling and mixtures across | similarity relative to
Toxicity Values for of concern; at across similar toxicologic assays is the chemical composition
least one data mixtures and judgement. same. Test data [ and toxicologic activity of

Cancer, Genetic
Toxicity]

point from a
chronic in vivo
study

similar assays to
extrapolate to a
value for mixture
of concern.

Allows use of
short-term in
vitro data

account for all
sensitive
endpoints.

the mixtures must be
supported.
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presented transparently. Mixtures composed of chemicals thought to have threshold
effects must be assessed and presented carefully. A common interpretation is that
mixtures with few components, each less than its respective threshold, pose no
significant risk. For chemicals acting by the same mode-of-action, this conclusion can
be in error because the joint exposures contribute to the same potential toxicity and
effectively represent a cumulative dose. Thus, a dose-additive assessment should be
performed (i.e., summing the component doses that are scaled for potency and
estimating the risk for the total mixture dose). For a mixture of toxicologically dissimilar
chemicals thought to be functionally independent, an assessment can be performed
using response addition (i.e., summing the risks of the individual components). In this
case, the mixture risk would likely be judged negligible, particularly if the threshold
effects are considered minor. When the toxic effects are of major concern, such as
cancer or developmental toxicity, the estimated mixture risk should be judged in the
context of the effects, the shapes of the dose-response curves, and the characteristics
of the exposed population (U.S. EPA, 1999c).

Whenever an assessment is based on component toxicity values, the risk
characterization must discuss the quality of the individual chemical estimates used,
including both exposure data and dose-response information. For example, cancer
potency estimates are uncertain, as reflected by confidence levels and goodness-of-fit
values when dose-response models are applied, as well as by qualitative descriptors of
the weight of evidence that the chemical is a human carcinogen. Similarly, human
exposure estimates can be uncertain because of water treatment system practices,

source water characteristics or tap water consumption patterns. All these measures of
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uncertainty and unevenness of component estimates must be described, at least in
summary fashion, in the risk characterization.

Many of the variables that are quantified in a mixtures risk assessment can have
multiple possible values, resulting in a need to address both variability and uncertainty
when applying the methodology. First, a parameter’s true value may be uncertain but
may not vary across individuals in the population. In this case, the parameter has one
true value for all individuals in the population but that value is not known. Second, a
parameter’s value may vary across individuals in the population but be treated as
known with certainty. It is important to segregate the influence of uncertainty and
variability because they give rise to two different sets of questions. Uncertainty raises
the question of how precise the resulting risk estimates are. Variability raises the
question of whether there are (identifiable) individuals in the population at a particularly
elevated risk. Application of a probabilistic approach allows the results of an analysis to
be used to quantify the distribution of plausible risks for the population. To implement
the analysis, input distributions are developed for all variables thought to be variable or
uncertain; such distributions are developed to reflect best estimates of the variables for
use in simulations and should not be biased toward conservative estimates of risk.

Following the generation of a distribution of plausible risks, additional sensitivity
and uncertainty analyses can be performed. An analysis of the relationship between
the model input variables and the model output can identify those variables that have
the greatest impact on the results. Such variables can then be targeted for future
research efforts. In addition, both model and data set uncertainty should be examined.

Model uncertainty is introduced when there is more than one plausible mathematical
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formulation describing some quantity (e.g., different dose-response models can be
used). Data set uncertainty is introduced when more than one data set can be used to
quantify a parameter, and the data sets cannot be directly combined (e.g., health risks
can be estimated using data from several different animal bioassays). Thus, these
uncertainties can be examined by repeating the probabilistic analysis using different
model or data set choices and comparing the results with those of the initial analysis.
Such additional analyses provide information on the reliability of the initial analysis and
are useful in planning new research activities.

2.2.4. Applying Mixtures Methods to DBP Mixtures Risk Estimation. Three basic
approaches are available for quantifying health risk for a chemical mixture, depending

on the type of data available to the risk assessor (U.S. EPA, 1986; 1999c; 2000a):

. Data on the complex mixture of concern
. Data on a similar mixture
. Data on the individual components of the mixture or on their interactions.

Figure 3 illustrates how these three scenarios can be mapped directly to three toxicity
testing scenarios recommended by an International Life Science Institute (ILSI) expert
panel on DBP mixtures toxicity (ILS1,1998). Figure 3 also shows the potential uses of
such data for risk assessment.

In the first approach, toxicity data are available on the complex mixture of
concern, which, in the case of DBPs, means data from real world drinking water
samples or extracts. The quantitative risk assessment is done directly from these data,

which can include either epidemiologic or toxicologic data. Although there are

R1-23 03/08/2001



Mixtures Risk Approaches to Risk Assessment Uses

Assessment Guidance Data Collection
Real World Extr?polatlon of Animal
. h Samples - Toxicity Data to Human
Data Available Health Risk Estimation
or Extracts
on Complex
Mixture
of Concern ” Epidemiologic - Evaluate Human Health
Studies Risks Directly From Data
Data Available Reproducible Extrapolate Toxicity Results
on Similar ” Disinfection - Across Similar Treatment
Mixture Scenarios (RDS) Trains and Source Waters
- Evaluate Joint Action of DBPs;
Data Available _ Compare with RDS
on Compqnents, Defined Mixtures Samples to Estimate Toxicity
Interactions of Unidentified DBPs
FIGURE 3

Mapping of Risk Assessment Approaches to Drinking Water Health Effects Studies
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advantages to testing the complex mixture of concern, this can also be problematic.
Toxicologic data from animal studies suffer from the uncertainties inherent in
extrapolation to human health risk. Epidemiologic data appear to be superior in terms
of evaluating humans directly, but these data suffer from confounding sources of
potential toxicity that can be difficult to account for.

The second approach uses data on a “sufficiently similar” mixture, represented
for DBPs by the toxicologic evaluation of Reproducible Disinfection Scenario (RDS)
samples (i.e., water samples produced by controlling the characteristics of source water
and then subjecting the samples to specific treatment trains). RDS samples may be
classified as similar mixtures with toxicity data that may provide a measure of the
expected toxicity of finished drinking water for a given treatment train and source water
characterization. Data in an RDS toxicity database could be judged for similarity against
data from a treatment plant by identifying and measuring the concentrations of DBPs in
each, comparing component proportions across the mixtures, and contrasting available
toxicity data on their components. For the RDS mixtures, the source of the mixtures is
controlled and measured so comparisons can be made across similar treatment trains
and source waters. Analytical chemistry is needed to characterize the composition and
stability of the mixtures. Toxicity data on the RDS samples are used to characterize
expected health effects. If the treatment plant data and the RDS mixture are judged to
be similar, then the quantitative risk assessment for the treatment process may be
derived from health effects data on the RDS sample.

Finally, the third mixtures risk assessment approach is to evaluate the DBP

mixture through an analysis of data on its components. This approach maps to the ILSI
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panel’s testing of simple or “defined” mixtures of DBPs. For example, data from defined
mixture experiments (and also single chemical studies) could be used to perform a risk
assessment using a dose addition approach for DBPs thought to act by a similar mode-
of-action and or a response addition method for estimates of risk for DBPs thought to be
functionally independent. These particular procedures include a general assumption
that interaction effects at low concentration levels either do not occur at all or are small
enough to be insignificant to the risk characterization. Other, newer component-based
approaches that incorporate interactions information into the risk estimates when such
data are available are under development (Hertzberg et al., 1999; U.S. EPA, 1999c).
For DBPs, toxicity and concentration data on the components of a mixture can be
combined and added together (depending on the assumption used) to estimate
mixtures risk. Again, analytical chemistry is needed to identify and quantify the
components.

At least some data on DBPs exist for all these scenarios, so the method of risk
characterization chosen depends on the availability of health effects data, the
characterization of the exposure of interest, and the beliefs held relative to the toxicity of
the DBPs in the complex mixture, their interaction potential, and their likely mode(s)-of(!
action. Given all the data collection, evaluation and expert judgments that must be
performed, the risk assessor can then determine the most appropriate risk
characterization method to apply (U.S. EPA, 1999c).

The doses associated with human exposure to DBPs are all below the levels that
show adverse health effects when administered to animals, making extrapolation

necessary and the existence of a threshold effect level an important consideration. A
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major concern is whether unidentified chemicals may produce “surprise” interactions,
even at low doses. Two major considerations in determining the likelihood of
toxicological interactions among DBP mixtures are that the DBPs are present at low
concentrations in drinking water and that a large number of compounds remain
unidentified.

Typically, little interaction is expected at the doses associated with exposure to
DBPs in drinking water. At the current, extremely low, environmental concentrations of
DBPs, synergistic toxicological interactions are not thought to occur. However, the
large number of uncharacterized compounds precludes completely ruling out the
possibility. An additional consideration that may result in possible interactions is
whether DBPs could accumulate in the body from constant exposure or whether there
could be an accumulation of impacts from exposure to hundreds of different chemicals,
each individually at a low level, but all acting (by the same mechanism or at different
steps in the same pharmacodynamic process) on some precursor stage leading to an
adverse health effect.
2.3. DBP EXPOSURES

The goal of an exposure assessment is to quantify the uptake of an agent or a
group of agents that results from an individual’s or a population’s contact with
environmental media (U.S. EPA, 1992; Paustenbauch, 2000). U.S. EPA (1992) defines
exposure assessment as the qualitative or quantitative “determination or estimation of
the magnitude, frequency, duration, and route of exposure.” Exposure assessments

involve three general steps:
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. Estimation of the occurrence and concentrations of an agent or group of
agents in various media that individuals contact

. Characterization of specific contact rates with the media

. Calculation of the likelihood of an exposure, the resulting uptake and
biologically relevant dose rates, e.g., average daily exposure in terms of
mg/kg/day, peak exposure, or cumulative exposure.

Exposures to DBP mixtures ultimately depend on concentrations of DBPs at the
tap (Olin, 1999). These concentrations at the tap depend upon fluxes in the DBP
concentrations within the distribution system. Very few consumers drink water directly
from a water treatment plant; most customers consume water that has passed through
a water distribution system. The concentration of the individual DBPs depends on the
water chemistry of the distributed water and the concentration and type of disinfectant.
The concentration of disinfectant also depends on the water chemistry and the
disinfectant demand associated with the distribution system. (For more details on
exposure data, see Sections 2.2., 3.4., 3.5., 3.6. of Report 2.) Water quality varies
throughout the distribution system because of changes taking place in the bulk phase of
the water and conditions existing at the interface between the bulk phase and the pipe
wall. To make exposure estimates more realistic, a series of dynamic models have
been developed to predict the concentrations of some individual DBPs at various times
in the distribution system (Clark, 1998; Clark and Sivaganesan, 1998).

Residence time in distribution systems affects DBP formation. In the United
States, distribution systems are frequently designed to ensure hydraulic reliability, which
includes adequate water quantity and pressure for fire flow as well as domestic and

industrial demand. To meet these goals, large amounts of storage are usually
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incorporated into system design, resulting in long residence times, which in turn may
contribute to water quality deterioration.

Human exposure to DBPs is a classic complex exposure scenario (Olin, 1999).
DBP exposure patterns can be characterized as a multiple route, daily exposure to a
highly variable complex mixture of chemicals at low concentrations that inherently
reaches the general population, including sensitive subpopulations. DBPs have been
measured in tap water, vapors and aerosols. Some DBPs in tap water (e.g., chloroform)
volatilize through heating during cooking, showering, etc. (e.g., Weisel and Chen, 1994;
Giardino and Andelman, 1996). As a result, DBP exposures can occur through
ingestion, inhalation, and dermal absorption.

Mathematical exposure models have been developed for each exposure route;
several of these are summarized specifically for drinking water inhalation and dermal
exposures in Olin, 1999. Paustenbauch (2000) provides a general review of exposure
assessment and describes ingestion, inhalation and dermal exposure. The models
predict exposures based on such factors as the physical and chemical properties of
DBPs in water and assumptions concerning human activity patterns, as well as air
exchange rates in buildings and room dimensions (Olin, 1999). Studies of human
activity patterns in the U.S., such as tap water consumption distributions (including
heated tap water consumption), showering and bathing frequency and duration
distributions, provide contact rates for important exposure media (U.S. EPA, 1997b;
Johnson et al., 1999). These data can be aggregated and used in exposure modeling

to estimate DBP contact rates for the three primary exposure routes.
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Mathematical models have been developed to estimate the absorbed doses from
oral, inhalation, and dermal routes. Absorbed dose is defined by the U.S. EPA (1997b)
as the amount crossing a specific absorption barrier through uptake processes. Report
2 describes an oral exposure model (Section 3.4.). In this model, DBP exposure is a
function of the concentration in water and the daily quantity of water ingested. Some
general models include a bioavailability parameter, although this was not included in this
modeling effort. The model used described a potential dose (i.e., the quantity ingested).
Both U.S. EPA (1994a) and Wilkes (1999), among others, describe inhalation exposure
models. Wilkes (1999) describes a model for estimating the absorbed dose of drinking
water contaminants including DBPs. The model estimates chemical exposures via
inhalation of aerosols and vapors. These may be generated from a number of
household uses including showers, clothes washers, dishwashers, and toilets. Bunge
and McDougal (1999) describe two broad classes of dermal penetration models:
membrane models and pharmacokinetic models. Both types of models can be used to
estimate absorbed doses. To estimate the absorbed dose of chloroform from drinking
water, Wilkes used an inhalation model and a membrane model for dermal exposure.
His results showed that the inhalation route is dominant for compounds that have a
higher volatility such as chloroform.

Further development of these models and extensions to DBP classes, such as
the HAAs and HANSs, will be useful both to refine human exposure estimates and obtain
more relevant information from epidemiological studies (see Sections 4.1.1 and 4.8.1. of
Report 2). Difficulties in measuring both irregular exposure patterns and variable DBP

occurrence levels complicate interpretations of environmental epidemiological studies.
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Some of the uncertainties have been discussed regarding the cancer literature (Murphy
et al., 1999; Poole and Greenland, 1999; U.S. EPA,1998b). Epidemiologic studies that
integrate more relevant exposure measures, data derived from mathematical models of
DBP exposures, and biomonitoring data are being developed. These improvements
may decrease many of the uncertainties in interpreting this literature in the near term.
In the longer term, DBP biomarkers may prove useful for refining exposure measures,
improving human dose-response assessment, and evaluating causality.

The development of quantitative measures of human exposure or effects from
exposure to DBPs from the three primary environmental exposure routes has proven to
be challenging. The development of biomarkers may aid the evaluation of these areas
of DBP research. Biomarkers are observable properties of an organism that can be
used to estimate prior exposure, to assess the underlying susceptibility of an organism,
and to identify changes or adverse effects resulting from exposures. Biomarkers can
occur at a number of functional levels within an organism: molecular, cellular, tissue, or
whole organism. Biomarker monitoring may provide a sensitive indicator of exposure,
susceptible subpopulations or individuals, or health. In the future, biomarkers offer the
potential advantage of integrating exposure and dose-response functions. The
development and use of these markers in human health risk assessment of
environmental chemicals are under active investigation. The following three areas of
biomarker research are being developed:

. Exposure biomarkers measure exogenous chemicals, metabolite(s) or

the products of interactions with target molecules or cells in a
compartment within an organism. This includes internal dosimeters of

parent or metabolite concentrations and markers of biologically effective
doses
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. Susceptibility biomarkers indicate inherent or acquired properties of an
organism that may lead to an increase in the internal dose or an
increased level of the response resulting from exposure to a chemical or
chemical class

. Effects biomarkers measure alterations of an organism that, depending
on magnitude and nature, can indicate a potential or actual physical
impairment or disease.

Some research efforts have focused on developing and evaluating biomarkers of
exposures to individual DBPs. Based on work described in Wallace et al. (1987) and
previous efforts in their laboratory, Weisel et al. (1999) evaluated two sets of exposure
biomarkers: 1) measuring the THM levels in exhaled breath; and 2) measuring the
urinary excretion rates and concentrations of dichloroacetic acid and trichloroacetic
acid. The rapid metabolism of THMs in the liver reduces body burden and breath
concentration following exposure; this rapid metabolism complicates the interpretation
of breath concentrations. Although both chloroform and bromodichloromethane
measurements taken immediately after shower exposures significantly correlated
statistically with concentrations in water, these measures and collection approaches still
need refinement before they can be used for purposes other than general markers of
inhalation and dermal exposure.

Pereira and Chang (1982) and Pereira et al. (1994) have developed blood
biomarkers that eventually may be useful in estimating the exposure to total THM, but
additional data are needed to describe the formation of adducts from individual THM
chemicals. THMs are metabolized to dihalocarbonyl, which binds cysteine. This bound

residue is metabolized, forming 2-oxothiazolidine-4-carboxylic acid, a urinary metabolite

of THM chemicals. Although measuring 2-hydroxythiazolidine-4-carboxy acid in

R1-32 03/08/2001



hemoglobin or albumin and the urinary excretion of 2-oxothiazolidine-4-carboxylic acid
would not distinguish individual THM chemicals from one another, it could serve as a
biomarker for total exposure to THMs. Data describing levels of the different THMs in
the drinking water and the rates at which each was metabolized could be used to
approximate the percentage of hemoglobin adduct produced by each THM.

A similar mechanism exists for the HANs. This may complicate attributing of a
given fraction of blood or urinary marker for THMs. Urinary dichloroacetic acid excretion
rates were not correlated to concentrations in drinking water; however, trichloroacetic
acid in the urine was a good marker of chronic exposure. Although these efforts are still
evolving, the use of biomarkers of exposure shows promise.

2.3.1. DBP Concentrations. A health risk assessment may consider many DBPs,
several hundred of which have been identified (Richardson, 1998). Chemicals
commonly found in finished drinking water are listed in Table 3. Figure 4 illustrates a
typical distribution of DBPs for a system that disinfects via a chlorination process,
including many of the DBPs listed in Table 3. Figure 4 also demonstrates the common
fact that more than 50% of the organic halogens produced by chlorination disinfection
are unidentified chemicals (62.4% in this instance). Similarly, less than 40% of the by-
products of ozonation have been identified (Weinberg, 1999). In general, these
unidentified DBPs include not only the organic halogens, but also non-halogenated
compounds in the water. Thus, the risk assessment must take into account that part of
the chemical exposure to humans that includes an unknown number of unidentified

chemicals likely to be found at extremely low concentrations.
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TABLE 3

DBPs Commonly Found in Finished Drinking Water

Trihalomethanes (THMs)
Chloroform (CHCI,), Bromodichloromethane (BDCM), Chlorodibromomethane
(CDBM), Bromoform (CHBr;)

Haloacetic Acids (HAAs)
Chloroacetic acid (CAA), Dichloroacetic acid (DCA), Trichloroacetic acid
(TCA), Bromoacetic acid (BAA), Dibromoacetic acid (DBA), Bromochloroacetic
acid (BCA)

Haloacetonitriles (HANS)
Dichloroacetonitrile (DCAN), Trichloroacetonitrile (TCAN),
Bromochloroacetonitrile (BCAN), and Dibromoacetonitrile (DBAN)

Aldehydes
Formaldehyde, Acetaldehyde

Haloketones
1,1,1-Trichloropropanone, 1,1,1-Dichloropropanone

Other miscellaneous DBPs
e.g., Bromate, Chloral Hydrate, Chloropicrin
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Percentage of Total Organic Halogen Accounted for by
Known DBPs (on a Molar Basis)*

Cyanogen
Chloride
Trihalo[J
methanes
Haloaceto-
—===_ " Chloral Hydrate
Unknown Sum of 5

Organic Halogen Haloacetic Acids

62.4% Bromochloro-

2.8% acetic Acid

*California water, 1997 (raw-water bromide = 0.15 mg/L):
Total organic halogen =172 pg/L

Courtesy of Stuart Krasner, Metropolitan Water District Of So. California, 1999

FIGURE 4

Typical Distribution of Disinfection By-Products
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Assessing exposure to chemical mixtures of DBPs entails consideration of
several broad issues not encountered in single chemical risk assessments. First, when
assessing the current state of the analytic chemistry of DBPs, not only are the accuracy
and reliability of the measurement techniques critical, but also whether all of the
toxicologically relevant components have been identified (i.e., are there unidentified
components of the mixture?) or if the entire mixture has been measured at the points of
contact over time. Second, it should also be determined whether the key environmental
reactions have been identified and reaction rates measured. Important changes in the
concentrations of the DBP mixture components in the medium(a) of concern at the
point(s) of human contact must be identified (i.e., are all of the exposed individuals
receiving exposures to the same compounds, etc.). Finally, the bioavailability of the
mixture components must also be assessed. Important uncertainties must be identified
(and perhaps quantified): uncertainty based on imperfect analytic methods (e.g., some
constituents may not be characterized by the analytic technique that represents the
current state-of-the-science); extrapolations between concentrations at measurement
points and points of human exposure; unknown transformation reactions to the mixture
in the environment; and bioavailability. Each of these uncertainties in the risk
assessment must be discussed and accounted for in the final risk characterization.
2.3.2. Tap Water Exposure. Human exposure occurs only when an agent comes into
contact with the human membranes. For most individuals, DBPs primarily are
encountered indoors. The primary uses of indoor water are faucet use (drinking,
cooking, hand washing, etc), showering/bathing, toilet use, clothes washing and dish

washing (U.S. EPA, 1997b). DBPs may be present in liquid, vapor, or aerosol form(s),
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can enter the body via ingestion, respiration, or dermal penetration, and may be
metabolized before distribution to the target organ(s).

The fate of DBPs in tap water depends on the water temperature and the nature
of use (Olin, 1999). For example, volatile DBPs are released when water is heated for
cooking and bathing; showering leads to increases in aerosolized DBPs; volatilization
and aerosolization of DBPs may be more limited during other water uses. The
concentrations of DBPs in the air also are dependent on the original concentrations in
the tap water, the volume of water used per activity, and structural characteristics (e.qg.,
room dimensions, air flow patterns, etc.). For example, showering can utilize large
volumes of heated water.

For the oral route, DBP exposure can be estimated as a function of total tap
water consumed (L/kg-day), including all water from the household tap consumed
directly as a beverage or used to prepare foods and beverages. The studies of Ershow
and Cantor (1989) of the U.S. population and the Canadian Ministry of National Health
and Welfare (1981), presented in U.S. EPA (1997b) can be used to derive consumption
estimates. In addition, the Continuous Survey of Food Intake by Individuals (CSFII)
data (1994-1996) is currently undergoing evaluation within the EPA. Water
consumption data are also available for some subpopulations (e.g., pregnant women
(Ershow et al., 1991), persons with AlDs). Differences in DBP exposures occur
because of other factors, such as heated vs. unheated tap water or changes in
consumption patterns (e.g., in CSFIl, increased use of bottled water).

Human activity patterns greatly influence DBP exposures via inhalation and

dermal routes. Human activity patterns including time spent at each activity as well as
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location within a building are needed to assess exposure through other non-ingestion
routes. These activity patterns need to include encounters with DBPs that occur when
others are showering or washing clothes. The influence of human activity patterns on
estimated exposures to individual DBPs and DBP classes needs to be evaluated.

2.4. DBP HEALTH EFFECTS DATA (HAZARD IDENTIFICATION AND DOSE-
RESPONSE)

Data from both epidemiologic and toxicologic studies indicate that human health
effects from DBP exposure are of concern, but neither discipline has been able to
confirm this with confidence. DBPs typically occur at low levels in drinking water at
which general toxic effects from exposure to the environmental mixture have not been
found in animal studies. In contrast, epidemiologic studies of chlorinated drinking water
exposures in humans suggest weak associations with bladder, rectal and colon cancer
and limited evidence of reproductive and developmental effects. A limited number of
toxicology studies (for both cancer and non-cancer endpoints) exists on defined DBP
mixtures (i.e., simple mixtures of 2-5 chemicals) that have been performed primarily
using the trihalomethanes and the haloacetic acids. Results indicate that:

. Concurrent exposures tended to be consistent with dose-addition or

antagonism, whereas temporally separated exposures tended to result in

a greater than additive response

. The mixing ratio of the components comprising the mixture may
influence the toxic outcome

. Interactive effects appear to be dose-dependent, a finding consistent
with mixtures research in general (i.e., synergism or inhibition are
expected interaction effects at high-dose levels, while dose additivity is
more commonly observed in lower portions of the mixture dose-
response curve) (Simmons et al., 2000a).
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There is evidence in single chemical animal studies, at high DBP dose levels, of
carcinogenicity, reproductive effects, developmental effects, and other toxic effects,
particularly in the kidney and liver. Finally, there is evidence of mutagenicity and of
additivity using embryo cultures from exposure to extracts of finished drinking water in in
vitro studies.

2.4.1. Summary of Epidemiology Studies. Since the early 1970s, a large number of
epidemiologic studies of varying design and quality have been published in the scientific
literature. The studies have focused almost exclusively on chlorinated drinking water
and its association with cancer rather than on individual chemical exposures.
Reproductive and developmental epidemiologic studies on this topic first appeared in
the literature in the late 1980s. However, only recently have investigators collected
information to quantitatively estimate exposures to individuals from different chemical
families and species of DBPs and begun to study disinfectants other than chlorine. The
purpose of this section is to provide a brief overview of the existing epidemiologic
literature suggesting a potential hazard from exposure to disinfected drinking water and
its associated DBPs.

2.41.1. Cancer Studies — Several types of epidemiological studies have been
conducted to assess the association between cancer and chlorinated drinking water,
including ecological, cohort, and case-control designs, evaluating both incident and
decedent cancer cases. These studies differ in their basic approach and the evidence
they provide about the possible causality of an epidemiological association between
chlorinated drinking water and cancer. These studies are not reviewed in detail in this

document. However, a summary of the more methodologically sound studies (e.g.,
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those based on incident cases that have interviews and some from of individual
exposure estimates) is provided in Table 4. The studies are described further in U.S.
EPA (1998a,b).

The results from these studies have not been used quantitatively for the current
risk assessment exercise because most of the exposure contrasts were confounded by
water source and none of the designs allowed for a comparison of the drinking water
treatment practices of interest to the current problem. In addition, recent research has
demonstrated evidence of publication bias, a form of selection bias, in the cancer
literature, where studies with inverse or null associations may not have been published
or submitted for publication by the investigators (Poole, 1997; Poole and Greenland,
1999; Murphy et al., 1999).

Based on the entire cancer-chlorinated drinking water epidemiology database,
there is better evidence for an association between exposure to chlorinated surface
water and bladder cancer than for other types of cancer. However, the latest bladder
cancer study (Cantor et al., 1998) notes several inconsistencies in results among the
studies for smokers/nonsmokers and males/females (Lang et al., 1998), and the
evidence is still considered insufficient to judge which water contaminants may be
important. Evidence for a role of THMs is weak at this time. A possible explanation for
the apparent discrepancies in findings for smokers and never-smokers among studies
may reside in water quality and water treatment differences in the respective study

areas, with resulting variations in the chemical composition of by-product mixtures.
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TABLE 4

Summary of Interview-based Case-control and Cohort Studies for Cancer*

Overview

Population

Exposure Assessment

Analysis

Reference: Cantor et
al., 1998

Type of study: case-
control (incidence)

Cancer site(s):
bladder; 5 other sites
also studied

Population base: residents of lowa.

Cases: 1,123 bladder cancers, ages
40-85 yrs., histological confirmation of
all cases, identified primarily through
State Health Registry of lowa

Controls: 1,983 age-gender-race
frequency matched sample of the
general population; no previous
cancer diagnosis

Exposure measure: mailed
questionnaire obtained estimates of
fluid and tap water consumption,
residential and water source history;
duration of use of chlorinated
surface water, unchlorinated ground
water, fluid and tap water
consumption.

Ascertainment of D/DBPs: water
source and treatment from water
company records and recent
measures of water contaminants
such as THMs.

Method: logistic regression adjusted for potential
confounders, such as age, farm occupation, diet,
physical activity, cigarette smoking.

Findings: little overall association between bladder
cancer risk and exposure to chlorination by-
products. Bladder cancer risk increased with
exposure duration , but opposite trends were found
in males and females; further analyses that
included total lifetime and average lifetime THM
levels show all risk increases are apparently
restricted to male smokers.

Reference: Cantor et
al., 1987

Type of study: case-
control
(incidence)

Cancer site(s): Bladder
(National Bladder
Cancer Study)

Population base: white U.S. residents
in 10 locations.

Cases: 2,805, age 21-84, diagnosed
1977-1978, identified from tumor
registries.

Controls: 5,258 from general
population; frequency matched to
cases by sex, age, and geographic
area; identified through phone
sampling (to age 64) or sample of
Medicare roster (age 65 and over).

Exposure measure: duration of use
of chlorinated surface water vs.
nonchlorinated ground water; tap
water consumption.

Ascertainment of D/DBPs:
information on water source
(surface vs. ground) and
chlorination from survey of utilities;
residential history, and level of
consumption of tap water and
beverages, by personal interview.

Method: logistic regression; adjusted for age,
gender, study area, smoking, usual or high-risk
occupation, and urbanicity of place of longest
residence.

Findings: for whites with >59 years exposure to
chlorinated water overall OR = 1.1 (0.8-1.5), non-
smokers OR = 2.3 (1.3-4.2), current smokers OR =
0.6 (0.3-1.2); for whites with 40-59 years exposure
to chlorinated water overall OR = 1.0 (0.8-1.3),
non-smokers OR = 1.4 (0.9-2.3), current smokers
OR = 0.7 (0.5-1.2); for those with 40-59 years of
chlorinated surface water use, OR for highest
quintile of tap water consumption relative to lowest
quintile = 1.7 (p for trend = 0.006); for those with
>60 years of use, OR = 2.0 (p for trend = 0.014).
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Overview

Population

Exposure Assessment

Analysis

Reference: McGeehin
etal., 1993

Type of study: case-
control

Cancer site(s): bladder
(incidence)

Population base: white Colorado
residents from the State Cancer
Registry.

Cases: 327.

Controls: 261 frequency matched by
gender and 5-year age group
randomly selected from cancer
registry during same period, excluding
lung and colorectal cancers.

Exposure measure: residential
history and level of tap water
consumption; duration of use of
chlorinated/chloraminated surface
water, chlorinated/unchlorinated
ground water, bottled water; tap
water consumption.

Ascertainment of D/DBPs:
information on water source and
chlorination or chloramination from
site visit to water utilities; water
quality data collected for total
THMs, chlorine residual, and
nitrates.

Method: logistic regression adjusted for smoking,
coffee, history of kidney stones and familial
bladder cancer, and occupation.

Findings: OR for bladder cancer = 1.8 (1.1-2.9) for
>30 years' exposure to chlorinated water. Cases
consumed more tap water per day than controls
(p<0.01); OR for bladder cancer = 2.0 (1.1-2.8) for
cases consuming >5 glasses of tap water. Risk of
bladder cancer decreased with increased duration
of exposure to chloraminated surface water
(p<0.01); OR = 0.6 (0.4-1.0) for those consuming
chloraminated water >40 years. Level of total
THMs, residual chlorine, or nitrates not associated
with bladder cancer risk controlling for years of
exposure.

Reference: Freedman
et al., 1997

Type of study: nested
case-control

Cancer site(s): bladder
(incidence)

Population base: white residents of
Washington County, MD, included in
1975 county census.

Cases: 294 new cases reported to
Washington County cancer registry,
1975-1992.

Controls: 2,326 frequency matched by
age and gender, randomly selected
from 1975 census.

Exposure measure: chlorinated vs.
nonchlorinated drinking water
(Municipal, vs. nonmunicipal
source); fluid consumption not
obtained.

Ascertainment of D/DBPs:
information on water treatment from
prior study; drinking water source
obtained in 1975 county census.

Method: logistic regression adjusted for age, sex,
smoking level and history, urbanicity, marital
status, education.

Findings: OR = 1.2 (0.9-1.6) using 1975 measure
of exposure to chlorinated vs. nonchlorinated
water; slight gradient of increasing risk with
increasing duration of exposure noted only among
smokers; further stratification by gender showed
elevated ORs to be restricted to subcategory of
male smokers.
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Exposure Assessment
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Reference: King and
Marrett, 1996

Type of study: case-
control

Cancer site(s): bladder
(incidence); colon and
rectal cancers also
studied, but results not
yet reported

Population base: residents of Ontario,
Canada, ages 25-74 years.

Cases: 696.

Controls: 1545 age-gender frequency
matched sample of the general
population from households randomly
selected from residential phone
listings; controls also used to study
colon and rectal cancer and age-
gender distribution based on that
expected for all 3 sites combined.

Exposure measure: mailed
questionnaire/telephone interview
obtained estimates of fluid and tap
water consumption, residential and
water source history: duration of use
of chlorinated surface water,
unchlorinated ground water, fluid
and tap water consumption.

Ascertainment of D/DBPs: water
source and treatment from water
company records and
questionnaire; combined with model
to estimate past total THMs summer
levels (annual peak value) by year.

Method: logistic regression adjusted for age,
gender, education, cigarette smoking, caloric
intake.

Findings: bladder cancer risk increased with
increasing number of years exposure to
chlorinated surface water, but was statistically
significant only for lengthy exposures. OR for
bladder cancer = 1.41 (1.09-1.81) for >34 years
exposure to chlorinated surface water compared to
<10 years exposure. OR for bladder cancer =1.44
(1.10-1.88) for exposure to >1956 ug/l-years THMs
compared to <584 ug/l-years; risk increases by
11% with each 1,000 ug/L THMS-years. Results
provide no support for an interaction between
volume of water consumed and years of exposure
to THMs level >49 ug/L. Among those with
relatively homogenous exposures for >29 years,
trend for increased bladder cancer risk with
increased THMs levels (p=0.006) and OR for
bladder cancer = 1.39 (1.09-1.79) for chlorinated
surface water compared to ground water.

Reference: Young et
al., 1987

Type of study: case-
control

Cancer site(s): colon
(incidence)

Population base: WI residents, age
35-90.

Cases: 347 new cases reported to WI
Cancer Registry over 2-year period.

Controls: 639 new cases of non-
gastrointestinal/urinary tract cancer
reported to registry; also 611
population controls, a random sample
of WI drivers.

Exposure measure: high or medium
vs. low lifetime exposure (and
period-specific exposure) to total
THMs.

Ascertainment of D/DBPs: water
source and treatment from water
company records and
questionnaire; combined with model
to estimate past total THM levels by
year; residential history, drinking
water sources, and use of tap water
from self-administered
questionnaire.

Method: logistic regression; adjusted for age, sex,
and urbanicity of residence.

Findings: for lifetime exposure: for high exposure
group, OR = 0.93 (0.55-1.57) using cancer controls
and 0.73 (0.44-1.21) using population controls; for
medium-exposure group, OR = 1.05 (0.66-1.68)
using cancer controls and 1.10 (0.68-1.78) using
population controls.
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Reference: Cragle et
al., 1985

Type of study: case-
control

Cancer site(s): colon
(incidence)

Population base: white NC residents
with residency 10 years.

Cases: 200 new cases over 18-month
period from 7 NC hospitals, resident in
NC 10 years.

Controls: 407 non-cancer hospital
patients with admission date nearest
diagnosis date of case, matched to
case in age, race, gender, vital status,
and hospital.

Exposure measure: duration of
exposure to chlorinated drinking
water (none vs. 1-15 years vs. 16-
25 years), 1953-1978.

Ascertainment of D/DBPs: queried
local water treatment plants about
water source and treatment;
residential history by questionnaire
(phone or self-administered).

Method: logistic regression adjusted for sex, age,
genetic risk, dietary fiber, region of NC, urban
residence, smoking, alcohol use, education, and
number of pregnancies.

Findings: for age 60: OR = 1.38 (1.10-1.72) for
longer exposure and 1.18 (0.94-1.47) for shorter
exposure; for age 70: OR = 2.15 (1.70-2.69) and
1.47 (1.16-1.84); for age 80: OR = 3.36 (2.41-4.61)
and 1.83 (1.32-2.53).

Reference: Hildesheim,
1998

Type of study: case-
control

Cancer site(s): colon
and rectal cancers
(incidence)

Population base: residents of lowa

Cases: 560 colon cancers, 537 rectal
cancers

ages 40-85 yrs., histological
confirmation of all cases, identified
primarily through State Health
Registry of lowa

Controls: 1983 age-gender-race
frequency matched sample of the
general population; no previous
cancer diagnosis

Cases and controls studies had at
least 70% of lifetime drinking water
exposures documented

Exposure measure: mailed
questionnaire obtained estimates of
fluid and tap water consumption,
residential and water source history;
duration of use of chlorinated
surface water, unchlorinated ground
water, fluid and tap water
consumption.

Ascertainment of D/DBPs: water
source and treatment from water
company records and recent
measures of water contaminants
such as THMs.

Method: logistic regression adjusted for potential
confounders, such as age, farm occupation, diet,
physical activity, cigarette smoking, urbanicity.

Findings: No association between colon cancer
and estimates of past chlorination by-product
exposure. Rectal cancer risk increased
siginificantly with duration of exposure to
chlorinated surface water and increasing lifetime
THMSs exposure; larger odds ratios found among
those with low fiber intake and low levels of
physical activity.
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Reference: Doyle, 1997
Type of study: cohort

Cancer site(s): Eleven

anatomic sites including
bladder, colon, rectum,

liver, kidney, pancreas,

breast (incidence)

Population base: 36,127 female

residents of lowa in Women’s Study,

ages 55-69; followed for cancer
incidence and mortality thru 12/93

Exposed: Women served by 100%
surface water or mixed surface and

groundwater

Unexposed: Women served by 100%

groundwater (referent category)

Exposure measure: mailed
questionnaire for drinking water
source; other info obtained at
baseline 1986 via questionnaire

Ascertainment of D/DBPs: mailed
questionnaire for drinking water
source; water company records and
statewide survey used for recent
measures of water contaminants for
4 specific THMs

Method: Cox proportional hazards regression,
adjusting for age, smoking, education, physical
activity, vegetable and fruit intake, total calorie
intake, and anthropomorphic measures.

Findings: Compared to consumers of 100%
groundwater, RR for colon cancer were 1.67 (95%
CI=1.07, 1.52) for consumers of 100% surface
water, 1.52 (95% CI=1.08, 2.14) for consumers of
mixed ground and surface sources; elevated risk
for combined total cancer also noted; significant
dose-response noted for colon with increasing
chloroform exposure; no elevated risks observed
for rectal cancer; bladder cancer RR inconsistent.

Studies with historical water exposure information; 95% confidence interval for OR in parentheses unless otherwise noted.
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This continues to reinforce the need for better exposure assessments in this literature to
reduce the possibility of missing a true risk because it has been diluted by

nondifferential exposure misclassification.

Expert evaluations over the past 20 years of the epidemiological data for
chlorinated drinking water/DBPs and cancer have been made by the National Academy
of Science (NAS), International Association for Research on Cancer (IARC), EPA,
International Society for Environmental Epidemiology (ISEE), International Life Sciences
Institute (ILSI), Health Canada, and the World Health Organization International
Programme on Chemical Substance (WHO-IPCS) among others. In general, the
consensus is that the data have limitations and that a conclusion as to a causal
relationship cannot be drawn (IARC, 1991; Neutra and Ostro, 1992; Craun et al. 1993;

U.S. EPA, 1994b, 1997c; Reif et al., 1996; Mills et al., 1998).

To improve this body of literature, EPA has an ongoing project to acquire more
complete chemical occurrence and water quality data that can be used to develop
models for predicting the historic levels of THM occurrence (and in some cases,
haloacetic acids) in specific geographic areas where epidemiologic studies have been
performed, e.g., lowa and Ontario, Canada (Murphy et al., 2000). The models,
developed with historical data from water utilities, will be used to re-evaluate the
exposure assessment component of certain recently completed studies, which will then
be appropriately reanalyzed. This research should help reduce some of the

uncertainties and problems outlined above, particularly the need for valid,
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unconfounded exposure measures that can separate effects of water source from the

DBPs and other chemical constituents in the water source.

2.4.1.2. Reproductive and Developmental Studies — Although fewer in
number than the body of cancer literature, epidemiological studies of reproductive and
developmental outcomes also have been performed. The outcomes considered have
included stillbirth, spontaneous abortion, low birth weight, intrauterine growth
retardation, somatic effects, and various birth defects including cardiac and neural tube
defects. Almost all of these studies examined multiple outcomes and multiple exposure
variables and most have used different operational definitions for study endpoints and
exposures. A summary of this literature is given in Table 5 and a more detailed

description can be found in U.S. EPA (1998a).

In 1993, an expert scientific panel convened by EPA and ILSI (ILSI, 1993; Reif et
al., 1996) reviewed the epidemiologic literature on reproductive and developmental
endpoints and DBP and disinfectant exposures. They concluded that the research in
this area was in a very early and evolving stage and that the studies should be viewed
as preliminary. A second expert panel convened by EPA in 1997 reviewed more
recently completed studies and reached a similar conclusion. Although several studies
have suggested that increased risks of neural tube defects and miscarriage may be
associated with THMs or selected THM species, additional studies are needed to
determine whether the observed associations are causal. The epidemiologic literature

on adverse reproductive and developmental outcomes is still very sparse and must
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TABLE 5

Summary of Epidemiological Studies for Adverse Pregnancy Outcomes’

Overview

Population

Exposure Assessment

Analysis

Reference: Magnus et
al., 1999

Type of Study: cross-
sectional, semi-
ecological (database
linkage)

Outcome(s): Primary—
presence of any birth
defect (all conditions
with ICD-8 codes
740.0-759.9, plus
umbilical and ventral
hernias (551.1-551.2);
secondary outcomes
were neural tube,
cardiac, respiratory
tract, urinary tract, and
oral cleft defects

Population base: all 181,361
children born and listed in
Norwegian Birth Registry 1993-95;
eligible for study were 141,077
children from municipalities with
available water exposure
information; linked to national
registry of birth defects recorded
during 1% week of life (n=2,608
defects)

Exposed: births in municipalities
with chlorination and high color

Comparison: births in
municipalities with no chlorination
and low color (baseline referent),
plus other chlorine/color
combinations

Exposure Measure: based on
municipality of residence of mother
at time of the birth; chlorination
practice of municipality (proportion
chlorinated), weighted mean water
color(as mg Pt/L) as surrogate for
dissolved organic carbon

Ascertainment of disease/other risk
factors:

maternal age and parity from birth
registry; categorized indicators for
place of birth (clinic hospitals),
geographic placement (in relation
to regional/urban centers),
population density, industrial profile

Method: computed prevalence rates (95% Cls) of
defects per 100 live births; logistic regression to

estimate adjusted ORs
Findings:

chlorination/high color vs. no chlorination/low color

comparisons

For all studied birth defects

Neural tube defects
Major cardiac defects
Respiratory defects
Urinary defects

Oral cleft defects

OR = 1.14 (0.99-1.31)
OR = 1.26 (0.61-2.62)
OR = 1.05 (0.76-1.46)
OR = 1.07 (0.52-2.19)
OR = 1.99 (1.10-3.57)
OR = 0.94 (0.64-1.42)
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Reference: Klotz and
Pyrch, 1999

Type of Study:
population-based case-
control

Outcome(s):

neural tube defects
(NTDs)

Population base: all New Jersey
births 1993-1994;

Cases: 112 neural tube defects
ascertained through NJ Birth
Defects Registry and Fetal Death
Registry (n=76 spina bifida only, 19
anencephaly only, 8 encephalocele
only, 9 combination defects)

Controls: 248 randomly selected
from all NJ births; term births
<2,500 g and infants with other
defects excluded

Exposure Measure: estimated on
basis of mother’s residence at time
of neural tube closure (1% month of
gestation), using water utility data
for individual & THMs; post-birth in-
home water sample collection for
THMs, total and free chlorine,
haloacetonitriles (HANs),
haloacetic acids (HAAs) timed to
coincide with critical window 1 yr.
earlier.

Ascertainment of disease/other risk
factors: Birth certificates plus
interviews, interviewers blinded to
exposure status of participants;
pregnancy & medical history,
parental occupation; behaviors &
exposures for 3 mo. before & 1 mo.
after conception including tap
water ingestion, showering,
bathing, swimming; use of water
filters and vitamin use.

Method: prevalence ORs calculated with logistic

regression; exposure categories based on prior studies

Findings: For subjects with known residency at
conception—

public monitoring data concurrent w/ 1% month of
pregnancy:

surface vs. ground source OR=1.6(0.9-2.8)
TTHMs (ppb) 40+ vs. <5 OR=1.7 (1.0 -3.1)
in-home tap water sample 1 yr after 1% month of
pregnancy:

surface vs. ground source OR=1.7 (0.8 - 3.6)
TTHMSs (ppb) 40+ vs. <5 OR=2.0(0.9-4.9)

No association with total tap water or cold tap water
ingested, irrespective of THM levels;

HAAs (ppb) 35+ vs. <3 OR=1.2(0.5-2.6)
HANSs (ppb) 3.0+ vs. <0.5  OR = 1.3 (0.6 - 2.5)
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Reference: Dodds et
al., 1999

Type of Study:
retrospective cohort

Outcome(s): low (LBW)
& very low birth weight
(VLBW) (<2500g,
<1500gq, respectively);
preterm delivery (<37
wks gestation); small
for gestational age
(SGA) (bottom 1/10 of
wt. dist. for Canadian
live births); stillbirth
(birth of nonliving fetus
>500g); congenital
anomalies (NTDs, cleft
lip & palate, major
cardiac defects,
chromosomal
abnormalities;
outcomes not mutually
exclusive

Population base: Nova Scotia,
Canada women residing in area
with municipal surface water with
singleton birth or pregnancy
termination for major fetal anomaly
between 1/1/88-12/31/95,
ascertained through Atlee Perinatal
Database and Fetal Anomaly
Database (93,295 singleton
deliveries resulting in 50,755
included, eligible women)

Exposed: 3 TTHMs exposure
categories, calculated for different
relevant time intervals (50-74, 75-
99, >100 pg/L)

Comparison: TTHMs 0-49 ug/L,
calculated for different relevant
time intervals

Exposure Measure: mother’'s
residence at delivery linked to
geographic areas served by each
public utility; linear regression
models applied to existing TTHM
monitoring data on basis of
observations by yr, month, and
facility to generate average
exposures

Ascertainment of disease/other risk
factors: maternal age & smoking,
parity, prenatal class attendance,
prepregnancy weight, sex of infant
(from Perinatal Database);
neighborhood family income

Method: Prevalence ratios (PRs) or relative risks (RRs)
calculated with Poisson regression models

Findings:
TTHMs during last 3 mos. of pregnancy:

no association with SGA, LBW, VLBW or preterm birth,
all RRs approx. 1.0

TTHMs during first 2 mos. of pregnancy:

little evidence of any important association with cleft or
cardiac defects (intermediate exposures appeared
protective)

TTHMs 1 mo. before & 1 mo. after conception:
intermediate exposures appeared protective for NTDs;
for >100 vs. 0-49 pg/L RR=1.18 (0.67-2.10)

TTHMs 3 mos. before conception:

no clear pattern of 1prevalence with 1TTHMs for
chromosomal abnormalities
for >100 vs. 0-49 pg/L RR=1.38 (0.73-2.59)
TTHMs ave. throughout pregnancy-stillbirths

for >100 vs. 0-49 pg/L RR=1.66 (1.09-2.52)
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Reference: Gallagher
etal., 1998

Type of study:
Retrospective Cohort

Outcome(s):

Low birth weight (<5
Ibs, 8 ozs),

preterm delivery (<37
weeks gestation),
term-low birth weight (
>37 wks gestation and
<5 Ibs, 8 ozs)

Population base: 8,259 births
1990-93 in 2 Colorado municipal
water districts comprising 86
census blocks. Excluded were:
6,214 births from 58/86 census
blocks with no THM monitoring
information; births <400 g, those
outside 28-42 weeks gestation,
multiple births, and births to
nonwhite mothers; 1,893 births
remained for study

Exposed: Women exposed to >20
ppb TTHMs in 3rd trimester (n
births =354 @ 21-40 ppb, 192 @
41-60 ppb, 73 @ =61 ppb, 649
unknown THMs)

Comparison: Women exposed to
<20 ppb THMs (n=625 births total)
served as referent group

Exposure Measure: Maternal
address at time of birth used to
establish residence during
pregnancy; THMs exposure was
modeled based on hydraulic
characteristics of water system and
THMs levels from quarterly
monitoring program; sufficient
information was available to
estimate THMs exposure for
mothers in 28 census block
groups. Exposure score for each
birth calculated as median of all
THM concentrations measured in
distribution system during 3rd
trimester (n= 1,244 births)

Ascertainment of Disease/Risk
Factors: From birth certificates for
maternal smoking, parity, maternal
age, education, employment during
pregnancy, prenatal care, and
marital status.

Method: Logistic regression, adjusted for maternal
smoking, parity, age, education, employment, prenatal
care, and marital status if differed from crude analysis
by more than 10%

Findings ( 3" trimester exposures):

For low birth weight, OR=2.1 (1.0-4.8) for TTHMs
>61ppb vs. THMs <20 ppb (n=8 vs. 34, respectively)

For preterm delivery, OR=1.0 (0.3-2.8) for TTHMs
>61ppb vs. THMs <20 ppb (n=4 vs. 36, respectively)

For term-low birth weight, OR=5.9 (2.0-17.0) for TTHMs
>61ppb vs. THMs <20 ppb (n=6 vs. 11, respectively)
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Reference: Waller et
al., 1998

Type of study: Cohort

Outcome(s):
Spontaneous abortion
(pregnancy loss at <20
wks. gestation,
confirmed by medical
records or physician
interview; ectopic,
molar, and electively
terminated pregnancies
excluded)

Population base: 5144 women
members of Kaiser Permanete
Medical Care Program in California
1989-91, age >17, <13 weeks
gestation, with known date of last
menstrual period (LMP) ; of 7457
eligible women, 6179 agreed to
participate, 5342 successfully
interviewed, and pregnancy
outcomes established for 99% of
those interviewed.

Exposed: several different
exposure groups created using
various combinations of tap water
consumption levels, and total and
individual THM levels:

High personal TTHM exposure =
>5 glasses/day cold tapwater and
TTHM level =75 pg/L

Comparison: low personal
exposure = <5 glasses/day cold
tapwater, or having TTHM level
<75 ug/L, or receiving water from
utility providing >95% groundwater
(see last column for individual THM
cutpoints)

Exposure Measure: Water source
based on address and interview to
determine the glasses of bottled
and tap water consumed per day in
the week before interview and at
their LMP; 97% of cohort assigned
to water supply; THMs data from
1989-92 obtained from water
supplies (at least quarterly at
distribution taps) available for 96%
of cohort; person’s THMs exposure
was estimated using average level
of THMs for water supply with
sample dates within the women’s
first trimester (77% of cohort) or
within 30 days (4%) or annual
average from the year of the
midpoint of the first trimester (9%);
analogous procedures used for
TTHMs and individual THMs

Ascertainment of Disease/Risk
Factors: Pregnancy outcomes
from hospital records of KPMCP,
CA birth registry, follow-up
interviews; interviews for
information about demographics;
previous pregnancy; consumption
of alcohol, tobacco, and caffeine;
employment.

Method: Logistic regression, adjusted for maternal age,
employment during pregnancy, gestational age, history
of pregnancy loss, race, cigarette smoking, and child’s
gender.

Findings: For spontaneous abortion
For TTHM >75 vs. <75
OR=1.2 (1.0-1.5)

For High vs. low personal exposure
All women: OR =2.0 (1.1-3.6)
Women not employed OR =3.0 (1.2-7.9)
Women employed OR =1.5(0.8-2.8)

For high exposure to dichlorobromomethane

(=18 pg/L and =5 glasses/day) vs. low exposure
(adjusted for covariates and all THMs simultaneously)

OR=3.0 (1.4-6.6)
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TABLE 5 cont.

Overview

Population

Exposure Assessment

Analysis

Reference: Kanitz et
al., 1996

Type of study: Cross-
sectional

Outcome(s): Low birth
weight (<2500 g),
preterm delivery (<37
weeks gestation), small
body length (<49.5 cm),
small cranial
circumference (<35
cm), neonatal jaundice

N.b.—study likely suffers
from selection bias,
evidenced by frequency
distrbutions for
variables that are out of
the normal range for the
population, among
other things; the
reported comparisons
may not reflect the true
underlying risks.

Population base: Births 1988-89 at
Galliera Hospital, Genoa, and
Chiavari Hospital, Chiavari, Italy, to
mothers residing in each city.

Exposed: 548 women in Genoa
exposed either to filtered water
disinfected with chlorine dioxide
(Brugneto River wells and
Reservoir and surface water) or
chlorine (Val Noci Reservoir);
THMs in chlorinated water varied
from 8-16 ppb and in chlorine
dioxide disinfected water 1-3 ppb.

Comparison: 128 women in
Chiavari with untreated well water.

Exposure Measure: Water source
based on address (undisinfected
well water, chlorine, chlorine
dioxide, or both).

Ascertainment of Disease/Risk
Factors: Hospital records for
information about all outcomes and
mother’s age, smoking, alcohol
consumption, education level,
family income from municipal
records.

Method: Logistic regression, adjusted for maternal age,

education, income, smoking, and child’s gender.

Findings:

For chlorine dioxide vs. untreated well water:
small cranial circumference OR=3.5 (2.1-8.5)
short body length OR=2.0 (1.2-3.3)
low birth weight OR=5.9 (0.8-14.9)
preterm delivery OR=1.8 (0.7-4.7)
neonatal jaundice OR=1.7 (1.1-3.1)

For chlorine vs. untreated well water:

small cranial circumference OR=2.4 (1.6-5.3)
short body length OR=2.3 (1.3-4.2)
low birth weight OR=6.0 (0.6-12.6)
preterm delivery OR=1.1 (0.3-3.7)

neonatal jaundice OR=1.1(0.7-2.8)
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TABLE 5 cont.

Overview

Population

Exposure Assessment

Analysis

Reference: Savitz et
al., 1995

Type of study:
Population based case-
control (interviews)

Outcome(s): Low birth
weight (<2500 g),
miscarriage, preterm
delivery (<37 weeks
gestation)

Population base: Medically treated
miscarriages in Alamance County,
NC, 9/88 to 8/91; preterm
deliveries and low birth weight
infants at 6 hospitals in Orange
and Durham Counties, 9/88 to 8/89
and Alamance County, 9/88 to
4/91.

Cases: 261 miscarriages of 418
eligible, 412 preterm of 586
eligible, and 296 low birth weight of
782 eligible; all with complete data
about water source; 126, 244, and
178 with complete data for THMs

Controls: Live birth immediately
following a preterm or low birth
weight case of the same race and
hospital; for miscarriages, 237
controls of 341 eligible,122 with
data for THMs; for preterm and low
birth weight, 543 controls of 782
eligible with complete data about
water source, 333 with data for
THMs.

Exposure Measure: Water source
(private well, community water,
bottled); water consumption
(glasses per day); THMs levels and
dose (level x consumption)

Ascertainment of Exposure: Water
source from interview and address;
community water system —
quarterly average measures of
THMs at a sampling point nearest
the address of participant and at an
appropriate time (4th week of
pregnancy for miscarriage and
28th week for preterm and low birth
weight).

Method: Logistic regression, adjusted for maternal age,
race, hospital (preterm, low birth weight), education,
smoking, alcohol consumption, poverty level, marital
status, education, employment and nausea
(miscarriage) as needed.

Findings: For miscarriages, OR=1.0 (0.7-1.6)
community vs. private well; OR=1.6 (0.6-4.3) bottled vs.
private well; OR=0.8 (0.5-1.1) 4 or more vs. 3 or fewer
glasses/day; OR=1.2 (0.6-2.4) for THMs 81.8-168.8 vs.
40.8-59.9 ppb; OR=0.6 (0.3-1.2) for THMs dose 275.1-
1171 ppb vs. 40.8-139.9(ppb x glasses/day).

For preterm, OR=0.9 (0.7-1.2) community vs. private
well; OR=0.8 (0.4-1.4) bottled vs. private well; OR=0.8
(0.6-1.0) 4+ vs. 1-3 glasses/day; OR=0.9 (0.6-1.5) for
THMs 82.8-168.8 vs. 40.8-63.3 ppb; OR=0.9 (0.6-1.3)
for THMs dose 330.9-1171 ppb vs. 44.0-169.9 (ppb x
glasses/day).

For low birth weight, OR=1.0 (0.7-1.4) community vs.
private well; OR=0.8 (0.4-1.6) bottled vs. private well;
OR=0.6 (0.6-1.1) 4+ vs. 1-3 glasses/day; OR=1.3 (O.8-
2.1) for THMs 82.8-168.8 vs. 40.8-63.3 ppb; OR=0.8
(0.5-1.3) for THMs dose 330.9-1171 ppb vs. 44-169.9
(ppb x glasses/day).
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TABLE 5 cont.

Overview

Population

Exposure Assessment

Analysis

Reference: Bove et al.,
1995

Type of study: Cross-
sectional

Outcome(s): All
surveillance birth
defects (30 diagnoses),
low birth weight, small
for gestational age, and
preterm births.

Population base: All live singleton
births (80,938) and fetal deaths
(594) 1/85 to 12/88 in 75 New
Jersey.

Exposed: Women exposed to
THMs, volatile and other organics
from municipal water sources;
32,493 women exposed to >20 ppb
THMSs during 1st trimester.

Comparison: Women exposed to
low levels of organics or THMs;
19,841 women exposed to (<20
ppb THMs; a comparison group of
all live births that were not low birth
weight, small for gestational age,
and had no birth defects was also
considered.

Exposure Measure: Water source
and THMs based on address on
birth certificate; THMs data (at
least 4 samples each quarter) from
locations in the water system 1984-
88 were used to estimate monthly
exposures to correspond with each
gestational month of each birth and
death.

Ascertainment of Disease/Risk
Factors: Birth defects were
obtained from NJ Birth Defects
Registry; birth and fetal death
certificates provided information
about maternal risk factors: race,
age, education, marital status,
prenatal care, previous stillbirth or
miscarriage and child’s gender; no
information on smoking, alcohol
consumption, and maternal
occupation.

Method: Logistic regression, adjusted for maternal age,
race, and education, previous stillbirth or miscarriage,
prenatal care, and child’s gender.

Findings: Unadjusted results reported because
adjustment did not alter results by >15%. Analyses
considered exploratory by authors.

Mean decrease in birth weight among term births was
70.4 g (40.6-82.6) for THMs >100 vs. THMs <20 ppb;
for small for gestational age, OR=1.5 (1.2-1.9) for
THMs >100 vs. THMs <20 ppb; for oral clef defects,
OR= 3.2 (1.2-7.3) for THMs >100 vs. THMs <20 ppb;.

For THMs >80 vs. THMs <20 ppb:
all birth defects OR=1.6 (1.2-2.0)
CNS defects OR=2.6 (1.5-4.3)
neural tube defects OR=3.0 (1.3-6.6)
major cardiac defects OR=1.8 (1.0-3.32.0)
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TABLE 5 cont.

Overview
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Exposure Assessment

Analysis

Reference:
Aschengrau et al., 1993

Type of study: Nested
case-control with
interviews

Outcome(s):

Congenital anomalies
(live/stillborrn infant with
1 or more anomalies),
stillbirths (without
anomalies), and
neonatal deaths (live-
born infants without
anomalies, dying within
1 week of birth)

Population base: Cohort of 14,130
obstetric patients who delivered
from 8/77 to 3/80 at Boston
Hospital for Women (83% of all
delivery patients).

Cases: 1314 congenital
anomalies; 121 stillbirths; 76
neonatal deaths (1039, 77, and 55
cases in study, respectively)

Controls: 1490 randomly selected
women who delivered infants alive
at discharge and without anomalies
(1177 in study)

Exposure Measure: Water source
(surface, ground, or mixed,;
chlorine or chloramine); and
routine water analyses of minerals,
metals, and other chemicals (no
THMSs); analyses closest to date of
conception (median interval 3.3
months).

Ascertainment of
Exposure/Covariates: Address (at
time of pregnancy outcome or 1%
trimester if available) used to
assign water exposures; interview
used to collect information about
maternal habits and demographic
characteristics.

water

Stillbirths

congenital anomalies,

neonatal deaths

All major malformations
Respiratory defects
Urinary tract defects

Method: Logistic regression, adjusted for maternal age,
race, hospital payment method, history of anomaly,
alcohol consumption, and water source.

Findings: For chlorinated vs. chloraminated surface

OR = 2.6 (0.9-7.5)

OR-=1.0 (no reported CI)
OR=1.5(0.7-2.1)

OR =3.2(1.1-9.5)
OR=4.1(1.2-14.1)
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Overview

Population

Exposure Assessment

Analysis

Reference: Kramer et
al., 1992

Type of study:
Population based case-
control without
interviews

Outcome(s): Low birth
weight (<2500 g),
preterm delivery (<37
weeks), intrauterine
growth retardation
(IGR, <5th percentile of
weight for gestational

age)

Population base: All live singleton
infants born 1/89 to 6/90 to non-
Hispanic, white women from lowa
towns with 1,000 to 5,000
inhabitants that delivered 100% of
public water from a single source.

Cases: Three case groups — 159
low birth weight infants, 342
preterm deliveries, 187 infants with
IGR (case groups not mutually
exclusive)

Controls: Three groups, randomly
selected on a 5:1 basis — 795 (from
infants weighing >2500 g); 1710
(randomly selected from infants
with >37 wks. gestation ), and 935
(randomly selected from infants
with reported gestational age,
excluding those <22 or >44 weeks)

Exposure Measure: Water source
(surface, shallow or deep wells)
and THMs levels from a 1987 state
water survey.

Ascertainment of
Exposure/Covariates: Water
source and THMs levels from
address at birth; birth certificate
used to obtain information about
maternal age, marital status,
smoking, parity, prenatal visits, and
education.

Method: Logistic regression, adjusted for maternal age,
smoking, marital status, education, prenatal care,
number of previous children.

Findings:
For chloroform >10 ppb vs. non detectable levels:

Low birth weight OR =1.3(0.8-2.2)
Preterm delivery OR=1.1(0.7-1.6)
IGR OR =1.8 (1.1-2.9)

For dichlorobromomethane >10 ppb vs. non detectable
levels:

IGR OR =1.7 (0.9-2.9)
For organic halides>100 ppb vs. non detectable:
IGR OR =1.8 (0.9-3.4)

For chloroform =10 ppb vs. non detectable levels in
deep wells (=150 feet):

IGR OR =2.4(0.8-7.5)
For chloroform =10 ppb vs. non detectable chloroform
levels in shallow wells (<150 feet):

IGR OR =2.2 (0.7-6.8)

* 95% confidence interval in parentheses for ORs and RRs except for Bove et al., (1995) (90% CI). Bold OR/RR indicates increased risk with a Cl that excludes the
null value of 1.0. Information presented is intended to highlight positive findings in these studies; original articles should be consulted for complete results and
details of study design, implementation and analysis
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increase in both number and quality before quantitative use of the results can be

considered.

2.4.2. Summary of Single Chemical Toxicology Studies. Taken as a body of
literature, single chemical toxicology studies on DBPs have produced effects in the
same target organ systems (but not always the same site) as those observed in the
positive epidemiology studies (i.e., for developmental and reproductive effects and
cancer). Toxicologic data are available for some of the more common DBPs, but not for
the hundreds of potential DBPs described in Section 2.3. As shown in Table 6,
information is available on the Agency’s Integrated Risk Information System (IRIS)
database (U.S. EPA, 2000b) for only a few DBPs; these are chloroform (CHCI,),
bromoform (CHBr;), bromodichloromethane (BDCM), chlorodibromomethane (CDBM),
dichloroacetic acid (DCA), trichloroacetic acid (TCA), formaldehyde and chloral hydrate
(CH), all of which have shown some evidence of carcinogenicity in the toxicologic
literature. Most of the data used to evaluate these DBPs are for oral exposures; little
information is available on the toxic effects of inhalation or dermal exposures. For these
DBPs and for an increasing number of additional DBPs, toxicologic studies are available
that show evidence of carcinogenicity, mutagenicity, reproductive and developmental
effects, hepatotoxicity, nephrotoxicity and other toxic effects in high-dose, single
chemical studies. (For more detailed information, see Section 2.3. of Report 2 and
Appendix 1). This section highlights the toxicologic issues associated with individual
chemical studies of significant concern in the development of a DBP mixture risk

assessment.
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TABLE 6

Verified DBP Assessments On EPA’s Integrated Risk Information System (IRIS) (U.S. EPA, 2000b)

Compoun Reference Dose? Carcinogenic Risk
) (Date) Oral Slope/ WOE Oral Unit Ri
AS R try No. e b ral Unit Risk
(CAS Registiy Nod [No RfCs Available] Classification Inhalation Unit Risk
(Date)
Chloroform 1 E-2 mg/kg/day 6.1 E-3/B2 1.7 E-7 (ug/L)”
[67-66-3] (09/01/92) (03/01/91) 2.3 E-5 (ug/m®)”
Bromodichloromethane 2 E-2 mg/kg/day 6.2E-2/B2 1.8 E-6 (ug/L)'1
[75-27-4] (03/01/91) (03/01/93) -
Dibromochloromethane 2 E-2 mg/kg/day 84E-2/C 24 E-6 (ug/L)'1
[124-48-1] (03/01/91) (01/01/92) -
Bromoform 2 E-2 mg/kg/day 79E-3/B2 2.3 E-7 (ug/L)'1
[75-25-2] (03/01/91) (01/01/91) 1.1 E-6 (ug/m®)”
Trichloroacetic Acid -/C -
[76-03-9] (03/01/96) -
Dichloroacetic Acid -/ B2 -
[79-43-6] (03/01/96) -
Chloral Hydrate 2 E-3 mg/kg/day /
[75-87-6] (02/01/96)
Formaldehyde 2E-1 mg/kg/day none / B1 -
[50-00-0] (09/01/90) (05/01/91) 1.3E-5 (ug/m°)’

@ Reference Dose is an oral human exposure level below which deleterious non-cancer effects are not
expected to occur. RfC (Reference Concentration) is the analogous inhalation value.

® Oral Slope per mg/kg-d; U.S. EPA(1986) recommended that carcinogens be classified on the weight of
evidence for cancer using both animal and human data. Although these are changed in the new
proposed guidelines (U.S. EPA, 1996b), many of the 1986 classifications remain on IRIS and are defined
as follows:

Group A (Human Carcinogens) includes chemicals for which there is sufficient human epidemiologic
evidence linking exposure with cancer risk.

Group B (Probable Human Carcinogens) includes chemicals for which the weight of evidence for human
carcinogenicity is limited but the weight of animal data is sufficient.

Group C (Possible Human Carcinogens) includes chemicals for which there is limited animal evidence in
the absence of human data.

Group D (Not Classifiable as to Human Carcinogenicity) includes chemicals that lack available
(adequate) data.

Group E (Evidence of Non-Carcinogenicity for Humans) includes chemicals for which adequate data are
available that do not demonstrate a risk for cancer.
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2.4.2.1. Carcinogenicity from Exposure to DBPs — The cancer process
involves several distinct events: initiation, promotion and progression. Chemical
carcinogens act through initiation and/or promotion; progression is related to the internal
biology of the tumor, governed largely by tumor type. Genotoxic chemical carcinogens
interact directly with the DNA and impart an initiating effect. This adverse change in
the DNA can be repaired or may remain long enough to be replicated and passed on to
daughter cells. These cells may then clonally expand to form tumors. Epigenetic
chemical carcinogens do not directly interact with the DNA of the organism, but alter
processes that govern cellular homeostasis. Disruption of cellular homeostasis allows
initiated cells to expand to become tumors. Tumor promoters (e.g., phthalates) are
carcinogens that may be encountered at doses predicted to be without adverse effect.
This type of carcinogen (epigenetic, tumor promoter) may demonstrate a distinct dose

level (threshold), below which the production of tumors is not evident.

As stated above, some evidence of carcinogenic response has been observed
for all of the DBPs in Table 6; the chemical-specific information presented here is found
on IRIS (U.S. EPA, 2000b). For the THMs, kidney tumors were seen in male rats
exposed to CHCI,. BDCM is structurally similar to other known animal carcinogens, is
mutagenic, and produced tumors at multiple sites in multiple species. CDBM is
mutagenic and produced liver tumors in female mice only at doses that also produced
liver damage. CHBr, is genotoxic and induced neoplastic lesions in the large intestines
in rats. For the two haloacetic acids in Table 6, an increased incidence of
hepatocellular adenoma and carcinomas was found in male and female mice exposed

to DCA, and although TCA produced tumors in male and female mice, there is no
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evidence of carcinogenicity in rats. Finally, squamous cell carcinomas were found in
male rats exposed to formaldehyde by inhalation. Although a cancer assessment is not
available on IRIS for CH, in a recent study, it was found to be carcinogenic

(hepatocellular neoplasia) in the male mouse, but not in the rat (George et al., 2000).

For several of these DBPs, however, questions regarding the strength of the
carcinogenic evidence remain. In particular, an expert panel cancer assessment (U.S.
EPA, 1998c) of CHCI, that employed methodology from the 1996 proposed Cancer Risk
Assessment Guidelines (U.S. EPA, 1996b), found increasing evidence that the
carcinogenic mechanism of action for CHCI, is not relevant at the low concentrations
found in drinking water. Similar issues are being raised for the haloacetic acids. In
addition, several of the THM cancer studies were performed using corn oil as the dosing

vehicle, confounding the carcinogenic results (see Section 2.4.2.3. below).
2.4.2.2. Developmental and Reproductive Effects from Exposure to

DBPs — Human epidemiologic studies identifying reproductive and developmental
toxicities have stimulated increased laboratory testing in this area. Qualitatively, DBPs
(especially, the haloacetic acids and haloacetonitriles) have been shown to adversely
affect reproduction and development in animals. Studies of reproductive and
developmental toxicity effects of DBPs, summarized elsewhere (and in EPA, 1999d),
demonstrated alterations in sperm morphology, motility and count; decreased levels of
fertility; spontaneous resorptions; decreased fetal body weight; and visceral,
cardiovascular and craniofacial malformations. Studies have shown alterations in
sperm parameters at the lowest doses tested. The haloacetic acids have also produced

male infertility in rats. Although effects on sperm morphology and/or motility indicate a
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potential reproductive hazard, ascribing decreased fertility (a quantifiable measure of
adverse effect) to the test chemical may be somewhat conservative. Changes in sperm
motility, morphology or number do not necessarily translate into decreased fertility,
owing to the high degree of redundancy in sperm production. Nonetheless, these
observations are indicative of risk. Because of the epidemiologic link to cardiovascular
malformations in humans, animal studies were undertaken, through which confirmatory
data have been generated. Additional studies are aimed at investigating the potential
epidemiologic link between spontaneous abortion in humans and demonstrated

additional developmental toxicities with DBPs.

Seven of the 11 haloacetic acids (MCA, DCA, TCA, MCA) and haloacetonitriles
(DCAN, TCAN, BCAN) have been subjects of developmental toxicity studies by a single
group of investigators (e.g., Christ et al., 1995; Randall et al., 1991; Smith et al., 1988,
1989a,b, 1990, 1992). Three of the haloacetic acids (DCA, MBA, DBA) have been the
subjects of male reproductive studies by another group of investigators (e.g., Linder et
al.,1994) (see Sections 2.3. and 3.8. of Report 2 for references and additional details).
All of these studies were conducted in rats using gavage administration. The results for
developmental toxicity were positive. For reproductive toxicity, the dihalogenated
haloacetic acids gave positive results, but MBA gave negative results. An additional
chemical, the haloacetonitrile, DBAN, was tested in a short-term developmental and
reproductive toxicity screening study in rats by the NTP (1992), with negative results.
Evaluation of these data sets listed by dose-response modeling showed that visceral
malformations, particularly cardiovascular (interventricular septal defects, defects

between ascending aorta and right ventricle, and levocardia) and smaller fetal size
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(body weight and crown-rump length) appeared to be the most sensitive endpoints in

common for these chemicals.

For the THMs, BDCM is of most concern for the developmental and reproductive
endpoints. An epidemiology study (Waller et al., 1998) associated exposures to BDCM
in the drinking water to spontaneous abortions. Klinefelter et al. (1995) reported that the
exposure of rats to BDCM in drinking water, significantly decreased sperm velocity. As
with the carcinogenic data, both the vehicle of administration and the possibility that the
mechanism of toxicity is not active at environmental exposure levels are of concern for

this data set.

2.4.2.3. Vehicle and Route Considerations — Toxicity data are often derived
from animal studies and generally include the administration of high doses of a
chemical. There is a crucial interplay between dose, dose rate, pharmacokinetics/
internal concentrations, mode/mechanism of action and saturable biologic processes.
The application of Haber’s Law (concentration times time) may not hold true for orally
administered compounds and for some compounds encountered via the inhalation
route. For instance, the administration of a single bolus delivered via gavage in a
vehicle that promotes rapid absorption of the chemical may produce absorption patterns
that would not be replicated in a human exposure to the same chemical via the same
route. Studies with CHCI;, BDCM, and the haloacetonitrile compounds have involved
the delivery of the chemicals via gavage in vehicles which may be problematic. For
example, CHCI,; administered as a single gavage bolus in corn oil produces peak

concentrations and toxicities greater or more detrimental than those observed from the
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same dose (expressed as mg/kg/day) via drinking water spread over time through

multiple dosing (Simmons and Pegram, 1998).

While exposure to DBPs in drinking water is generally assumed to be through
ingestion of drinking water, the actual exposure pattern is more complex. Tap water is
used for cooking, washing household materials and showering/bathing. These uses
indicate that DBPs in drinking water are encountered via dermal and inhalation
pathways, as well as by ingestion. Although the DBPs encountered at low doses
through the consumption of drinking water are each virtually 100% bioavailable (they
are all absorbed with nearly 100% efficacy in the Gl tract), the internal doses developed
as a function of inhalation or dermal exposure are not so uniform. In showering, both
the inhalation and dermal routes are relevant. Differential volatility and efficacy at which
DBPs are absorbed by the blood (governed by blood:air partitioning) largely determines
the internal doses attained from inhalation exposure. THMs have very low boiling
points, reasonably high vapor pressures, and low molecular weights. Thus, they readily
volatilize during showering or bathing. Jo et al. (1990) measured CHCI, in breath
following showering while unclothed and clothed in a water-occlusive rubber suit.
Because CHCI, in the exhaled breath of individuals wearing rubber suits was
approximately half that of individuals showering unclothed, these data may indicate that
(for CHCI,) the magnitude of dermal exposure is roughly equivalent to that from the
inhalation route. In contrast to CHCI,’s physical chemical properties (non-polar, well-
halogenated, highly lipophilic, highly volatile, low molecular weight) and high degree of
dermal penetration, the haloacetic acids, haloacetonitriles, and other higher molecular

weight DBPs have lower boiling points and vapor pressures and thus are volatilized with
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much less efficiency. Thus, inhalation exposures favor the delivery of volatile DBPs

over non-volatile DBPs.

However, the dermal delivery of DBPs, is generally less well characterized. The
dermal absorption of CHCI, in humans increases when CHCI, in tap (bath) water was
encountered during bathing at higher temperatures than when bathing at lower
temperatures (Corley et al., 2000). Increased blood circulation to the skin promotes
higher absorbance of CHCI,. This physiological adaptation to heat likely increases the
absorbance of other DBPs, as well. Several factors distinguish the dermal penetrability
of chemicals, including DBPs. Higher degrees of lipophilicity promote dermal
absorbance. The lipophilicity of DBPs (measured as octanol:water partitioning, logP)
spanned a range of more than 100-fold. The degree to which lipophilicity dictates
dermal penetration indicates that the differential dermal absorption of DBPs produces
marked differences in their internal doses, even when encountered under similar

concentrations and conditions.

2.4.2.4. Pharmacokinetics and Target Organ Concentrations — While the
EPA regulates chemical exposures based on the dose expressed as milligrams
encountered per kilogram of body mass per day (mg/kg/day), the rate at which this dose
is encountered may significantly affect its toxicity. The administration of test chemicals
via the most likely route of human exposures is difficult when actual exposures may be
through drinking water encountered over the course of a day. Although investigators
can maintain the same route (oral) by dissolving the chemical in a dosing vehicle (water,
corn or olive oil, tricaprylin, etc.) and administering it orally, the rate at which these

chemicals enter the body and the resulting internal concentrations of the chemical in
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target organs for toxicity differ from those produced by the same daily dose (mg/kg/day)
delivered in multiple, lower doses (e.g., hepatic concentrations of CHCI, resulting from
temporally-dispersed drinking water exposure are lower than those resulting from a
bolus corn oil gavage exposure). This sometimes marked difference in internal
concentrations may affect toxic response through several mechanisms; two examples

hinge on metabolism and cellular damage.

Attaining higher internal concentrations (resulting from higher doses) of a toxicant
can recruit additional (or secondary) enzymes to the disposition of chemicals. This can
result in the production of qualitatively different (and differentially toxic) metabolites at
higher doses than at lower doses. This may become evident when doses, potentially
spread over the course of a day, are concentrated into a single dose and administered
in a vehicle promoting rapid absorption and delivery to tissues. On the other hand,
some chemicals may be metabolized, regardless of dose, to produce toxic metabolites.
However, lower concentrations of the toxic metabolites may produce cellular responses
that can be corrected by the normal functioning of the cell. Cellular damage and
necrosis can be repaired (or replaced) to some degree, but when the extent of injury
increases the rate of cellular replication to the point that efficient DNA repair (a normal
function) cannot take place, then the potential for mis-formation of DNA and genetic
damage exists. This mis-formation of DNA can lead to the development of cancer. This
phenomenon may complicate the extrapolation of high dose toxicity to lower doses, and
makes the identification of the mode of action (MOA) all the more critical. Certainty
about potential dose-dependency of the MOA reduces uncertainty in the extrapolation to

lower doses.
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For several chemicals whose toxicity is mediated through a common MOA, and
that may be encountered in combination, an estimate of their combined toxicity may be
accomplished by combining their doses. In addition to information on MOA,
pharmacokinetic information about the chemicals allows for a more thorough evaluation
of the toxic interaction of mixtures, regardless of their MOA. When these chemicals are
active in their parent form, their metabolism reduces their toxic impact. However, one of
the chemicals may reduce the body’s ability to metabolize the others, resulting in
prolonged residence time in the body and greater opportunity for interaction with
biological (target) tissues. The elucidation of general and specific pharmacokinetic
parameters thus enhances the ability to ascertain or estimate the effect of multiple

chemical exposures.

2.4.2.5. Mode of Action — Determination of MOA and any dose-dependency of
the MOA is helpful when evaluating dose-response. BDCM'’s carcinogenic response
may involve metabolism through the glutathione S-transferase pathway, but this may
not be relevant at low doses or low internal concentrations. BDCM produces genetic
damage in bacteria into which rat glutathione S-transferase theta class enzyme has
been transfected, but not in the same bacterial strain lacking this enzyme (DeMarini et
al., 1997). In mammals, lower doses of BDCM are metabolized by the mixed function
oxidase system, but higher doses of BDCM may saturate this mechanism and recruit
the glutathione S-transferase metabolic system. Thus, the delivery of the test chemical
via methods that may not mimic the human exposure scenario may produce results that
must be carefully extrapolated to humanly-relevant doses and delivery schedules. This

differential effect with respect to dose (target organ concentration) has been recognized
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in the Agency’s treatment of CHCI, risk; is being investigated with respect to BDCM risk;
and complicates the interpretation of developmental toxicity results obtained with
haloacetonitrile compounds delivered via gavage in tricaprylin. The results obtained
from research animals treated via gavage with boli of high doses of toxicants may
provide overly conservative estimates of risk when extrapolated to humans in the

absence of adequate pharmacokinetic, metabolism and MOA considerations.

2.4.2.6. Bromate — When source waters are high in bromide and ozone is the
primary chemical disinfectant, brominated compounds are produced in greater
quantities than chlorinated DBPs; bromate, in particular, is produced. Drinking water
studies of rats exposed to bromate have shown the production of kidney tumors (males
and females) and peritoneal mesotheliomas (males only) (Kurokawa et al., 1983).
Although these results indicate that bromate is a complete carcinogen, additional
experiments in this study demonstrated its tumor promoting activity in the kidney and
that the lowest dose producing kidney tumors was 6.5 mg/kg/day (doses employed
were 0.7, 1.3, 2.5, 5.6, 12.3 and 33.4 mg/kg/day). Interestingly, no increase in liver
tumors followed initiating treatment (with EHEN). Kurata et al. (1992) treated rats with
acute doses of bromate followed by promoting doses of barbital sodium to examine
tumor initiating activity, but could demonstrate none. The lack of tumor initiating activity
may support the theory that longer durations are necessary to initiate tumors or that

bromate produces renal tumors through promotional activity.

An evaluation of the impact of bromate (delivered as either KBrO3 or NaBrO3)
indicates that these chemicals, but not KBr, induce alpha-2-micro-globulin accumulation

in the kidneys of male, but not female, rats (Umemura et al., 1993). These data,
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coupled with the lack of renal carcinogenicity in mice and hamsters (Kurokawa et al.,
1986; Takamura et al., 1985), raise the question of the relevancy of bromate-induced
renal tumors to the evaluation of cancer risk in humans. The involvement of alpha-2-
micro-globulin as an exclusive mechanism of tumorigenicity in rat kidneys is confounded
by the finding of renal tumors in female rats (Kurokawa et al., 1983). Alternately, the
production of oxidative stress in renal tissue may stimulate cell replication, resulting in
tumor promotion (Umemura et al., 1995). Although the finding of renal tumors in
female rats may reduce the perceived importance of alpha-2-micro-globulin as an event
modifying renal carcinogenicity, its association with male rat kidney tumors may indicate
that the mechanism may increase the incidence of tumors in male rats beyond the
incidence in female rats. This may raise questions about the validity of carcinogenic
risk estimates for bromate, as they are mainly based on the incidence and dose-

response relationship demonstrated for male rat kidney tumors.

Consistent with the finding of renal toxicity in rodents, humans acutely exposed
to bromate (potassium and/or sodium bromate) in permanent hair wave neutralizing
solutions have demonstrated severe renal damage as well as permanent hearing loss.
There are no available published reports on the potential of bromate to produce
developmental toxicity. Recently, published data (DeAngelo et al., 1998) have
confirmed the multisite carcinogenicity of bromate in rats. A slight dose-response was
noted for kidney tumors in mice. The U.S. EPA (2000b) has considered this evidence

supportive of earlier MCL (0.01 mg/L) and MCLG (zero) values.

Bromate also produces oxidative injury in tissues, as evidenced by the formation

of characteristic 8 hydroxy-deoxyguanine adducts. Oxidative stress may be a tumor
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promotional event. DeAngelo and co-workers (Crosby et al., 2000; DeAngelo et al.,
1998; and Wolff et al.,1998) have examined the effect of potassium bromate on tumors
other than kidney in rats and mice. They have demonstrated that bromate induces a
high number of tumors in the tunica vaginalis of the testicle of rats, and that these
tumors can spread through the mesentary to other parts of the viscera. Tumor
prevalence at this site was 25% in a 2-year bioassay, while only 1% of rats
demonstrated renal carcinogenicity. These results identify a site much more sensitive
to carcinogenesis than the kidney and offer additional carcinogenesis dose-response
data for risk assessment considerations. These authors pointed out the unique
anatomy and physiology of this tumor site, and recommend specific attention to those

factors that may uniquely influence toxicity/carcinogenicity at this site.

2.4.3. Summary of Mixtures Toxicology In Vivo and In Vitro Studies. A number of
toxicology studies are available on mixtures of DBPs, ranging across a variety of
effects, including mutagenicity, carcinogenicity, hepatotoxicity, nephrotoxicity,
developmental toxicity, neurological effects and changes in pharmcokinetics (Table 7).
Historically, the majority of research with DBP mixtures has focused on toxicologic
assessment of concentrated drinking water samples, with an emphasis on detection of
mutagenicity. In the 1990s, there has been an increased interest in research on simple
DBP mixtures, with a general focus on interactions either among the trihalomethanes
(THMs) or among the haloacetic acids (HAAs). This initial focus on the within-class
interactions among the THMs and the HAAs is understandable because the vast
majority of single-chemical toxicology research on DBPs has focused on these two

important chemical classes, resulting in the identification of carcinogenic,
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TABLE 7

Available Toxicity Data for DBP Mixtures

DBP Mixture® EffeCtS/SPeCIGS/ D.ose_ b Results References
Duration Combinations
Complex mixture; Mutagenicity in - Chlorine-highly mutagenic; DeMarini et
extracts of finished Salmonella plate Chloramine-slightly al., 1995;
drinking water incorporation assay mutagenic; Ozone-no Patterson et
apparent effect al., 1995
Binary mixture: Ratios | Mortality, circulatory, 1:1 ratio of 20, 30, | Dose-additivity observed at Hartley et al.,
of CHCI;:CHBr, neurological effects in 40, 50 ppm tmd low doses; antagonism at 1999
medaka fish; 96 hours 50ppm
Binary mixture: Ratios | Hepatotoxicity in rats; 1:1 ratio of 0.5-3 Dose-additivity observed at Keegan et al.,
of CHCI;:BDCM acute mmol/kg tmd all doses 1997
Binary mixture: Ratios | Hepatotoxicity in mice; 1:1 ratio of 0.1, 1, 3 | Dose-additivity observed at Simmons et
of CHCI;:BDCM 14 days mmol/kg/day tmd; all doses al., 2000b
2.7:1 ratio of 1,3
mmol/kg/day tmd
Quaternary mixture: Hepatotoxicity in mice; 0.65:0.01:0.24:0.1 Dose-additivity observed Gennings et
Ratios of 14 days ratios of 0.872 tmd al., 1997

CHCI;:CHBry;:
BDCM:CDBM
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TABLE 7 cont.

DBP Mixture® EﬁeCtS/SPeC'eS/ D.ose_ b Results References
Duration Combinations

Quaternary mixture: Blood concentrations of | 1:1:1:1 ratios of 1.0 | Antagonistic toxicokinetic da Silva et al.,
Ratios of CHCI,, CHBr,;, BDCM, mmol/kg tmd interaction 1999a
CHCI,:CHBr;: CDBM; acute
BDCM:CDBM
Binary mixtures: Blood concentrations of | 1:1 ratios of each Antagonistic toxicokinetic da Silva et al.,
Ratios of CHCI,, CHBr,;, BDCM, binary combination | interaction 1999b
CHCI,:CHBr;: CDBM; acute of 1.0 tmd
BDCM:CDBM
Binary mixtures: Metabolism in mice; 15.5 mmol DCA/L: | DCA pretreatment had no Gonzalez-
Ratios of DCA:TCA 14 days pretreatmentin | 100 mg TCA/Kkg; effect on TCA metabolism; Leon et al.,
and TCA:DCA water, acute challenge 12.2 mmol TCA/L: | TCA pretreatment had no 1999

100 mg DCA/kg effect on DCA metabolism
Binary mixtures: Hepatic tumor promotion | 1.3:1, 2.6:1, 4.2:1, | At highest tmd only, DCA Pereira et al.,
Ratios of DCA:TCA in MNU-initiated mice; 0.6:1 ratios of 13.8, | increased TCA-induced 1997

50 weeks 21.6, 31, 40.6 tumor promotion

mmol/L tmd,

respectively
Binary mixtures: Hepatic and renal 1.5:1, 3.9:1 ratios DCA increased CHCI, Davis, 1992

Ratios of DCA:CHCI,
and TCA:CHCI,

toxicity in rats; acute,
sequential, pre-
treatment with DCA or
TCA

of each binary
combination of
1.55, 3.08 mmol/kg
tmd

hepatotoxicity and
nephrotoxicity; TCA
increased CHCI,
nephrotoxicity
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TABLE 7 cont.

DBP Mixture® EﬁeCtS/SPeC'eS/ D.ose_ b Results References
Duration Combinations
Binary mixtures: Hepatic toxicity in rats; 0.8:1, 0.36:1 ratios | DCA increased CHCI, Yang and
Ratios of DCA:CHCI, | acute, sequential, pre- of 5.57 and 11.8 hepatotoxicity Davis,
treatment with DCA mmol/kg tmd 1997a,b

@ Chloroform (CHCI;), Bromodichloromethane (BDCM), Chlorodibromomethane (CDBM), Bromoform (CHBTr,),
Dichloroacetic acid (DCA), Trichloroacetic acid (TCA), Dibromoacetic acid (DBA), Bromochloroacetic acid (BCA)

® tmd = total mixture dose (i.e., sum of the component doses)
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developmental, hepatotoxic and nephrotoxic effects of concern. In addition, the THMs
and HAAs are among the most commonly occurring DBPs and are present at relatively
high concentrations compared to other DBPs. One notable exception to the within-class
investigations has been examination of the effect of dichloroacetic acid (DCA, a

HAA) on chloroform (CHCI,, a THM ) toxicity.

The generation of DBP mixtures data is essential to refine human health risk
assessment methods under development and efficient experimental designs and
statistical approaches for mixtures (Simmons et al., 2000a; Teuschler et al., 2000).
Because several available risk assessment methods are based on additivity
assumptions, their use to estimate DBP mixtures risk should be grounded by toxicity
data supporting these assumptions. Although the number of studies on defined DBP
mixtures is still small, several conclusions may be drawn from this body of literature.
First, the nature of the observed interaction (additive, nonadditive) may depend on
whether the multiple chemical exposure is concurrent or temporally separated. Second,
the mixing ratio of the components comprising the mixture may affect the toxic outcome
and account for apparent inconsistencies across studies. Third, interactive effects
appear to be dose-dependent (e.g., synergism and antagonism are expected interaction
effects at high dose levels, while dose additivity is more commonly observed in lower
portions of the mixture dose-response curve). This dose-dependence may account for
inconsistencies across studies that appear to have conflicting outcomes, but are
actually working in different sections of the dose-response curve. In general, these

conclusions are consistent with the current state of knowledge in mixtures research.
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2.4.3.1. Complex Mixtures of DBPs — DeMarini et al. (1995) and Patterson et
al. (1995) examined the mutagenic potency of extracts prepared from water that had
undergone one of several different disinfection treatments. The DBPs present in the
drinking water were concentrated by extraction techniques that resulted in concentration
of the semi-volatile and nonvolatile organics and the loss of the volatile organics.
Mutagenicity was assessed in the Salmonella plate incorporation assay (Patterson et
al. employed strains TA100, TA98, TA97 and TA102, with and without metabolic
activation, and DeMarini et al. used strains TA98 and TA100 without metabolic

activation).

According to their findings, raw water (i.e., water that has not undergone
chemical disinfection) has a very low level of mutagenic activity. Compared to raw
water, chlorination greatly increases the mutagenicity of water. Ozonation alone has
very little apparent effect on the mutagenic activity of water. Chloramination alone
increases the mutagenicity of water, but to a lesser extent than chlorination. Prior
treatment with ozone decreases the mutagenicity associated with either chloramination
or chlorination. Generally, the addition of metabolic activation decreases mutagenic
activity. The mutation spectra produced by the various drinking water extracts resemble
those produced by MX (3-chloro-4(dichloromethyl)-5-hydroxy-2(5H)-furanone, a highly

mutagenic DBP).

2.4.3.2. Defined Mixtures of Trihalomethanes — To date, the binary
combination of CHCI, and bromoform (CHBr;) has been evaluated in a Japanese
medaka (Oryzias latipes) embryo lethality/developmental toxicity assay and the binary

combination of CHCI, and bromodichloromethane (BDCM) has been examined for
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hepatotoxicity in both mice and rats. In the fish assay, medaka were exposed
concurrently to CHCI, and CHBr; for 96 hours (Hartley et al., 1999). The measured
effect was based on the combined incidence of death and severe
neurological/circulatory effects expected to result in death. The data were analyzed
using a response surface model (Gennings et al., 1997), built under the assumption of
dose-addition, and then used to test for departures from dose additivity. Of the four
concentrations tested at a 1:1 mixing ratio of CHCI,:CHBr;, deviation from dose
additivity was detected only at the highest tested concentrations of 25 ppm CHCI,: 25
ppm CHBr,, where antagonism was observed. At all lower concentrations (10:10,
15:15, 20:20), the toxicity of the mixtures did not depart from that predicted by dose
additivity.

The binary interaction of CHCI, and BDCM was evaluated in mice (female, CD-1)
and rats (male, F-344) following concurrent oral exposure in an aqueous vehicle
(Keegan et al., 1997; Simmons et al., 2000b). Hepatotoxicity was assessed by serum
indicators of hepatic damage in rats 24 hours after acute exposure and in mice after 14
days of daily dosing. Rats were exposed to total mixture dosages ranging from 0.5 to
3.0 mmol/kg at a 1:1 mixing ratio. In the mouse experiment, three mixture groups were
exposed to total mixture dosages of either 0.1, 1.0 or 3.0 mmol/kg/day at a mixing ratio
of 1:1 CHCI,;:BDCM; another two mixture groups were exposed to total mixture dosages
of either 1.0 or 3.0 mmol/kg/day at a mixing ratio of 2.7:1 CHCI;:BDCM. The 2.7:1
mixing ratio of CHCI;:BDCM was selected based on the average seasonal proportions

of these two chemicals at 35 U.S. water treatment facilities (Krasner et al., 1989). In
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both species, there was little or no apparent deviation from dose additivity at the tested

mixing ratios and chemical concentrations.

The hepatotoxicity of a mixture of the four THMs (CHCI,;, CHBr;, BDCM, and
chlorodibromomethane [CDBM]) has been evaluated (Gennings et al., 1997, 1999) in
mice under an experimental protocol similar to that described above for the binary
combination of CHCI, and BDCM. The four THMs were administered in an aqueous
vehicle to female CD-1 mice by concurrent daily oral exposure for 14 days. The mixing
ratio of the four THMs was selected based on their average seasonal proportions at 35
U.S. water treatment facilities (Krasner et al., 1989). The proportions, on a mmol basis,
were 0.65 CHCI,: 0.01 CHBr;: 0.24 BDCM: 0.10 CDBM. The total mixture dosage was
0.872 mmol/kg/day. The threshold additivity model was used to predict the serum level
of sorbitol dehydrogenase (SDH), a serum indicator of hepatotoxicity, expected under
an assumption of dose additivity. The predicted mean SDH value for the mixture was
40.5 1U/I with 95% prediction limits of 31.9 and 49.1. The experimental mean SDH
response was 43.9 |U/l. The close correspondence between the predicted and the
observed mixture response indicated that hepatotoxicity, as measured by this serum

indicator, did not deviate from the level predicted under dose additivity.

In contrast to the dose additivity reported for the hepatotoxicity of the four THMs
(Gennings et al., 1997), other investigators (da Silva et al., 1999a) have reported an
apparent antagonistic toxicokinetic interaction among the four THMs. Male Sprague-
Dawley rats were exposed acutely by oral administration to 0.25 mmol/kg of each THM
alone or to a four-THM mixture containing 0.25 mmol/kg of each chemical for a total

mixture dosage of 1.0 mmol/kg. For each THM, administration in the mixture resulted in
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increased blood concentrations when compared to single chemical administration,
indicating decreased metabolism. Work in progress (da Silva et al., 1999b) has
compared, for all six possible binary combinations of the four THMs, blood THM
concentration following oral exposure to 0.5 mmol/kg of each THM alone with the blood
THM concentration resulting from exposure to binary combinations at a total mixture
dosage of 1.0 mmol/kg (i.e., containing 0.5 mmol/kg of each THM). Similar to what was
seen with the four-THM mixture, exposure to the THMs in binary combination resulted in

an increase in blood concentration when compared to single chemical administration.

Several reasonable hypotheses can be constructed to explain the apparent
conflict between the dose additivity among the THMs for hepatotoxicity based on serum
indicators reported by Simmons et al. (2000b) and the metabolic antagonism among the
THMs reported by da Silva et al. (1999a) One explanation may lie in the definition of
additivity applied in these studies. The conclusions drawn by Simmons et al. are based
on the concept of dose addition. Although the underlying model of additivity used by da
Silva et al. is not stated, the results of their work appear to be based on the concepts of
response or effect addition. These models of chemical interaction are based on
different mathematical constructs and toxicological assumptions about mechanism of
action (U.S. EPA, 1986, 1999c). Thus, they do not necessarily result in the same
conclusion regarding additivity or nonadditivity (Gessner, 1988).

Another possible hypothesis lies with the endpoints chosen for examination.
Serum indicators such as SDH are generally considered sensitive markers of
hepatotoxicity; it is possible that other measures of hepatotoxicity would respond

differently. The two research groups used different species and strains/stocks of
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animals and the differing results may reflect either species or strain differences in
chemical response. Rarely has the same mixture or multiple chemical exposure been
tested in more than one species or strain. Finally, differences in chemical interactions
between these studies could be the result of differences in the mixing ratios employed.
Simmons et al. used environmentally-based ratios that included very small proportions
of CHBr; (1% of the mixture, for an actual dosage of 0.012 mmol/kg/day), a relatively
toxic THM. In contrast, da Silva et al. used a 1:1 mixing ratio, resulting in much larger

dosages of CHBr,;, namely, 0.25 and 0.5 mmol/kg.

2.4.3.3. Defined Mixtures of Haloacetic Acids — Gonzalez-Leon et al. (1999)
examined the effect of pretreatment with DCA on the pharmacokinetics of trichloroacetic
acid (TCA) in male B6C3F1 mice. Similarly, they examined the effect of pretreatment
with TCA on the kinetics of DCA. Mice were exposed for 14 days to drinking water
containing either 2 g DCA/L (~15.5 mmol DCA/L) or water containing 2 g TCA/L (~12.2
mmol TCA/L). On the 15th day, the DCA pretreated mice were challenged with 100 mg
TCA/kg, and the TCA-pretreated mice were challenged with 100 mg DCA/kg. The
authors found pretreatment with DCA had no apparent effect on TCA metabolism, and

pretreatment with TCA had little or no apparent effect on DCA metabolism.

Pereira et al. (1997) assessed hepatic tumor promotion in methyl-nitrosourea
(MNU)-initiated female B6C3F1 mice that had been exposed chronically to mixtures of
TCA and DCA via their drinking water. The mice were initiated at 15 days of age with
MNU; they received DCA alone (7.8, 15.6 or 25 mmol/L), TCA alone (6.0 or 25 mmol/L)
or mixtures of DCA and TCA (7.8 mmol DCA/L + 6.0 mmol TCA/L, 15.6 mmol DCA/L +

6.0 mmol TCA/L, 25 mmol DCA/L + 6.0 mmol TCA/L, 15.6 mmol DCA/L + 25 mmol
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TCA/L) in the drinking water from 6 to 50 weeks of age. With response expressed on a
per mouse basis (altered hepatic foci/mouse and total hepatic proliferative
lesions/mouse), the authors reported that 6.0 mmol TCA/I had little effect on DCA-
induced tumor promotion in mice that received either 7.8, 15.6 or 25 mmol DCA/L. DCA
at 15.6 mmol/L appeared to increase TCA-induced tumor promotion in mice that
received 25 mmol TCA/L but not in mice that received 6.0 mmol TCA/L. Experiments
are in progress to test the effect of binary combinations of CHCI, and DCA or CHCI, and

TCA on hepatic tumor promotion (Pereira and Kramer, 1999).

Comparing the work of Pereira et al. with that of Gonzalez-Leon et al., it can be
noted that these two research groups are investigating different regions of the TCA
dose-response curve. The dose level of TCA appears to affect whether DCA enhances
TCA-induced tumors. DCA had no detectable enhancing effect in combination with 6.0
mmol TCA/L but has an apparent enhancing effect at 25 mmol TCA/L. The dose level
of TCA, 25 mmol/L, at which an apparently greater than additive effect on tumor
promotion occurred is 2-fold higher than the dose of TCA shown to have little or no

effect on DCA metabolism.

2.4.3.4. Defined Mixtures of Trihalomethanes and Haloacetic Acids — In the
only example of cross-class mixtures of DBPs found, Davis (1992) examined the
effects of pretreatment with either DCA or TCA on CHCI; hepatic and renal toxicity in
male and female Sprague-Dawley rats. Pretreatment with DCA (administered by
gavage 27, 10 and 3 hours prior to CHCI;) at 0.92 mmol DCA/kg (but not 2.45 mmol
DCA/kg) increased CHCI,; (~0.63 mmol CHCI,/kg by i.p. injection) hepatic toxicity 24

hours after CHCI; administration. Both 0.92 and 2.45 mmol DCA/Kkg increased the
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nephrotoxicity of this dosage of CHCI,. A similar pretreatment regimen with TCA at 2.45
mmol TCA/kg (but not at 0.92 mmol TCA/kg) enhanced the renal, but not the hepatic,
toxicity of CHCI, (~0.63 mmol CHCI,/kg), 24 hours after CHCI, administration. The
enhancement of CHCI, toxicity by the HAAs was gender specific, with increased toxicity
seen in female, but not male, rats. Further experimentation with the same rat stock
(female and male Sprague-Dawley) with DCA revealed that pretreatment with 2.45
mmol DCA/kg (27, 10 and 3 hours prior to CHCI,) resulted in increased hepatic toxicity
at both 3.12 and 9.35 mmol CHCI,/kg in female rats and at 3.12 mmol CHCI,/kg in male
rats (Yang and Davis, 1997a). In addition to the differences in CHCI, dosage between
these two studies, the nutritional status of the rats differed; Davis (1992) rats received
feed ad libitum whereas the Yang and Davis (1997a) rats were fasted for 20 hours prior

to CHCI, administration.

Based on the results of a series of experiments (Yang and Davis, 1997a,b; Yang
et al., 1996), the mechanism by which DCA potentiates CHCI, hepatotoxicity appears to
be linked to hepatic CYP2E1 induction by DCA. Treatment with DCA under the same
dosage regimen used in the interaction studies (2.45 mmol DCA/kg, 27, 10 and 3 hours
prior to termination) resulted in increased hepatic CYP2E1 activity as measured by both
aniline hydroxylation and p-nitrophenol hydroxylation and in increased amounts of
CYP2E1 protein as measured by immunoblot analysis (Yang et al., 1996). As the
concentration of 3-hydroxybutyrate was also increased, the induction of hepatic
CYP2E1 may be an indirect effect of DCA (Yang et al., 1996). Research to elucidate
the mechanism(s) underlying nonadditive interactions is important, because a

mechanistic understanding provides a rational basis for extrapolation of toxicologic
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information across dose, route, length of exposure, and to other species (Simmons,
1994, 1995b). This dose-dependence may account for inconsistencies across studies
that appear to have conflicting outcomes, but are actually working in different sections
of the dose-response curve. In general, these conclusions are consistent with the
current state of knowledge with regard to mixtures research. For risk assessment
purposes, the behavior of multiple chemicals at low dose levels is critical to support the

methodology used to assess health risks.
2.5. THE UNIDENTIFIED FRACTION OF DBPS

As illustrated in Figure 4, generally more than half the DBPs in drinking water
consist of unidentified material, yet measures of the concentrations and potential toxicity
of such material are critical to performing a risk assessment. Measures generally
available include: Total Organic Carbon (TOC); DBPs routinely monitored either
individually or as summary concentrations (e.g., total THMs, HAAs); and Total Organic
Halides (TOX). Although it is not standard practice, methods are available to proportion
the TOX into total organic chlorine (TOCI) and total organic bromine (TOBr). These
distinctions are important because when source waters high in bromide are treated with
ozone or chlorine, higher levels of the brominated compounds are produced. Concern
over the toxicity of brominated compounds has increased as newer epidemiology and
toxicology data indicate these compounds may be more toxic than their chlorinated
analogues. The formation of bromate, a highly toxic DBP, is of particular concern
because it can be formed in relatively large amounts as a by-product of ozonation

processes applied to high bromide source water.
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DBPs can be divided into three groups that reflect their analytic chemistry (Figure
5). A small number of halogenated DBPs (Group A), which account for up to 50% of the
total organic halides in treated drinking water, can be quantitated by routine gas
chromatography (GC). Examples of Group A DBPs are reported by Miltner et al. (1990)
and Weinberg (1999). The set of halogenated DBPs that cannot be quantitated by
routine GC comprises Group B. Several hundred Group B DBPs have been identified
qualitatively through GC and mass spectrometry (MS), but most of them have not been
quantitatively measured. Examples of Group B DBPs are reported by Richardson
(1998). Other members of Group B are suspected to be present in drinking water but
have not yet been identified. Finally, a third group consisting of non-halogenated
organic compounds (Group C) also exists. Some members of Group C have been
identified, but many others are suspected to be present in drinking water but remain
identified to date. The measured TOX concentration can be used to identify the quantity
of material that comprises Group B. The organic halogen concentration of each member
of Group A can be quantified and summed, yielding the fraction of the TOX
concentration that may be accounted for by Group A. The organic halide concentration
associated with Group B is the difference between the TOX and the organic halide
concentration associated with Group A. In general, some Group C DBPs are measured

individually (e.g., formaldehyde), and TOC is also measured routinely.

Assessing the risks posed by exposures to Group B compounds is complicated
because 1) all members of Group B have probably not been identified; 2) the quantity of

each component is not known; and 3) the toxicity of most of the compounds that have
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Halogenated DBPs Non-Halogenated DBPs

Group A Group C
* Haloacetonitriles * Formaldehyde
* Trihalomethanes * Hydrogen Peroxide
» Haloacetic Acids » Carboxylic Acids

+ Ketoaldehydes

Group B
» Ketoacids

 Haloketones
* Halonitromethanes
+ Haloaldehydes

FIGURE 5

Examples of DBPs in Groups A, B, and C are lllustrated
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been found has not been tested in bioassays. If it is assumed that the toxicity of those
Group B compounds identified through GC and MS (from the same drinking water
sample as the Group A compounds) is representative of the toxicity of the entire Group
B, then the toxic potential of individual compounds in this set can be estimated by
Quantitative Structure Toxicity Relationship (QSTR) models (e.g., Moudgal et al., 2000).
Such models predict toxicologic bioassay results for untested substances based on the
degree of similarity between the molecular attributes of the untested compound and

previously tested compounds.
2.6. RISK ASSESSMENT USING A RESPONSE ADDITION APPROACH

The initial assessment illustrates how DBP mixture risk may be quantified using a
two-stage Monte Carlo analysis of DBP occurrence data, DBP toxicity estimates, and
human drinking water consumption rate data (U.S. EPA, 1998a, 1999a). (The details of
this risk characterization, including exposure estimates, toxicity values and risk
estimates, are presented in full in Appendix I; presentations of this analysis from the
workshop are summarized in Section 2. of Report 2.) The drinking water source was a
pilot-scale drinking water treatment plant (Miltner et al., 1990), designed to simulate
several drinking water treatment system configurations. Two of these for which risk
estimates were developed included a conventional chlorination treatment system and a

pre-ozonation system followed by a conventional chlorination treatment system.

This illustration was developed as a limited demonstration to evaluate: 1)
whether sufficient data exist on exposure and toxicity to estimate DBP mixture risks; 2)
if response addition is a reasonable risk assessment method for this effort; and 3) how

to address and present the uncertainty and variability in the available data. Through the
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development of a reasonable set of assumptions regarding two hypothetical drinking
water treatment interventions and the potential toxicity of the DBP mixtures, the
illustration shows that facility-specific data can be input to the response addition model
to develop DBP mixtures risk estimates for a drinking water treatment system. This
illustration highlights critical areas where pertinent research could potentially change the

outcomes of the analysis. The constraints of the illustration include the following:

. Comparison of only two alternative drinking water treatment technologies
and no comparison of gradations of application (e.g., changes in the levels
of chlorination or ozone)

. Limitations of available input data for DBP concentrations and toxicity
values and tap water consumption rates to develop distributions for
conducting an uncertainty analysis

. Constraints concerning the current scientific measurement and the
temporal distribution of concentrations of DBPs in treated drinking water
from a single treatment system. Additionally, no attempt has been made to
characterize the impact of the water distribution system on estimated DBP
concentrations

. Limitations in the understanding of the relationship between health effects
and DBP exposures through drinking waters inherent in the risk
assessments of these agents both collectively and individually

. Evaluation of systems functioning normally without taking into account
scenarios that may result from perturbation(s) or critical failures of the
drinking water treatment plant.

In this approach, epidemiologic and toxicologic data were used in the hazard
identification to identify the nature of the hazard posed by DBPs. In this case, cancer,
reproductive and developmental effects were identified to be of concern from DBP
exposures using both the epidemiologic and toxicologic data as corroborating evidence.

Only the DBP toxicology data were used in the dose-response assessment; however,
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the epidemiologic attributable risk estimates were incorporated into the uncertainty

analysis.

This illustration uses a response-addition approach, a component-based method
for joining dose-response and exposure data, to estimate risk for the mixture. The
strategy of the method is to estimate each individual chemical component’s endpoint
specific risk at its measured exposure concentration and then sum these risks to yield
the total mixture risk for that health endpoint. The response-addition model assumes
that risk (unitless) is related to the concentration and potency of each individual

component chemical as follows:

risk =Y x 10100 Z@B‘i +Z@B’i

ick ieu

where

Y =  Tap water intake (L/kg-day)

C, = Concentration of DBP; (g/L)

S, = Incremental toxicity for DBP, (mg/kg-day)”

1mg = 1000 pg

k =  set of identified DBP

u =  set of unidentified DBP

Equation 1 is a theoretical construct, as it requires information that is not known

(i.e., u, the set of unidentified DBP, will never be completely analytically characterized
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as to chemical species). Measured data on total tap water consumption (Y) were
available for the analysis (Ershow and Cantor,1989). For each of 15 identified DBPs
(Table 8) that compromised set k, there was a measure of its concentration in tap water,
C,, and its incremental risk (S,), so the summation, >CS,, was calculated. For the
unidentified DBPs, set u, these values were unknown, so the summation, 2C.S,, had to

be estimated.

Figure 6 shows the steps developed to estimate the potential toxicity of set u
using summary measures, expert judgment, and modeling techniques. This process
estimated risk only for the Group B organic halides that were unidentified; the Group C

chemicals (non-halogenated DBPs) are not included here.

. Step 1. It was assumed that the risk for the unidentified DBPs (Group B)
associated with a health endpoint (e.g., developmental effects) is equal
to that of the identified DBPs (Group A) for the same health endpoint per
unit of organic halide concentration (in ug CI/L). This assumption
allowed for the unidentified DBP risk to be calculated as a weighted
average of the risk from the identified components. Thus, an
estimate of the concentration of unidentified DBPs that could be
associated with the health endpoint was required.

. Step 2. The organic halide concentration (in ug Cl/L) of the entire Group
B was calculated by subtracting the sum of the Group A DBPs from the
Total Organic Halide (TOX) material. In the illustration, roughly 57% of
the TOX was associated with Group B DBPs (U.S. EPA, 1999a).

. Step 3. Those DBPs that had been found in laboratory experiments
under similar treatment scenarios were selected for use in estimating the
toxicity of Group B. In the illustration, 70 and 62 of the halogenated
DBPs identified by Richardson (1998) were chosen as representative of
all of the halogenated DBPs in the Miltner et al. (1990) study for the
chlorination system and the pre-ozonation followed by chlorination
system, respectively.
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TABLE 8

Identified Disinfection By-Products (Set k) for the Response Addition lllustration

DBP with Reproductive/Developmental Data

DBP with Carcinogenicity Data

Monochloroacetic Acid (MCA)?
Dichloroacetic Acid (DCA)
Trichloroacetic Acid (TCA)
Monobromoacetic Acid (MBA)
Dibromoacetic Acid (DBA)
Bromochloroacetic Acid (BCA)
Dichloroacetonitrile (DCAN)
Trichloroacetonitrile (TCAN)
Bromochloroacetonitrile (BCAN)
Dibromoacetonitrile (DBAN)
Bromodichloromethane (BDCM)?

Bromodichloromethane (BDCM)
Chlorodibromomethane (CDBM)
Bromoform (CHBr;)

Chloral Hydrate (CH)
Dichloroacetic Acid (DCA)
Trichloroacetic Acid (TCA)
Bromate

Chloroform® (CHCl,)

@ MCA and BDCM were excluded from the reproductive and developmental risk
assessments because threshold parameters were modeled for all endpoints.

® Chloroform was excluded from the risk assessment because the mechanism of action
for carcinogenicity was thought not to be active at its environmental concentration.
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Step 1

Risk, = % * Risk
B A

onc,,

Assume equal Risk of
Group A and Group B
DBPs per unit of TOX for a
specific health endpoint

Step 4

1) Assume that each
member of Group B
accounts for the same
fraction of TOX

2) Use QSTR to classify
health endpoints associated
with individual Group B
DBPs

Step 2

Total TOX

Group A
Concentration and
Toxicity are Known

Estimate this
concentration

>

Step 5
Assume that the % of
Group B DBPs classified by
QSTR as associated with an
individual health endpoint
represents the actual
proportion of Group B’s
concentration that can be
associated with the
individual health endpoint

FIGURE 6

Step 3

Identify DBPs that may
be present in Group B

Step 6

1) Use information in steps 2-5 to
calculate Risky as shown in Stepl.

2) Using assumption of response
addition, add risks estimated for
DBPs in Groups A and B.

Process for Estimation of Risk for Unidentified TOX (Group B Chemicals)

R1-90

03/08/2001



. Step 4. The QSTR model was used to classify each of the selected
Group B DBPs as either associated with a health endpoint or not,
resulting in the calculation of a percentage of Group B DBPs associated
with the health endpoint. In the illustration, QSTR models in TOPKAT®
were used to assess the toxicity of each of the Group B DBPs (Moudgal
et al., 2000). The fractions of Group B DBPs found to be associated
with cancer and developmental toxicity were 58% and 42%, respectively,
for the chlorination system and 55% and 56%, respectively, for the pre(]
ozonation followed by chlorination system. Because TOPKAT® did not
have a reproductive toxicity model, the developmental toxicity values
were also used as surrogates for the fraction of Group B DBPs that may
be associated with inducing reproductive toxicity.

. Step 5. The percentage of Group B DBPs associated with the health
endpoint was extrapolated directly to estimate the proportion of the
Group B organic halide concentration that could be associated with the
health endpoint.

. Step 6. Using the ratio of Group B to Group A organic halide
concentrations associated with the health endpoint of concern, the risk
for the Group B DBPs was calculated as shown in Step 1.

The total endpoint-specific risk, using Equation 1, is the sum of the risks for the
identified DBPs (Group A), as calculated from known toxicity and measurement data,

and the unidentified DBPs (Group B), as estimated using Steps 1 through 6.

2.6.1. Development of Distributions of Risks. For the illustration, a two-stage Monte
Carlo analysis was performed, as shown in Figure 7, to calculate distributions of DBP
mixture risk using Equation 1. Input distributions were developed to quantify variability
(heterogeneity) in the population tap water consumption rates (Y), (i.e., the range of
plausible risks resulting from differences among members of the population) and to
quantify uncertainty (i.e., the range of plausible risks for each individual corresponding

to alternative plausible assumptions) for DBP concentration data (C,) and DBP toxicity
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2-Stage Monte Carlo Analysis of Variability and Uncertainty, R = Y*C*S
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estimates (S,). The result of such an analysis is the development of risk distributions, as

shown in Figure 8, that reflect variability on the X-axis and uncertainty on the Y-axis.

Variability was quantified by holding uncertain assumptions fixed and computing
risk estimates corresponding to different values for parameters that vary among
members of the population. Uncertainty was quantified by computing risk for several
“representative” members of the population, such as the median individual and the 95"
percentile individual. Values for uncertain parameters (e.g., cancer slope factors and
DBP concentrations) were randomly selected and held constant, and then 1000 sets of
values for the variable parameters (e.g., water consumption, L-kg/day) were randomly
drawn (corresponding to 1000 iterations of the inner loop) and used to compute 1000
estimates of risk. After ranking the 1000 risk estimates from the inner loop, some key
population summary statistics estimates (i.e., 5", 10", 25", 50", 75", 90", and 95"
percentiles) were retained (Figure 8). The simulation then proceeded to the next
iteration of the outer loop, selecting new random values for the uncertain parameters
and then executing 1000 new iterations of the inner loop. The outer loop was ultimately
executed 1000 times, yielding 1000 estimates of each of the key population summary

statistic risk estimates.

2.6.1.1. Tap Water Consumption (Y) — DBP exposure was assumed to be a
function of total tap water consumed. All water from the household tap consumed
directly as a beverage or used to prepare foods and beverages was considered tap
water. The studies of Ershow and Cantor (1989) of the U.S. population and the

Canadian Ministry of National Health and Welfare (1981), presented in U.S. EPA
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Monte Carlo Results for Lifetime Cancer Risk for a Chlorination System, R = Y*C*S
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Exposure Factors Handbook (1997b) were used to derive consumption estimates. The
illustration approach quantified tap water consumption by fitting lognormal distributions
to age-specific intake data for the U.S. population developed by U.S. EPA (1997b),
based on Ershow and Cantor (1989) and shown in Table 9. The water consumption of
some subpopulations was evaluated and found not to differ from the general population
estimates. The illustration did not, however, evaluate exposure routes other than oral,
compare differences in DBP exposures from heated vs. unheated tap water, or account
for potential changes in consumption patterns (e.g., increased use of bottled water)

since the time of data collection by Ershow and Cantor (1989).

2.6.1.2. DBP Concentrations in Drinking Water (C,) — Concentration data (in
Mg/L) for individual DBPs in the illustration (one with chlorination only and one with
chlorination following pre-ozonation) were adapted from a paper by Miltner et al.,
(1990), resulting from a study in which Ohio River water was treated in a pilot plant and
then subjected to a simulated distribution system for each of the treatment trains. Table
10 lists the resulting concentration data used in the case study. These data are slightly
different from the Miltner et al. (1990) paper because the means and confidence limits
were recalculated from the sampling data assuming a normal distribution and
substituting half the detection limit for non-detects instead of zero, which was used in
the original publication. The notable exception is that the concentrations for bromate
were not sampled at the time of the study and have been estimated using more recent

information.
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TABLE 9

Tap Water Consumption in the General Population (mL/kg-day)
by 5-Year Age Groups®

Age Population Percentile Arith-

(Years) | 5 10 25 50 75 90 95 ,\T o
ean
Oto4 9.14 13.66 23.71 38.5 57.4 82.89 103.03 44.4
5t09 8.56 12.14 18.36 27.72 40.78 56.1 65.56 31.2
10 to 14 54 8.06 12.72 19.28 28.06 38.02 44.56 213
15t0 19 3.9 5.7 9.6 14.8 21.5 29 35 16.3
20to 24 4.9 7.1 11.2 16.8 23.7 32.2 38.4 18.3
25t0 29 4.9 7.1 11.2 16.8 23.7 32.2 38.4 18.3
30 to 34 4.9 7.1 11.2 16.8 23.7 32.2 38.4 18.3
35 to 39 4.9 7.1 11.2 16.8 23.7 32.2 38.4 18.3
40 to 44 4.9 7.1 11.2 16.8 23.7 32.2 38.4 18.3
45to0 49 8 10.3 14.7 20.2 272 35.5 421 21.8
50 to 54 8 10.3 14.7 20.2 272 35.5 421 21.8
55 to 59 8 10.3 14.7 20.2 272 35.5 421 21.8
60 to 64 8 10.3 14.7 20.2 272 35.5 421 21.8
65 to 69 8.7 10.9 15.1 20.2 272 35.2 40.6 21.9
70 to 74 8.7 10.9 15.1 20.2 272 35.2 40.6 21.9
75t0 79 8.8 10.7 15 20.5 271 33.9 38.6 214
80 to 84 8.8 10.7 15 20.5 271 33.9 38.6 214
85 + 8.8 10.7 15 20.5 271 33.9 38.6 214

@ Ershow et al. (1989) cited in U.S. EPA (1997b)

® The arithmetic mean value for each age group was computed by fitting a lognormal to the
percentile values listed and computing the arithmetic mean corresponding to that distribution’s
geometric mean and geometric standard deviation.
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TABLE 10

DBP Concentrations Used in the lllustration (Adapted from Miltner et al., 1990)

Ozone/Chlorination System

Chlorination System

Chemical Mean Low 95% | Upp 96% Mean Low 95% | Upp 96%

Conc Conc Conc Conc Conc Conc

(no/L) (ng/L) (no/L) (ng/L) (no/L) (no/L)
CHCI3 39.55| 34.70 44 .40 55.50| 52.20 58.80
CHBrCI2 21.10| 20.90 21.40 2440 21.90 26.90
CHBr2Cl 13.00 12.20 13.80 10.20 8.80 11.60
CHBr3 1.50 1.10 1.80 0.35 0.00 0.84
CH 5.80 4.90 6.80 4.20 3.60 4.70
MCA 1.46 1.37 1.54 1.44 1.30 1.60
DCA 19.30 18.00 20.60 30.85| 28.40 33.30
TCA 10.00 8.90 11.20 20.10 18.60 21.70
MBA 0.28 0.22 0.34 0.29 0.24 0.33
DBA 1.98 1.74 2.20 1.50 1.30 1.70
BCA 6.70 6.50 6.90 8.50 8.30 8.60
DCAN 2.60 2.20 3.00 3.50 2.70 4.20
TCAN 0.05 0.05 0.05 0.20 0.05 0.30
BCAN 1.65 1.44 1.85 1.90 1.50 2.30
DBAN 0.55 0.31 0.78 0.15 0.03 0.27
Bromate* 4.00 3.40 4.60 0.00 0.00 0.00

* Bromate was not measured in the Miltner et al. (1990) study, but was estimated using
subsequent measurements from the same laboratory (see Appendix I).
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2.6.1.3. Toxicity Estimates (S;) — The toxicity estimate for each identified DBP
was assumed to be lognormal with a geometric mean equal to the 50" percentile and
95" percentile values, as shown for cancer slope factors in Table 11. Although the
confidence intervals reported for toxicity estimates that were fit using maximum
likelihood techniques are theoretically normal. However, the relative magnitude of the
50" and 95™ percentile values of the slope factors for many compounds, along with the
constraint that the slope factor must be non-negative, indicates that the true confidence
intervals must be skewed to the right. The lognormal distribution was used to

approximate this skew.

All dose-response modeling was performed using a linearized multistage
procedure, with a threshold parameter included in the model for the developmental and
reproductive endpoints. In the illustrative example, carcinogenicity dose-response data
were selected based on expert evaluations of the toxicology literature (i.e., Agency
reviews [U.S. EPA, 2000b; Bull and Kopfler, 1991]) and used in the response addition
procedure to estimate human health risks (see Section 4.3.1. of Appendix I). For
cancer, each identified DBP’s dose-response was assumed to be linear with no
threshold for each DBP identified as a carcinogen through in vivo toxicologic
evaluations. The exception to this was chloroform, whose mechanism of action for
cancer was not considered to be active at the exposure concentrations in the Miltner et

al. (1990) study.

In the illustrative example (see Section 4.3.2., Appendix 1), a careful toxicological

review was done for each DBP identified in the in vivo toxicology literature to evaluate
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Incremental Cancer Risk per mg/kg-day for Identified DBPs

TABLE 11

Slope Factor (mg/kg-day)'1

Weight of
Ob d Effect
Chemical Evidence 95th GSD served =tiec
Classification® MLE Percentile GM
ucL
BDCM B2 57x10° [6.2x10? |[5.7x10° 4.3 | Renal adenomas and
adenocarcinomas
CDBM c 72x10* [84x10% [7.2x10* 18.0 | Hepatocellular adenomas and
adenocarcinomas
CHBr3 B2 34x10* |79x10° |[3.4x10* 6.8 | Neoplastic lesions in large
intestine
CH C 4.1x10% 1.3x 10 4.1x10% 2.0 | Hepatocellular adenomas and
adenocarcinomas
DCA B2 14x10° 1.0x 10”7 1.4 x 102 13.4 | Hepatocellular adenomas and
adenocarcinomas
TCA c 49x10% |84x10% |4.9x10% 1.4 | Liver neoplasms
Bromate B2 32x10" [49x10" [3.2x107 1.3 | Renal adenomas and
adenocarcinomas
CHCI3® B2 31x10% [6.1x10° [3.2x10° 1.5 | Renal tumors

@ Chemicals classified as B2 have sufficient evidence of carcinogenicity in animals but inadequate or a lack of
evidence in humans. For chemicals classified as C, there is limited evidence of carcinogenicity in animals and

inadequate or a lack of evidence in humans.

® Chloroform was excluded from the risk assessment because its mechanism of action for cancer is not thought to be
active at environmental concentrations for either treatment train.

Chemical Key: BDCM - Bromodichloromethane
CDBM - Chlorodibromomethane
CHBr3 - Bromoform

CH - Chloral Hydrate

DCA - Dichloroacetic Acid
TCA - Trichloroacetic Acid

CHCI3 - Chloroform
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the observed DBP dose-related developmental and reproductive effects (e.g.,
resorptions, fetal deaths, malformations, fetal weight, sperm abnormalities). Then, for
each DBP, all endpoints were individually modeled using a linearized multistage
procedure with a threshold parameter. For those dose-response data for which the
threshold parameter was not statistically significantly different from zero, the most
sensitive endpoint was selected for inclusion in the response addition procedure to
estimate human health risks. (In all cases in which the threshold parameter was
different from zero, the exposure concentrations were below the threshold estimate, so
risk was estimated to be zero.) To model continuous endpoints, the analysis first
converted them into quantal endpoints by designating a cutpoint in the upper tail of the
effect’s distribution in the control animal data. The cutpoint was selected to represent a

toxicologically adverse effect (see Appendix I).

2.6.1.4. Uncertainty Analysis — As discussed fully in Appendix |, the risk
estimates for each health effect (i.e., cancer and reproductive/developmental toxicity)
were quantified by combining exposure estimates with toxicity coefficients for the
identified DBPs and adding these to the risks estimated for the unidentified DBPs. It is
recognized that there is considerable uncertainty in these risk estimates because of
many factors. Following the generation of a distributions of plausible risks, additional
sensitivity and uncertainty analyses were performed. An analysis of the relationship
between the model input variables and the model output identified those variables that
had the greatest impact on the results. For each health condition (cancer,
developmental toxicity, and reproductive toxicity), the set of parameters having the

greatest influence on the determination of risk was identified by using linear regression
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to model the population mean risk as a function of the uncertain parameters.
Uncertainty in the slope factor estimates accounted for the largest portion of the
parametric uncertainty in risk estimates for the cancer endpoints. However, the
concentration of unidentified total organic halide (TOX) DBP contributed the largest
portion of the parametric uncertainty in the developmental and reproductive toxicity

endpoints.

Not all of the sources of uncertainty, however, were quantified within the two-
stage Monte Carlo procedure. Some of these uncertainties were examined by
repeating the probabilistic analysis using different models, data sets or alternative
assumptions and comparing the results with the initial analysis. Such additional
analyses provided information on the reliability of the initial analysis and were useful in
planning new research activities. A summary of the results for the additional analyses

made in the illustration is presented below.

A. Exposure Uncertainties
1)  The assumption that tap water ingestion dominates intake

2) The use of total tap water intake, rather than another estimate of
tap water intake such as unheated tap water

The exposure assumption that ingestion dominates intake could be significant if
other routes of exposure result in much more efficient uptake or metabolism of the
DBPs. Total tap water intake as the relevant measure of exposure is unlikely to be
important. Although there is some speculation that heating tap water may remove some

of the volatile DBP, restricting attention to the intake of only unheated water affects the
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estimate of risk by at most a factor of 2, indicating that this assumption is not a relatively

important source of uncertainty.

B. Toxicity Uncertainties

1)

5)

Use of QSAR to quantify the proportion of unidentified DBPs
associated with a health endpoint

The assumption that the unidentified DBPs pose the same risk as
the identified DBPs per concentration of organic halide

The assumption that the mechanism of action for chloroform
carcinogenicity is not active at levels found in drinking water

Use of animal toxicology data to quantify the toxicity estimate or
slope factor (S)), instead of epidemiologic data

The assumption that the slope factors (S,) are statistically
independent

The proportion of unidentified DBPs associated with a health endpoint was

quantified using QSAR. The range of risks associated with the extreme alternative

assumptions of 0% or 100% generally spanned a factor of approximately 5 to 10,

suggesting that this assumption does not substantially contribute to uncertainty.

The assumption that the unidentified DBPs pose the same risk as the identified

DBPs was evaluated by assuming alternatively that the unidentified DBP pose only 50%

the risk as the identified DBPs per concentration, and that the unidentified DBPs pose

twice the risk as the identified DBPs per concentration. The results indicate that this

range of assumptions corresponds to a range of risk estimates spanning a factor of

approximately 5 to 10.
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The assumption that chloroform’s mechanism of action for cancer is not active at
the levels in drinking water affects the overall risks by approximately 1.2 to 1.4, despite
the concentration data for chloroform (in this illustration) that show it is large and
exceeds that of many of the other DBPs. Whether chloroform is a carcinogen at
environmentally relevant exposure levels affects the cancer risk estimates for two
reasons. First, because the concentration of chloroform exceeds that of many other
DBPs, its potential contribution to carcinogenicity is substantial. The assumption of a
threshold dose-response for carcinogenicity removes its contribution from the risk
estimate. Second, because chloroform’s concentration is large compared to that of
other DBPs, its classification as a carcinogen affects the estimated risk associated with
exposure to unidentified DBPs. Specifically, if it is not classified as a carcinogen, its
potency is removed from the weighted average used as an estimate of the typical
potency of an unidentified DBPs. Because chloroform’s assumed potency is less than
the weighted average potency of the other identified DBPs, removing it from
consideration (by assuming it does not behave as a carcinogen at environmentally
relevant doses) increases the weighted average potency of the set of identified DBPs.
These two influences on risk work in opposite directions and hence, partially cancel

each other out.

Risk estimates computed under the assumption that for each health endpoint, the
slope factors are perfectly correlated, do not differ substantially from the risk estimates
computed under the assumption that these quantities are statistically independent. This
finding indicates that the assumption of statistical independence is not an important

source of uncertainty.
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In place of the animal bioassay data used to quantify DBP carcinogenicity, the
epidemiology literature could be used. Calculations made using epidemiologic
information suggest a broad range of risks, ranging from zero to risks that may be
substantially larger than those determined from the animal data. Thus, the weak to
moderate findings for cancer using the epidemiologic data may be considered
important; the risk estimated from the animal studies could be an underestimate.
Because of these uncertainties, it is conceivable that the plausible range of risks from

exposure to the DBP mixtures is very broad and could include zero.
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3. EPA’s MAIN CONCLUSIONS AND RECOMMENDATIONS
BASED ON THE APRIL 1999 WORKSHOP

EPA held a workshop in April 1999 to examine the response addition illustration
and to advance the development of methodology to assess health risk for mixtures of
drinking water DBPs. The goal of the workshop was to assemble a multidisciplinary
group of scientists to formulate a range of possible approaches to solving this problem
and then provide guidance on the most practical and scientifically sound directions the
EPA should take to improve the risk assessment (see Charge to Participants, Attendees
in Report 2). Based on the results of this workshop, in this section, EPA recommends
certain issues for consideration regarding improvement of the DBP mixtures risk
assessment methodology. In Report 2 of this document are many discussions and
recommendations from workshop participants. Each of these was considered by EPA
within the context of the Agency’s previous experience with DBP mixtures risk
assessment and evaluated for scientific validity, feasibility of application in the near-
term, data availability, consistency with other Agency Guidelines and practices, and
relevance to risk assessment goals and regulatory needs. The recommendations
selected are presented in this section. They potentially have the most significant, near-
term impact on improving DBP mixtures risk assessment. Additionally, EPA identified a

number of longer term research needs; these are presented in Section 5 of this Report.
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3.1. EPA RECOMMENDATIONS: INTEGRATION OF EPIDEMIOLOGIC AND
TOXICOLOGIC DATA IN THE RISK ASSESSMENT

Both epidemiologic and toxicologic approaches can potentially contribute
valuable information to understanding potential human health risks from exposure to
DBPs in drinking water. EPA’s risk assessment of DBP mixtures could be improved by
integrating both types of data in at least a weight-of-evidence evaluation, if not a
quantitative approach. Such an effort, however, would have to take into account both

the similarities and significant differences between human and animal data.

A credible risk characterization effort considers all available data, so for the DBP
assessment, the incorporation of both epidemiologic and toxicologic data is important.
(For discussions and recommendations from the April 1999 workshop, see Sections
3.10.,4.7.,4.8.7. of Report 2.) To combine both toxicology and epidemiology data into
a risk characterization, it is recommended that the following areas of research be

explored.

1) Approach. Investigate the use of expert judgment approaches (Evans et
al., 1994, Sielken, 1995; Fayerweather et al., 1999), that combine the
risk estimate calculated from each data source (i.e., from the available
animal and human studies) with an expert judgment projection of the
likelihood that each risk estimate is certain. The result is a kind of
weighted average of the risk estimates. An equation, for example, to
calculate the risk, R, of a health effect from a certain exposure may be
similar to:

R=Y 6R )
i=1
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where:

2)

n = the number of data sets available

o, = is an expert judgment weight of the certainty the risk
estimate for that data set is correct; the sum of the d, for n
risk estimates equals 1

R = the risk calculated for data set i.

Rationale. Each data set, deemed to be of adequate quality, is used to
produce a quantitative risk estimate. Thus, when the choice of data set
is unclear, an arbitrary decision is not required. Furthermore, some
sense of the quality and appropriateness of each data set can be
factored into the calculation using expert judgment. For DBP mixtures
risk estimation, for which the epidemiologic data are important and the
calculated risks are relatively large, but the associations are weak, this
offers a way to influence the outcome of the risk estimation process that
otherwise may default to only using the animal toxicology data, while
acknowledging the uncertainties in the databases for both data sources.
This approach also offers the opportunity to develop distributions of risks
that may be useful for comparisons and risk ranking efforts.

Approach. Evaluate differences in biology, exposure (including internal
dose), and dose-response between animals and humans including:

. Elucidating the underlying modes-of-action that result in the
expression of different health effects within the same target organ
systems between humans and experimental animals

. Considering sensitive subpopulations, such as pregnant females,
that may (or may not) respond differently between animals and
humans

. Evaluating the enormous differences across species and within
human exposures relative to duration, DBP concentration levels,
lifestyle factors, and activity patterns that affect contact

. |dentifying differences in physiology, biochemistry, anatomy, and
metabolic responses that may produce disparate health outcomes.
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3)

Rationale. Human DBP exposures are generally lower than those used
in animal studies. For DBP exposures, the health effects observed in
these two types of studies are not always exactly the same (e.g., mostly
liver and kidney tumors are observed in animal bioassays of DBPs, and
bladder, colon and rectal tumors are associated with chlorinated drinking
water in some epidemiologic studies), although similar target systems
may be involved for each. Dose dependence of such tumor sites
resulting from differences in exposures between animal studies and the
epidemiologic literature may also be a factor.

Also, animal studies are often conducted using different routes than
those to which the human population is exposed. Route-to-route and
high-to-low dose extrapolations of data should take into account
differences in how the DBPs are metabolized and distributed in the body.
For example, after the ingestion of low concentrations of DBPs, nearly
complete metabolism occurs during the first pass through the liver, while
the inhaled and dermally-absorbed compounds are distributed
throughout the body prior to hepatic metabolism. By contrast, because
of high doses in animal studies, there generally is incomplete
metabolism of the compounds, even when ingested. Thus, careful
evaluation of the factors that affect toxicity for both humans and animals
and identification of the differences in these factors will improve future
risk assessments.

Approach. Convene a “Blue Ribbon” panel to identify the important
issues regarding better characterization of the uncertainties associated
with interpreting the epidemiologic literature and how best to quantify the
human health risks of cancer and exposure to drinking water
disinfectants and by-products (see Section 4.7. of Report 2 for additional
details). The general composition of the panel should include
epidemiologists, toxicologists, and quantitative analysts who have
experience in complex problem solving. The primary interest of the
panel is to objectively evaluate current studies and analyses of their
results, identify the uncertainties, and recommend ways to reduce these
uncertainties. They would also oversee the implementation of projects
and tasks specifically designed to address the relevant issues.

Rationale. Both epidemiologic and toxicologic approaches contribute
valuable information to the risk assessment process, but difficulties
occur in incorporating epidemiologic results into the quantitative risk
assessment. Better characterization of the uncertainties associated with
the underlying epidemiologic literature is needed. When attempting to
quantify human health risks, it should be recognized that available
epidemiologic data are insufficient to establish a causal association
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between DBP and cancer or reproductive risks. Epidemiologists and
toxicologists express confusion about how to interpret study findings
because of inherent differences in the design, execution, and analysis of
the studies. Of particular concern are the non-comparability of the water
exposures studied, methodological differences among the studies,
internally inconsistent findings within studies, and the lack of consensus
regarding causality for bladder, colon, and rectal cancers. The literature
on reproductive and developmental effects is currently too sparse to use
for quantitative risk assessment. One problem in attempting to interpret
epidemiologic findings is incompletely presented dose-response
information. Use of continuous data (where available) improves both the
sensitivity and the power of the analyses.

3.2. IMPROVEMENTS IN EXPOSURE CHARACTERIZATION

In developing DBP exposure estimates, comprehensive exposure models should
be developed. These should incorporate the range of individual DBP concentrations at
both the treatment plant and within the distribution system over the etiologically relevant
time period; location and time spent in the distribution system; differences in the mixture
of DBPs during the exposure period caused by changes in water sources or treatment
practices; water use and consumption patterns that may affect ingestion, inhalation and
dermal exposures; other human behavioral activities or characteristics that may affect
exposure; and household/workplace characteristics. (For discussions and
recommendations from the April 1999 workshop, see Sections 3.4., 3.5., 3.6., 4.1. and
4.8.1. of Report 2.) Recommendations for improving the exposure characterization

include:

1) Approach. Develop better concentration data on DBPs in finished
drinking water throughout the distribution system. Use data from the
Information Collection Rule (ICR) as a source of distributional data on
concentrations of THMs, HAAs, bromate, and aldehydes in water
systems throughout the United States.
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2)

3)

Rationale. These data help characterize DBP mixture exposures
representative of specific source waters and drinking water treatment
scenarios, including measures of seasonal fluctuations and variance in
concentration data across geographic regions of the United States. It
may be noted, however, that the limited number of samples within any
system indicates that the full extent of the variability will likely not be
captured by the ICR data.

Approach. Develop models that include multi-route exposures (i.e., oral,
dermal and inhalation) when conducting risk assessments for DBPs.
Consider the form in which consumption occurs (e.g., if water is heated
before consumption, volatile organic compounds are driven off; thermally
unstable compounds decrease; the concentration of non-volatile
compounds may be increased because of water evaporation and volume
reduction; inhalation exposures to the volatile compounds may be
increased).

Rationale. DBPs have been measured in tap water and indoor air; some
DBPs in tap water (e.g., chloroform) volatilize through heating during
cooking, showering, etc. (e.g., Olin, 1999; Weisel and Chen, 1994;
Giardino and Andelman, 1996). As a result, DBP exposures can occur
through ingestion, inhalation, and dermal absorption. The inhalation
exposure for volatile DBPs and dermal exposure to highly lipophilic
DBPs can result in exposures equivalent to ingestion for median water
uses. Thus when comparing risks from different water sources and
treatment practices, which may result in different DBPs and
concentrations, it is critical to include all exposure routes.

Approach. Recognize the etiologically-relevant exposure period, that is,
the time frame over which exposure should be evaluated, and use this
information in assessing risks.

Rationale. To evaluate the appropriate time period, it is necessary to
consider the endpoint of interest: for acute effects (including reproductive
or developmental), peak or average daily exposure may be needed,
whereas for cancer, annual or integrated, longer-term exposure
estimates may be required. A second consideration is to determine how
the time frame over which exposures are expected to occur overlaps
with the time frame(s) over which damage or effects occur at the
molecular, cellular, tissue, or organ level. Both pharmacokinetic and
pharmacodynamic studies are needed to address these temporal issues.
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4)

5)

Approach. Develop tap water consumption and human activity pattern
data for potentially sensitive subpopulations identified in epidemiology
and toxicology studies that better characterize contact with the DBPs in
different media. Potentially sensitive subpopulations include pregnant
women, lactating women, and young children. Examine changes in
water use and consumption patterns that occur during pregnancy and
during the period of time in which women lactate (i.e., children obtain a
larger quantity of milk from their mothers or wet nurses over time and
then consumption decreases until nursing ceases.) For young children,
examine the changes in DBP exposures that result from changes in
activity patterns as they develop. Dermal exposures in newborns should
be examined. Both mathematical models and biomarkers could be used
in such evaluations.

Rationale. Data and models exist that can be used for this effort (e.g.,
tap water consumption for the general population and for pregnant
women are available [U.S. EPA, 1997b]). Mathematical exposure
models exist for use in risk assessments (e.g., Olin, 1999) based on
physical/chemical properties of DBPs in water and assumptions
concerning human activity patterns, as well as air exchange rates in
buildings and room dimensions (ILSI, 1998). Studies of U.S. human
activity patterns, such as tap water consumption distributions (including
heated tap water consumption) and showering and bathing frequency
and duration distributions, provide contact rates for important exposure
media (U.S. EPA, 1997b). These data can be aggregated and used in
the exposure assessment to estimate DBP contact rates for the three
primary exposure routes.

Approach. Develop of additional mathematical models to predict the
formation of DBPs similar to formation model for individual THMs
developed by Clark and Sivaganesan (1998). DBPs of interest would
include the HAAs , HANs, and chlopicrin.

Rationale. These data will help characterize DBP concentrations in the
distribution system and provide additional data on the variations in levels
of various DBPs. These variations depend upon the source waters and
drinking water treatment systems considered and should include
estimates of seasonal fluctuations and variance in concentration data
across geographic regions of the United States.
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3.3. ACCOUNTING FOR POTENTIAL TOXICITY OF UNIDENTIFIED DBPs

The DBP mixtures risk assessment should address the complex mixture in
addition to those chemicals routinely identified. It should also determine if exposures to
the unidentified compounds are of toxicologic concern. (For discussions and
recommendations from the April 1999 workshop, see Sections 4.2. and 4.8.2. of Report
2.) Thus, to improve the methodology for estimating risks that incorporates information

on the unidentified chemicals, the following recommendations are made:

1) Approach. Evaluate the assumption made in the illustrative example
that the DBP mixture risks for Groups A and B are equal, per
concentration of organic halide material. An initial evaluation of this
assumption could be performed by assembling distributions of easily
available data, such as LD.ys, for each Group (where Group B chemicals
must be identified using existing laboratory data) and comparing them
for similar central tendency estimates and variability. LD,s can be
derived by modeling experimental animal data or estimated using QSTR
models.

Rationale. In the uncertainty analysis for the illustration, the assumption
that the unidentified DBP pose the same risk per concentration as the
identified DBP was evaluated by assuming alternatively that the
unidentified DBP pose only 50% the risk as the identified DBP per
concentration, and that the unidentified DBP pose twice the risk as the
identified DBP per concentration. The results indicated that this range of
assumptions corresponds to a range of risk estimates spanning a factor
of approximately 5 to 10, which may be a significant difference
depending on the severity of the effect being evaluated. Research to
examine this assumption will reduce the uncertainty in this calculation.

2) Approach. Improve the chemical characterization of Groups B and C.
One approach to this problem is to solicit the opinions of expert organic
chemists who work in the analytical field as to the types of compounds
comprising Groups B and C. Some of this work has already occurred
through two workshops held in 1998 (see Appendix R1-A) and 2000 (for
summary, see U.S. EPA, 2001).

Rationale. 1t is likely that the non-halogenated compounds comprising
Groups A, B and C differ substantially. These differences are likely to
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3)

include molecular weight, functional molecular subunits, and number of
halogens. Although formed through the same process, compounds in
Group C may be quite different than DBPs comprising Groups A and B.
It is important to examine modes-of-action associated with these agents
as well as target organ toxicity and interaction effects. For example,
formaldehyde is a likely component of Group C and is classified on
EPA’s IRIS system as a probable human carcinogen; there is also an
RfD based on histopathological changes in the intestinal tract.

Approach. Once a set of chemicals is selected to represent the Group B
and C DBPs, QSTR models can be used to estimate their toxicity.
Improvements can be made in this process by using alternative QSTR
models:

. Use various QSTR models to provide more confidence in the
toxicity predictions. Such an effort may yield various conflicting
predictions, so that multiple “answers” are provided for analysis.
However, this information could be examined as a body of data and
considered under a weight of evidence scheme; multiple “answers”
could be examined by expert judgment. One important distinction
among models that may explain different “answers” is to consider
whether the models are asking equivalent questions that will
provide directly comparable information.

. Examine and estimate the misclassification errors for the various
QSTR models used.

. Examine the range of predictions from various QSTR models and
make risk predictions on that basis, e.g., by using zero as the lower
bound and predicting the upper bound by assuming a worst case.

Rationale. The use of QSTR modeling of toxicity carries with it a degree
of uncertainty that must be acknowledged and estimated. In the
illustration, only one model was applied to the Group B DBPs to estimate
the proportion of the unidentified TOX that could be associated with a
given health endpoint. The range of risks associated with the extreme
alternative assumptions of 0% or 100% generally spanned a factor of
approximately 5 to 10. Although this is a reasonable range for this
illustration, the range may be significantly different depending on the
source water characteristics and treatment trains being examined.
Research to examine this assumption will reduce the uncertainty in this
calculation.
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4) Approach. Perform a statistical evaluation of the certainty that chemicals
are indeed present in the DBP mixture. When toxicity data on such
chemicals are then used in the risk assessment, the likelihood that the
compounds are truly present in the DBP mixture can be used as a
weighting factor in the actual risk estimation or taken into account in the
uncertainty analysis.

Rationale. The illustration gives equal weight to the risks estimated for
the Group A and B DBPs, despite the fact the we are certain the Group
A DBPs are present and only estimate that the Group B DBPs are
present. Furthermore, within the Group B DBPs, there is a range of
uncertainty because, for example, some Group B DBPs are clearly
formed by the disinfection process, where others are suspected of being
formed by the analytical chemistry methods themselves. Similar issues
exist for the Group C DBPs.

5) Approach. Evaluate experimental and environmental DBP mixtures for
sufficient similarity.

Rationale. Because of the variability in DBP mixtures, development of
statistical and toxicologic criteria to evaluate the concept of sufficient
similarity among DBP mixtures is potentially useful in comparing the
relative risks posed by different types of DBPs, including the unknown
fraction. For example, these types of approaches may prove valuable for
comparing toxicities of and exposures to drinking waters with elevated
brominated DBP levels to those containing elevated chlorinated DBP
concentrations. They could also be used to make comparisons of
exposure and toxicity among these two groups. Evaluation of the
changes in concentrations of individual DBPs as the mixture travels
through the distribution system (Clark and Sivaganesan, 1998) may also
be useful in the comparisons of relative risks posed by different DBP
mixtures.

3.4. RISK ASSESSMENT OF DEVELOPMENTAL AND REPRODUCTIVE EFFECTS

The assessment of developmental and reproductive risks can be improved by
using more appropriate dose-response models and evaluating the relationships
between the animal study endpoints and the human effects of concern. (For
discussions and recommendations from the April 1999 workshop, see Sections 3.2.,

3.3.,4.4. and 4.8.4. of Report 2.) The following recommendations are made:
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1)

2)

3)

Approach. To assess human risk from animal developmental toxicity
data and account for possible intrafetal correlations, consider modeling
the risk of any treatment-related developmental effect, rather than
focusing on a specific effect. One method would be to aggregate the
observed effects in the animal bioassay prior to running the chosen
dose-response model. Another alternative is to model several endpoints
together using a multivariate normal model.

Rationale. When only one data set (e.g., reduced fetal body weight in
males) is finally selected out of several possibilities (e.g., visceral
malformations, reduced fetal body weight in females, neural tube
defects, etc.) for risk estimation, much information is lost. When it can
be shown that modeling data sets together is both biologically and
statistically reasonable (e.g., Stiteler et al., 1993; Vater et al., 1993;
Velazquez et al., 1994), then efforts should be made to combine them in
the modeling procedure.

Approach. A model such as the log-logistic model with underlying beta-
binomial response variability is recommended for modeling a single
quantal endpoint instead of the linearized multistage procedure used in
the illustrative example.

Rationale. Such models account for the correlated nature of the results
from typical developmental toxicity data sets (and from many
reproductive toxicity data sets) and allow estimates of the fetal
probabilities of response as a function of dose or exposure (and other
covariates such as litter size). Usually, the modeling of developmental
toxicity studies is limited by the fact that individual fetal data are not
generally reported in the literature, requiring separate modeling of each
endpoint. For the DBP analysis, however, such data are available. Itis
generally more appropriate to model individual embryo/fetal responses
and control for litter effects, as opposed to litter-based summaries of
response (e.g., litters with one or more affected fetuses are considered
to be the responding litters) because more information is utilized in the
analysis.

Approach. Explore different ways to model continuous endpoints.
Instead of converting them into quantal endpoints by estimating a
cutpoint beyond which effects are considered to be adverse, the analysis
can model changes in the continuous variable itself (e.g., changes in
mean birth weight) as a function of dose.
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Rationale. Modeling the continuous variable itself allows the results to
be linked to sequellae known or thought to be caused by changes in the
continuous endpoint (e.g., adverse affects in the infant linked to low
birth weight, or infertility linked to low sperm count), thus addressing the
issue of relating effects observed in animal studies to human health
effects. That is, the dose-response relationship for the continuous
endpoint in animals could be projected to humans using a
pharmacokinetic or allometric dose scaling procedure. Then, the
implications for human risk using human data can be interpreted in the
context of the continuous parameter (or its human analogue) to human
clinical outcomes of concern. Such an analysis should, of course, be
limited to parameters that have human analogues strongly related to
adverse outcomes of concern. An advantage of the use of continuous
intermediate parameters such as birth weights is that they are more
amenable to epidemiologic study and measurement of population effects
than the often rare quantal effects.

3.5. RISK ASSESSMENT OF CARCINOGENIC EFFECTS

To improve the mixtures risk assessment for carcinogenicity, additional research

is needed to provide better mechanistic information, epidemiologic exposure

characterizations and statistical modeling. (For discussions and recommendations from

the April 1999 workshop, see Sections 3.1., 3.10., 4.3. and 4.8.3. of Report 2.) The

following recommendations are made:

1)

Approach. Improve statistical treatment of uncertainty in the cancer
potency estimates, including animal-to-human extrapolation, selection of
data set, cancer mechanisms and statistical sampling error. Methods
exist for determining minimal estimates of uncertainty from the biological
literature. For example, using the EPA’s upper confidence limit (UCL)
estimate of risk (U.S. EPA, 2000b) as approximately a 95" percentile
value (1.6449 standard deviations above the median) and representing
uncertainties as log-normally distributed about a median estimate at
about 0.072 times the EPA UCL, then the geometric standard deviation
of the lognormal distribution representing uncertainties is 10 [°9(0724/1.6449]
= 4.93 (Hattis and Goble, 1991; Hattis and Barlow, 1996; Hattis and
Minkowitz, 1996). Work by Crouch (1996) and by Kodell et al. (1996)
showed a GSD of 10.5-11. A scale can be used, then, to understand the
difference between particular percentiles of log normal distributions (e.g.,

R1-116 03/08/2001



2)

3)

4)

between the 5™ and 95" percentile). This is one approach for showing
central tendency and range of variability.

Rationale. Uncertainty/confidence distributions should be derived for
cancer potency estimates for chemicals for which bioassay data exist.
Methods in the literature can be used in the near term to provide better
estimates of inter-individual variability in the population than the
lognormal distributions used in the illustration.

Approach. Explore the assumption of independence versus similarity of
carcinogenic modes of action across DBPs, which is critical to
understanding if DBP risk estimates should be calculated using
response addition (independence) or dose addition (similarity).

Rationale. The degree of similarity of mode of action that would negate
the assumption of independence is not known and is likely to be dose-
dependent. A particular toxic endpoint (e.g., liver tumors) might arise
from many different mechanisms, which may or may not be independent.

Approach. Investigate the toxicology literature for each carcinogenic
DBP and determine the likelihood that its mechanism-of-action for
cancer is not active at environmental exposure levels.

Rationale. The mode of carcinogenic action of the DBPs is important in
assessing whether the carcinogenic mode of action has a threshold.
The question of response thresholds is critical primarily when significant
extrapolation is needed from experimental or observational exposures to
those of interest and because animal bioassay exposures are generally
several orders of magnitude higher than human exposures to finished
drinking water. Several important points of scientific uncertainty exist for
the assessment of risk from threshold compounds.

Approach. Assess the quality of existing epidemiological studies,
evaluating the likely DBP mix in the areas where the studies were
conducted; determine the feasibility of developing water quality models
to better estimate historical exposures to specific DBPs.

Rationale. A number of analytic epidemiological studies have been
conducted to assess the cancer and reproductive or developmental risks
that may be associated with consumption of chlorinated drinking water.
Results differ among the studies conducted in various geographic areas.
For studies with minimal sources of bias, these differences may be the
result of possible differences in water exposures to various disinfection
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by-products (DBPs) in the study areas. To decrease the uncertainties
associated with the interpretation of this body of literature, it is necessary
to develop better assessment methods for the DBPs and other
exposures of interest. Results of such efforts could be used for possible
re-analysis of recent, well-conducted analytic epidemiological studies.

3.6. ACCOUNTING FOR VARIABILITY AND UNCERTAINTY

The illustrative example addressed both variability and uncertainty (see Section
2.5. of Report 2 and Sections 2.2., 2.3., 2.4., 5.2., 5.3. of Appendix I). When available,
data were used to estimate distributions for parameters such as slope factors, DBP
concentrations and tap water consumption values. These distributions were then used
in a two-stage Monte Carlo analysis to generate distributions of risk estimates, and
uncertainty analyses were further developed to analyze the effect of uncertain

assumptions on the results.

3.6.1. Dose-Response Issues. Because a response addition approach is used to
estimate DBP mixtures risk in the illustrative example, slope factors, calculated using
the linearized multistage procedure, are one set of key parameters used to characterize
both the cancer and non-cancer risks. While this model has precedent for carcinogens,
the 1996 proposed Cancer Guidelines (U.S. EPA, 1996b) indicate other models should
be used if they are biologically more appropriate. Furthermore, model uncertainty is of
great concern for the non-cancer endpoints, as other models are available that account
for such variables as litter effects and the existence of thresholds. The following issues
and modeling techniques relative to accounting for variability and uncertainty in the
dose-response assessment can be applied to both the cancer and noncancer

endpoints. The caveat is that some other toxicity marker may be used in place of a
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slope factor in future analyses, particularly for the noncancer endpoints. (For

discussions and recommendations from the April 1999 workshop, see Sections 3.7.,

4.6. and 4.8.6. of Report 2.)

1)

2)

3)

Approach. Use data comparing potency in animals and humans for a
generic set of chemicals to quantify the distribution of plausible human
potency estimates associated with the DBP-potency estimates inferred
from the animal toxicity data sets.

Rationale. Some work has been done on this for the cancer endpoint
(see Allen et al., 1988, 1998; Shipp et al., 1989). In the workshop, it was
demonstrated that the distribution of human cancer potency estimates
corresponding to a slope-factor estimate inferred from an animal toxicity
data set can be characterized as lognormal with a GSD of approximately
10 (see Section 3.1. of Report 2 of this document).

Approach. Use a Monte Carlo simulation or bootstrapping techniques to
develop human slope factor distributions. When determining the value
of a human slope factor to use for a set of simulations, take the animal-
based slope factor estimate (which itself could be sampled from the
distribution representing its stochastic uncertainty) and then sample from
a distribution of human inter-individual sensitivities developed for the
endpoint of interest (e.g., for cancer, a lognormal distribution having a
mean equal to that animal-based estimate and a GSD of 10).

Rationale. In the illustrative example, the slope factors are treated as
uncertain values that are input as lognormal distributions into the Monte
Carlo procedure to determine uncertainty and variability associated with
the risk estimates. The estimates of these slope factors can be
improved by using real data to determine the shape and parameters of
the distribution.

Approach. Consider both data set uncertainty and model uncertainty in
any risk characterizations.

Rationale. Both the current approach and the bootstrapping method
described above use a single animal data set and require the choice of a
particular dose-response model. Both of these choices affect the
uncertainty of the distribution produced. For many of the more common
DBPs, multiple (animal) data sets exist that provide alternative slope
factor estimates, and in some cases, studies exist in which no adverse
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effects were observed. A variety of dose-response models are available,
several of which may provide an acceptable fit to a single data set, but
may provide very different slope factor estimates, particularly when
extrapolating into the low-dose region of the curve. Such uncertainties
should be investigated and accounted for in the Monte Carlo analysis.

4) Approach. Use the expert judgment method described above (Section
3.1.) with Equation 2 to evaluate model uncertainty for each toxicologic
or epidemiologic data set. Model each data set using all dose-response
functions or other risk methods that are biologically plausible and
statistically appropriate (e.g., demonstrates a statistically significant
goodness-of-fit). Then, for a given data set, produce a weighted
average of the risk estimates for the exposure of interest as described
above.

Rationale. This approach provides an evaluation of model uncertainty.
Experts can “compare” the results of independent models. This quality of
each model can be factored into the model uncertainty analysis.

5) Approach. Characterize uncertainty in the hazard identification step
when evaluating DBPs.

Rationale. This is a fundamental source of uncertainty whether relying
on animal bioassays or epidemiologic studies. There are clearly
differences between chemicals in the degree of certainty that they are
indeed capable of causing health effects in humans, particularly at the
low environmental exposure levels for DBPs. To be most useful, the
uncertainty should be characterized quantitatively so it is reflected in the
risk estimates that are compared.

3.6.2. Exposure Issues. Even at the most fundamental level, concentrations of some
of the DBPs are uncertain for any given treatment system simply because the identity of
those DBPs is unknown. Above and beyond this fundamental difficulty, there are
uncertainty and variability issues that need to be recognized in relation to both
concentration and subsequent exposures. Variability and uncertainty in the exposure

estimates can be improved by considering changes over time. (For discussions and
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recommendations from the April 1999 workshop, see Sections 3.4., 3.5., 3.6.,4.1.,4.6.,

4.8.6. of Report 2.)

1) Approach. For tap water consumption data, derivation of a distribution
for temporal variation should be investigated to provide information
different from that representing inter-individual variations.

Rationale. Because tap water intake is one of the key parameters
determining exposure (once a set of DBP concentrations is given), some
care must be taken in interpreting and using the tap water intake data to
derive distributions characterizing variability and/or uncertainty. Of
particular concern here is the lack of differentiation between percentiles
of consumption across individuals and percentiles across days of
consumption. It is believed that the available consumption data
(presented in Ershow and Cantor, 1989) were averaged over 3-day
periods. Such information on temporal variation might be important
when considering the impact of some noncancer endpoints, where a
long-term average daily dose may not be the most appropriate
determinant of response.

2) Approach. Characterize the variance and uncertainty in concentration
data according to the time over which the assessment is made and the
dimensions of the exposure area (e.g., one treatment plant, one region,
national).

Rationale. Measurement error associated with collection of
concentration data (for which there is substantial laboratory involvement)
is likely to be a significant contributor to uncertainty. Also, seasonal
variation in source water characteristics and geographic variation should
be taken into account when appropriate for the scope of the
assessment.

3.7. MIXTURES RISK CHARACTERIZATION METHODS

As detailed in Section 2.1.2., any risk characterization approach needs to
address the interconnected elements of the risk assessment paradigm that include
hazard identification, dose response assessment, exposure assessment and risk

characterization with an uncertainty analysis. Investigations are needed into how well
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different risk characterization methods work with the DBP data. (For discussions and

recommendations from the April 1999 workshop, see Sections 3.8., 3.9., 3.10., 4.1., 4.5.

and 4.8.5. of Report 2.)

1)

2)

Approach. Evaluate multiple chemicals and multiple routes of exposure
for several endpoints over time. The DBP mixture risk assessment
should be approached using the principles of cumulative risk. Although
cumulative risk is a fairly new area of research, the results of existing
efforts can be used to apply cumulative risk assessment principles to
DBP mixtures. Specifically, Agency efforts in this area include guidance
on evaluating multiple pathways of exposure (U.S. EPA, 1999b),
guidance on the health risk assessment of chemical mixtures (U.S. EPA,
1999c¢), and documentation on cumulative risk that will soon be available
from the Office of Pesticides and from the National Center for
Environmental Assessment’s Risk Assessment Forum.

Rationale. Drawing on points that have been made in Sections 3.1. to
3.4. of this document, it is clear that the risk assessment of DBPs is a
multifaceted problem that includes population exposures to multiple
chemicals over a lifetime. Data developed on inhalation and dermal
exposures indicate that these pathways may contribute significant
amounts of DBPs. Furthermore, it may be proposed that differences in
risk estimates made from the epidemiologic data vs. the animal toxicity
are different because the animals are not exposed via multiple routes
and durations are too short as compared with human exposures.

Approach. Apply and compare several types of risk characterization
methods to evaluate additivity, to include response-addition, relative
potency factors (dose-addition), and proportional response addition.

Rationale. The use of risk characterization methods other than response
addition may be important, for example, for developmental endpoints,
when different DBPs affect development at the same stages or critical
periods. For example, the haloacetic acids and haloacetonitriles that
have been tested for developmental toxicity produce a spectrum of
effects in the postimplantation period including postimplantation loss,
depression of fetal body weight and crown-rump length, and visceral and
skeletal malformations. Thus, for these DBPs, the critical periods
appear to be similar, and mode of action may be considered as similar,
so a dose addition approach would be more appropriate. However,
when mode of action and timing of effects are unknown, a comparison of
risk values under different assumptions offers a range of risk estimates
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under additivity, which is important because synergistic or anatagonistic
responses are not likely to occur at the low environmental levels at which
DBPs occur.
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4. CONCEPTUAL MODEL FOR A CUMULATIVE RISK APPROACH

As noted above, several different risk characterization methods have been
recommended for estimating DBP mixtures risk: response-addition, relative potency
factors and proportional response addition (Section 3.7.). Detailed examples are
available within this document for the DBP mixtures problem for the oral route only
using response addition (Appendix 1) and proportional response addition (Section 3.8. of
Report 2). Although each of these approaches has its strengths, neither of these
examples accounts for 1) multiple routes of exposure, 2) any toxicologic similarity
among chemicals in the mixture (beyond target organ effects), and 3) temporal issues of

exposure.

Section 4.1. presents a conceptual model that accounts for multiple routes of
exposure over time and toxicologic similarity of the components. This approach will be
expanded in an NCEA report on the feasibility of performing cumulative risk
assessments for non-cancer and cancer endpoints for mixtures of drinking water
disinfection by-products via inhalation, dermal, and oral exposures; the projected
completion date of this feasibility report is 2001.

4.1. MODEL CONSIDERATIONS AND REQUIREMENTS

Currently, it is feasible to approach human health risks posed by DBPs as a

cumulative risk problem. The current effort (Appendix I) to quantify human cancer risk

from exposure to DBP mixtures using animal data from the oral route alone produces

risk estimates several orders of magnitude lower than those projected using positive
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epidemiologic data on chlorinated drinking water exposures in the study population
(other epidemiologic data indicate that risks posed may be negligible). If one assumes
that DBP exposures cause human cancers and that the positive epidemiologic results
provide unbiased quantitative estimates of the cancer risk posed by chlorinated water
exposures, then the discrepancy between risk estimates from the toxicological data and
the positive epidemiologic studies requires explanation. Several reasons for the
discrepancy are postulated, including failure to accurately extrapolate dosimetry
between animals and humans; failure to account for contribution to risk from inhalation
and dermal exposure routes; and failure to integrate the data according to the level of

organization at which the effects were observed (e.g., population, target organ, cellular).

The goals of a cumulative risk assessment for DBPs build upon those of the
current DBP mixture risk assessment (Appendix I). The goals of a new methodology

would include:

. To develop a mixtures approach that incorporates the flexibility to
integrate selected mixtures risk models based on an understanding of
the mode-of -action

. To consider the temporal nature of DBP exposures and variability of
human activity patterns; address and appropriately integrate exposures
through the three routes of primary concern for environmental pollutants:
ingestion, dermal, and inhalation

. To address the main endpoints of concern in the epidemiologic literature:
developmental and reproductive effects and cancer

. To identify the “risk-relevant” components of DBP mixtures, this may
include organic halides not measured individually as well as DBPs that
are not halogenated

R1-125 03/08/2001



. To estimate risks for various drinking water treatment trains, reflecting
differences in those DBPs formed and their concentrations over time in
the distribution system

. To generate central tendency risk estimates along with their associated
probability distributions; such distributions of risks are needed to
appropriately reflect both the uncertainty and variability found in these
data

. To identify specific measures that could be incorporated into future
epidemiologic investigations to improve exposure classification

. To develop mixtures risk characterization approaches that can be used
in the evaluation of causality.

4.2. CUMULATIVE RISK APPROACH

Three general approaches for addressing additivity associated with low doses
components of a chemical mixture exist (see Section 2.2.). Dose addition assumes the
mixture components share an MOA; thus, doses of individual components can be
added together after being appropriately scaled for relative potency. Response addition
assumes component risks for a given target organ or tissue can be added given the
components’ effects are toxicologically and statistically independent. Finally, effects
addition assumes health outcomes attributable to individual components can be added
together, assuming that the toxicodynamics are similar across components. To
incorporate MOA data into the risk assessment, a dose-addition approach is

investigated here.

MOA refers to a continuum describing the key events and processes starting
from the point of toxicant-cell interaction and leading to the onset of a health endpoint

(see Figure 9). The MOA may involve several levels of toxicologic analysis and
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Biological Marker Components in Sequential Progression from Exposure to Disease

Source: Schulte (1989)
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influence based on the structural hierarchy of animal bodies: intracellular, intercellular,
tissue, organ, organ system, whole organism. Less is known about MOA as contrasted
with the term mechanism-of-action, which implies a detailed molecular description of the

induction of a health effect (see Section 2.2.1.).

Both ILSI (1999) and Wilkinson et al. (2000) have documented the complexities
associated with assessing risks posed by chemical classes exhibiting a common MOA.
These reports describe a range of chemical mixture risk assessment methods that could
be applied to a set of pesticides that exhibit a shared MOA, the organophosphates
(OP). The potential utility of the hazard index approach (U.S. EPA, 1999c), a chemical
mixtures approach that requires dose response and exposure data for each component,
and a relative potency factors approach (detailed below) are presented in each.
Wilkinson and collaborators also detail a combined margin of exposure approach, which
is conceptually related and mathematically similar to the hazard index approach. The
ILSI report describes an exposure schematic that can combine exposure estimates for
inhalation, oral and dermal exposure routes; Olin (1999) also describes conceptually
similar approaches for assessing exposures to drinking water contaminants and details
additional exposure considerations for combining estimates from multiple exposure
routes. Wilkinson et al. (2000) and Rhomberg (1999) elucidate the temporal
considerations that impact an assessment of risks posed by multiple chemicals.
Specifically, they both conclude the internal dose of the components matters more than

the timing of the exposures.

Cumulative risk assessment, as used in this document, examines the potential

for increased risks by considering multiple chemical exposures through multiple routes
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over multiple time frames. Cumulative risks are conjectured to occur under a number of

conditions:

. When exposures (through multiple routes) to a group of chemicals that
act through a common mechanism of toxicity occur within a
physiologically-relevant time frame

. When exposures occur (through multiple routes) to a group of chemicals
that impact different parts of a pharmacodynamic pathway that lead to a
toxic response given the temporal considerations of the impacts (e.g.,
repair processes)

. When risks of a toxic effect estimated for each component using the
component’s dose-response curve at the exposure concentration are
additive, given temporal considerations of the response

. When there are synergistic interaction effects associated with exposures

to two different chemicals (or dose-additive chemical groups) that occur
over a physiologically-relevant time frame.

The physiologic time frame can reflect the pharmacokinetics (PK) or the
pharmacodynamics (PD) associated with exposures to specific components of the
chemical mixture. PK is the study of the fate of chemicals in the body; it deals with
absorption, distribution, biotransformation, and elimination. PD is the study of
biochemical and physiological effects of chemicals and their mechanisms of action. The
PK depend on exposure routes and patterns (e.g., duration, magnitude, and frequency).
Although four conditions are listed previously in this section, only a cumulative risk
approach arising from exposures to groups of chemicals that act through a common

mechanism of toxicity within a physiologically-relevant time frame is described.

Figure 10 illustrates the decision processes that would be undertaken to apply

this approach. The decision diagram is presented from left to right, although some
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steps may be interative. The initial step is to evaluate the MOA data for the components
of a chemical mixture. If the components share a common MOA, then it may be
possible to develop a cumulative relative potency factors approach. This assumes that
component data for individual exposure routes meet criteria established for
implementing an RPF approach; specifically, one component is well studied and has a
dose-response function available for the effect of interest, and it is reasonable to
conclude from available data on toxicity or chemical structure that all components share
a common MOA (U.S. EPA, 1999c). If the components do not meet the criteria, then

some other assessment approach should be considered.

The next step is to evaluate the exposure scenario. By which routes are
individuals exposed and over what time frames do these exposures occur? Three
exposure routes are typically considered when assessing risks posed by environmental
mixtures: dermal, oral, and inhalation. DBP exposures occur through all three routes.
Similarly, the time frame of DBP exposures is thought to be intermittent throughout the
period of time spent indoors. Concentrations of volatile DBPs (e.g., THMs) increase
when activities such as showering, cooking, and clothes washing occur. Dermal
exposures occur through activities such as bathing and hand washing, and oral

exposures occur through drinking water and consuming water in or on foods.

The next step is to assess the impact of absorption, distribution,

biotransformation, and elimination on the DBP components as they are absorbed
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through the various exposure routes. Specifically, are there differences in internal dose
arising from the multiple route exposures? For example, when environmental
concentrations of chloroform are absorbed through the intestines, they appear to be
rapidly biotransformed in the liver. Inhaled chloroform is not biotransformed by the liver

as rapidly because it is not subjected to first pass effects.

The next step is to assess the PD differences. Do the components of the mixture
share a common MOA at environmental doses in the biological moiety(ies) of interest?
Can the MOA be plausibly linked to adverse health outcomes? If the data are generated
in laboratory animals, is there a comparable human MOA? If the components are
consistent across routes, PK, and PD properties, then it may logical to develop a single
set of RPFs for the compound class under evaluation. If they vary, then it may be
logical to split the class into two or more subclasses and pose the question as to the
type of interactions that exist between the classes. The final step is to develop an
equivalent index chemical concentration. This exposure assessment is then integrated

with the dose-response function of the index chemical to quantitatively estimate risk.

To implement this approach, it is critical to identify the assumptions made and
explain the basis for these assumptions. Typically, the data upon which to base many of
these decisions does not exist or may be difficult to interpret; expert judgement or
surrogate data may be used to facilitate decision making. In these cases, the
uncertainty introduced into the quantitative exposure assessment should be described.
The identification of uncertainty in mixtures risk assessments is critical (U.S. EPA, 1986,
1999c). The goal is to develop a transparent assessment, so that key assumptions can

be readily identified and evaluated.
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The goal of the conceptual approach is the integration across routes of RPF-
based risk estimates that are route specific for toxicologically similar subclasses of
DBPs for an effect-specific period of duration. Once several RPF risk estimates are
generated, then the analyst can make some assumptions relative to the likely
relationships of the across-subclass risks and combine them (e.g., a response addition
assumption leads to summing these RPF risks) to yield the total risk estimate for the
mixture. This approach produces a transparent cumulative risk assessment because

assumptions about the toxicity and the interactions must be specifically identified.

4.2.1. Relative Potency Factors. The RPF approach has been proposed as an interim
approach for characterizing health risks associated with mixtures of chemical
compounds that have data indicating they are toxicologically similar (U.S.EPA, 1999c).
To develop an RPF-based risk estimate for a class of chemicals, toxicologic data are
needed for at least for one component of the mixture (referred to as the index chemical),
and scientific judgment is used to assess the relative toxicity of the other individual
components in the mixture as well as of the mixture as a whole. The RPF approach
assumes dose addition is appropriate for the related components that comprise the
mixture. True dose addition assumes the components of the mixture act by the same
MOA. If they are reasonable, these assumptions predict the toxicity of the mixture by
using the dose-response curve of the index chemical.

The exposure level of each component in the mixture is scaled by its toxicity
relative to that of the index chemical resulting in an index chemical equivalent dose for
each component. This scaling factor (the RFP) is based on a comparison of relevant

dose-response information between the index chemical and the component, including
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the results of toxicologic assays and analyses of structural similarity to other
compounds of known toxicologic potential. When data are available, the RPF can be
adjusted to account for intake and for dosimetry. For each component of the mixture,
the RPF approach predicts an equivalent exposure in terms of the index chemical;
these equivalent exposures are them summed to generate an index chemical equivalent
total mixture dose. The risk posed by the mixture is then estimated using the dose-
response curve of the index chemical. This estimate of risk developed through
equivalent index chemical exposure should be considered an interim and approximate

estimate of risk that should be revised as more complete and better data are generated.

The application of an RPF approach may be limited based on available data to
specific exposure routes, specific health endpoints, or specific members of a class of
compounds that have similar PD and possibly PK properties. Application of an RPF
approach when conducting a cumulative risk assessment allows the analyst to 1)
subdivide a class of chemicals that exhibit a common toxic endpoint but different PD
properties into toxicologically appropriate subclasses; 2) incorporate differences in
toxicity based on exposure route and exposure time frame into this subdivision; and 3)
appropriately limit the cumulative risk assessment to certain health endpoints based on
available data. The RPF method requires that a quantitative uncertainty analysis or
qualitative description of uncertainty be included in the risk characterization. To apply
RPF to the DBP mixture problem for a single effect and route, the basic model would be

as follows:

1
R, (= f ( 1000 *Y*Cm<k)) 3)
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where:

R.(k) = mixture risk for a given endpoint (unitless) as a function of an index
chemical k
f, =  dose response function of an index chemical k (a well-studied

chemical in the mixture), requiring the 1/1000 conversion factor of
mg to ug when dose units are mg/kg-day

Y = tap water intake rate (L/kg-day)

C.(k) = concentration of the mixture in units of index chemical k (ug/L) [see
Equation 4 below for calculation of C_(k).]

The RPF is based on dose addition, which carries with it the assumption of a
similar MOA for the mixture components, so each component can be considered a
dilution of the index chemical. To the extent that data are available, division of the
DBPs into subclasses could be performed by incorporating all relevant biological
information regarding toxicant-target interactions and response processes (e.g., it would
be important to distinguish between carcinogens that directly interact with and damage
DNA versus those that operate through epigenetic or nonmutagenic mechanisms such

as receptor-mediated pathways and hormonal or physiological disturbances).

The index chemical is likely to be chosen because it is a well studied chemical for
which the endpoint of interest has been observed, and its dose-response curve for that
endpoint is available. The concentrations of the other DBPs in the group then are
expressed as the index chemical by developing a scaling factor, the RPF. Then, the

total mixture dose is estimated as:

C,= X (RPF,*C) (4)
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C.(k) = mixture exposure concentration expressed as the index chemical k
(Hg/lL)

n = number of components in the mixture

RPF, =  proportionality constant relative to the toxic potency of the index

chemical, k, for the ith mixture component
C, = measured concentration of the ith mixture component (ug/L).

Calculation of an RPF; involves making an estimate of relative potency for each
chemical compared with the index chemical. When data are available, dosimetric
adjustments, commensurate with level of effect observation and MOA, can be made
during this calculation to provide route-specific estimates of a cumulative internal dose

surrogate to adjust the RPF..

Figure 11 presents a simple hypothetical RPF case for a single effect, route, and
duration. Chemical A1 is the index chemical. Equivalent concentrations of chemical
components A2 and A3 are developed and these are summed to estimate the index

chemical equivalent exposure for the simple mixture.
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RPF Approach for Three Hypothetical Chemicals, Single Effect, Route, and Duration
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Figure 12 presents a simple hypothetical RPF case for a single effect over a
consistent time frame of exposure for two exposure routes. The oral exposure of
chemical A1 again serves as the index chemical for both oral exposures to chemicals
A2 and A3 and for exposures to chemical A1 through the inhalation route. Equivalent
concentrations of chemicals A2 , A3, and inhaled A1 are developed and these are

summed to estimate the index chemical equivalent exposure for the simple mixture.

The equivalent exposure is compared to the dose-response function of the index
chemical to estimate a risk. The assumptions or dosimetry data supporting the route-to-

route conversion for inhaled and oral chemical A1 would need to be clearly identified.

Tables 12 and 13 provide example calculations for a hypothetical subclass of five
DBPs that are liver carcinogens acting by the same MOA after oral ingestion. Table 12
illustrates some of the considerations related to data set evaluations, including data
availability and quality and differences in species and study durations. ED,, values are
estimated from each chemical’s critical study for use in the RPF approach; these should
be adjusted for dosimetry if enough data are available. The index chemical, k, exhibits
the best quality data set. For purposes of illustration, Table 13 shows a feasible set of
calculations that could be used to produce a risk estimate for this mixture using a RPF
approach. Ratios of the ED,, of the index chemical to the i" chemical's ED,, provide an
RPF, for that chemical. The measured concentration, C,, of the i chemical is then
multiplied by its RPF, to adjust it to an index chemical equivalent concentration. In this
example, the risk for the mixture, R (k), is then estimated by multiplying the sum of

these equivalent concentrations, C,(k), by the unit risk of the index chemical. The
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Hypothetical Characterization of the Toxicologic Properties of
Five DBPs that are Liver Carcinogens in Animal Studies

TABLE 12

Study Test Duration of
DBP EDo1 Species Critical Data Set Characteristics
(na/l) Study

DBP; 5.6E+3 |Rat 2 years Extensive. Many well conducted

(Index and documented studies for a

Chemical) broad spectrum of endpoints in
multiple species. Human
confirmation of relevance of
effects.

DBP, 4.2E+3 [Mouse 2 years Good. Many well conducted and
documented studies for a broad
spectrum of endpoints in multiple
species.

DBP; 1E+3 |[Rat 90 days Poor. Few poorly documented
studies.

DBP4 2.2E+1 |Dog 2 years Good. Many well conducted and
documented studies for a broad
spectrum of endpoints.

DBPs 7.7E+1 |Rat 90 days Limited. Few studies but well
conducted.
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Hypothetical Example: Relative Potency Factors (RPF) and

TABLE 13

Equivalent Exposures for Five Liver Carcinogens

Equivalent Concentration
(DBP4 Unit Risk = 2.4 E-6 per pg/L)

Relative Potency Measured .
Study* | Factor (RPF) Exposure DBP, Equivalent
. . Concentration
DBP EDo1 using Index Concentration (Lg/L)
(ug/L) | Chemical DBP; (ug/L) -~
K [RPF; X Cj]
[EDo1, 1 /EDor, 1] [C]
DBP; 5.6E+3 1.0 24 .4 24 .4
DBP; 4.2E+3 1.3 10.2 13.6
DBP; 1.0E+3 5.6 0.001 0.006
DBP4 2.2E+1 2.6E+2 0.003 0.76
DBPs 7.7E+1 7.2E+1 0.01 0.72
Total [Cp] 39.5
% of Equivalent Concentration from DBP; 62%
Cancer Risk [Ry] from Exposure to DBP; 9.5E-5

* For purposes of illustration, these doses represent the actual experimental doses
converted to units of pg/L. In actual practice, this is where dosimetric adjustments
and interspecies scaling factors would be applied to provide more appropriate dose
surrogates to develop the RPF.
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index chemical accounts for 62% of the risk; there is fairly good confidence in this risk

estimate (given the judgment of the dose-response data).

4.2.2. Cumulative Relative Potency Factors. The RPF approach described in
Section 4.2.1. yields a single risk estimate for a subclass of toxicologically similar
chemicals for a specified endpoint and time frame. Combining risk information across
these chemical subclasses would require assumptions about the interrelationship of the
risk estimates. Given such assumptions, the total mixture risk for endpoint h (expressed
as R;,) could then be calculated as a function of the subclass risks (each risk expressed
as route-specific (w), chemical subclass (m) risk, R,,). For example, if response
addition were assumed (i.e., that toxic effects for the subclasses are toxicologically
independent and events are statistically independent at low dose levels), then a simple

summation of the subclass risks would be:

where:

Ro®= f | s ¥.C.th)

for the toxicologically similar chemical subclasses and exposure routes (oral, dermal,
inhalation) with a route-specific water intake rate Y,,. The index chemical equivalent

concentrations for each subclass would be calculated as:
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C..(k) = Z (RPF.*C.)

where:

w =  route of exposure fixed as oral (w=0), dermal (w=d), or inhalation
(w=i)

C..(kK) = mixture exposure concentration expressed as the index chemical
for route w

n = number of components in the s mixture group for route w

RPF,, = proportionality constant relative to the index chemical, k, for the ith
mixture component for route w

Cw =  exposure concentration of the ith mixture component for route w

In the case of a simple summation of subclass risks shown above, response
addition is applied, carrying with it the assumption that the R, are biologically
independent, which may or may not be appropriate for the data. If other statistical or
biological behavior is more appropriate (e.g., if the effects and, hence, the risks are

correlated), then other functions of the R, the multiple route RPFs, may be applied.

To illustrate the integration of dose addition and response addition, Figures 13
and 14 conceptualize the cumulative risk for two hypothetical mixtures. In Figure 13,
humans are exposed to the components of this mixture from a single route of exposure.
In Figure 14, humans are exposed to the components of this mixture from two different
routes. For both cases, the logic for combining the RPF-based risk estimates is the

same. Based on limited data, the components are considered to have two different
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MOA. Because of this, the components are subdivided into two sets for development of
RPFs. Toxicity data (measured in % responding) is available for chemicals in both sets.
An index chemical is determined and index chemical equivalent exposure
concentrations are developed for each set. The toxicological evidence from the two
index chemicals indicates that the same target organ is affected. The low
environmental concentrations lead to exposure assessments in the low dose region. In
this exposure region, component interactions are assumed not to be significant. The
MOA data indicate there is toxicologic independence of action. Based on these data,
response addition is selected as an appropriate method to estimate the risk associated
with the two index chemical equivalent concentrations. Risks are estimated for each
index chemical using its dose-response curve at the index chemical equivalent

exposure concentration. The component risks from each RPF set are added.

Table 14 continues the illustration (see Tables 12 and 13) by presenting a
hypothetical characterization of three RPF risk estimates that have been made for the
same DBP mixture, but for different exposure routes (Figure 14) and different cancer
sites. Ways to combine these risks depend on what is known about the independence
of the toxicologic mechanism of action for the groups of chemicals and their route- and
chemical-specific effects. If these three effects are considered functionally independent,
then the mixture risk is based on a response addition assumption, Equation 5. The total
mixture risk of any cancer is their sum (e.g., R (k) = 9.5E-5 + 4.9E-5 + 2.2E-5 = 1.7E-4).
If the assumptions of toxicologic or statistical independence cannot be met, then other
functions of the risks could be used or the maximum of the three risks may serve as the

mixture risk estimate.
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TABLE 14

Hypothetical Characterization of Several Relative Potency Factors
For the Same DBP Mixture; Different Routes, Different Effects

Index Equivalent Attributable | Mixture Route of Toxicologic
Chemical Concentration / to Index Risk Exposure Effect of
(DBP) Unit Risk Chemical | Estimate Concern
DBP; 39.5 (pg/L) 62% 9.5E-5 |Oral Liver Cancer
2.4 E-6 (ug/L)”
DBP, 27.3 (pg/L) 69% 49E-5 |Oral Kidney Cancer
1.8E-6 (ug/L)"
DBP, 1.7 (ug/m°) 55% 2.2E-5 |[Inhalation |Kidney Cancer
1.3E-5 (ug/m?)™”

4.2.3. Unidentified DBPs. The initial response addition assessment shown in Section
2.6. estimated an additional amount of risk for the unidentified DBPs by determining a
fraction of the unidentified DBPs that can be associated with a given health endpoint and
assuming equal risk per concentration of organic halide material for both the measured
and the unidentified components of the mixture. A similar approach could be applied
during development of the RPF risk estimates, using information from either laboratory
data or from Quantitative Structure Toxicity Relationship models. The index chemical
equivalent concentration, Cn,(k), could be adjusted to reflect the concentration of the
unidentified DBPs, C,, that can be associated with the subclass being evaluated. A
relative potency factor, RPF,, for the unidentified DBPs in C, could be estimated using

what is known about the likely chemical characterization of the unidentified DBPs (see
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Section 2.5. and Appendix R1-A). For the same end point and route of exposure,
Equation 4 could then be adjusted by using C, and RPF, to increase the value of C_(k),
reflecting the contribution of the unidentified DBPs to that subclass of toxicologically

similar chemicals.

4.2.4. Discussion. The development of RPF-based risk estimates and their integration
with response addition in a CRPF approach addresses many of the shortcomings of the
first response addition assessment in Appendix I: Workshop Pre-meeting Report, but
not all issues are addressed. As shown above, the approach does not directly address
the differences in risks for sensitive subpopulations or the contribution to the risk
estimate that may be addressed by using what is known in the epidemiologic literature.
In addition, application of CRPF promises to be a resource-intensive exercise that may
be more technically correct than the application of response addition, but, in the end,
may not produce risk estimates very different in magnitude. Furthermore, an enormous
problem lies in the fact that very little toxicity data are available for the dermal and

inhalation routes of exposure.

The CRPF approach described here is a conceptual model for development of a
cumulative risk assessment for DBP mixtures. As shown, it improves on the initial
response addition assessment (Appendix |I: Workshop Pre-meeting Report) by more
carefully considering toxicologic similarities among chemicals, routes of exposure, and
dosimetry. It allows for treatment system-specific exposures to be investigated and,
although not specified in this discussion, does not preclude the use of human activity

patterns and distribution system effects from incorporation into the analysis. A
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probabilistic analysis and full risk characterization would be required with careful

treatment of the variabilities and uncertainties examined and explained.
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5. RESEARCH NEEDS

DBP mixtures research is essential to establishing, explaining and estimating any
substantive human health risks from exposure to the low levels of DBPs found in
drinking water. Such research can serve to bridge the gap between the weak to
moderate associations with cancer and developmental effects suggested in the
epidemiologic literature and effects found only at high-dose levels of DBPs in single-
chemical animal bioassays. To strengthen the risk assessment, a multidisciplinary
research approach is needed that includes investigations of statistical methods and
quantitative analyses, risk assessment methodologies, toxicologic effects, epidemiologic
cohorts, and exposure assessment. Section 3 presented approaches that have the
potential to be applied in the near term. The research ideas presented here represent
long-term needs that are also considered important to improving the DBP mixture risk

assessment.
5.1. METHODS RESEARCH

. Develop more scientifically credible distributions of toxicity coefficients
for all endpoints (e.g., slope factors, effective dose levels) for use in
probabilistic assessments.

. Investigate dose-response models for developmental and reproductive
effects that include parameters for threshold and litter effects and
incorporate multiple endpoints.

. Develop comprehensive exposure models that incorporate multiple
routes, human activity patterns, multiple chemicals, and endpoint-
specific timing of exposures.
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. Apply alternative methods to Monte Carlo analysis (e.g., bootstrapping,
Latin Hypercube, analytic solutions) to addressing uncertainty analysis
and sensitivity analysis.

5.2. RESEARCH ON APPLICATION OF A CUMULATIVE RELATIVE POTENCY
FACTOR APPROACH

. Define subclasses of DBPs based on exposure route, chemical
structure, physicochemical attributes of chemicals, and MOA
considerations (components may be in more than one subclass
depending on route of exposure).

. Determine relationships among subclasses from a toxicologic
perspective, including MOA, PK, PD, and consideration of what level of
organization the effect measure was observed. Use relationships to
develop appropriate assumptions and methods for combining RPF-
based risks.

. Refine and apply dosimetric adjustment methods using case studies.
Parallel suites of model structures are needed across all three routes
(oral, inhalation, and dermal) based on inhalation reference
concentration methods as a platform for consistency (U.S. EPA, 1994a).
New model structures can be extended to include key determinants of
MOA: dose surrogates to incorporate PK and PD parameters and
processes at both portal-of-entry and systemic sites of toxicity. These
dose surrogates can be constructed to be commensurate with the level
of observation of the effect measure (population or cellular).

. Refine exposure assessments to consider water use issues (bathing,
cooking, dishwashing), effects of heating water on chemical composition,
human activity patterns and the human condition at time of exposure
(age, weight, health status).

5.3. EPIDEMIOLOGIC RESEARCH

. Continue to rule out non-causal explanations for epidemiologic findings
by examining reasonable alternative hypotheses for positive study
results. To decrease the uncertainties associated with the interpretation

R1-151 03/08/2001



5.4.

of this body of literature, it is necessary to develop better assessment
methods for the DBPs and other exposures of interest.

Expand ongoing or planned epidemiologic studies to include measures
of dermal and inhalation exposures and human activity patterns for use
in cumulative risk assessments.

Quantitatively identify the model and data uncertainties in the exposure-
response analysis used in the epidemiologic literature.

Define susceptibility responses for general population and sensitive
subpopulations.

Develop and use biomarkers of exposure in future analytical
epidemiologic studies because this can help reduce exposure
misclassification. Instead of classifying epidemiologic study participants
in a broad exposure category (e.g., as being exposed to disinfected
water or to water without disinfection), measure and identify specific
DBPs and consider the water usage, consumption rates and human
activity patterns to better estimate exposure.

Promote understanding of the problems associated with using a single
aggregate number from a meta-analysis of the epidemiologic data for
quantitative risk assessment, including considerations of whether
causality can be established; take into consideration possible publication
bias (i.e., when studies that fail to find an association, or find responses
in different sites, are not published and not available for meta-analysis)

DEVELOPMENT OF TOXICOLOGIC DATA

Conduct toxicologic studies to determine effects caused by inhalation
and dermal DBP exposure and enrich the database for cumulative risk
assessment.

Use physiology-based pharmacokinetic models for the different DBPs,
combined with available information on mode of action to provide insight
into patterns of tumor development in animals and humans. In addition,
use both in vivo and in vitro studies to help identify components of
chlorinated water that may be associated with effects seen in the
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positive epidemiologic studies (e.g., bladder cancer, spontaneous
abortion).

Study gene-environment interactions (e.g., CYP2E1, GST, acetyl) to
identify subpopulations for further epidemiologic study; epidemiologic
studies focusing on colon polyps could provide important information.

Generate DBP mixtures data useful to refine human health risk
assessment methods under development and efficient experimental
designs and statistical approaches for mixtures. Mixtures of THM and
HAA have a limited database already. Future directions include the
evaluation of more cross-class mixtures of the THM and HAA, eventually
adding other DBPs of concern, such as bromate, and screening for
combinations of DBPs that may exhibit additivity or interaction effects.

Conduct carefully designed experiments to estimate the toxicity of
complex mixtures of DBPs produced by using reproducible disinfection
scenarios or extracts of finished drinking water. Using these data in
conjunction with the data on defined mixtures, estimates can then be
made of the potential toxicity of unidentified DBP material in finished
drinking water.

Conduct studies to determine the mode(s)-of-action of DBPs, the
mechanism(s) underlying any identified nonadditive interactions and
their relevance to humans for cancer, developmental, and reproductive
effects. Mode-of-action is difficult to determine, but is critical not only to
understanding toxicity, but also to the development of statistical risk
models based on biologic assumptions (e.g., independence of action,
similar toxicologic action).

Link exposure to biokinetic models so differences in toxicokinetics can
aid in interpreting time, route, and cross species extrapolations. Include
considerations of dosimetry and level of organization of the toxic
response (e.g., cellular vs. population-based) in the risk assessment.

Apply appropriately genetically altered (transgenic) animal models when
the mechanism of action has been determined at the genetic level to
determine the quantitative contribution of that mechanism to the
chemical’s overall toxicity.
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Develop appropriate laboratory test systems as a screen for the myriad
of DBPs that have been identified in finished drinking water.
Investigations into short-term screening tests for DBP mixtures, such as
in vivo systems (e.g., developmental effects/cancer in medaka;
mutagenicity in the frog embryo (FETAX) assay) or in vitro procedures
(e.g., carcinogenicity in Syrian hamster embryo (SHE) cell
transformation assay; developmental effects in whole embryo culture
systems) are needed to identify the potential toxicity of DBP mixtures.
The most toxic mixtures can then be tested in appropriate rodent test
systems for reproductive, developmental, hepatotoxic, nephrotoxic,
carcinogenic or immunotoxic effects.
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APPENDIX R1-A

Summary: ILSI Workshop on Unidentified DBPs

In February, 1998, the International Life Sciences Institute (ILSI) held a workshop
entitled Identification of new and uncharacterized disinfection by-products in drinking
water, with the goal of developing an analytical strategy for the identification,
quantification, and prioritization of the full range of potential disinfection by-products in
drinking water. The emphasis was on predicting, identifying, and quantifying potential
DBPs not currently recovered from drinking water. Experts from different disciplines
were brought together at this workshop to achieve this goal. The final report resulting
from this workshop was published in 1999 and summarized the goals, presentations
and key conclusions and recommendations for identifying new drinking water DBPs.
Issues addressed included predictive chemistry, isolation and concentration techniques,

analytic methods and development of analytical strategies.

The predictive chemistry session (Session 2) focused on predicting the types of
DBPs that may be formed as a result of the disinfectant used for treatment. An
overview of what is currently known about DBPs was presented, followed by predictions
of reactions and the chemistry involved to form potential organic and inorganic DBPs.
Disinfectants addressed included chlorine, chlorine dioxide, chloramine, ozone, and
their combinations. An overview of what is known about natural organic matter (NOM)
was presented to increase understanding of the precursor material that forms many

DBPs. Also discussed were the by-products formed when these disinfectants are used
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in the pulp and paper industry, followed by a toxicological viewpoint to indicate the types
of chemicals that might be of concern with respect to absorption in the body.
Compounds proposed to potentially be formed (but have not yet been identified) include
bromo-amines and bromochloro-amines, peroxy-nitrites, nitric oxide and other inorganic
nitrogen species, compounds resulting from reactions of chemicals with inorganics
(including carbonates as percursor materials), chloroketamines and N-chloroketamines,
chloroaldamines and N-chloroaldamines, nitroso-amines, compounds resulting from the
reaction of carbohydrates with disinfectants, polar/non-extractable compounds
(including polyalcohols, polycarboxylic acids, polyamines, and reactions of disinfectants
with poly ethoxylate surfactants), sulfur-containing compounds (including sulfoxides and
sulfones resulting from the reactions of disinfectants with sulfur-containing amino acids),
iodate, imines, nitriles, organic peroxides, and higher molecular weight compounds
(>500 amu). It was suggested that it may be useful to obtain basic information on
these, such as molecular weights, functional groups, marker atoms, etc., even though
complete structural identification is probably not feasible. The general consensus of this
session was that toxicology should drive the analytical chemistry, e.g., fractionation
followed by toxicity screens could be used to focus identification efforts on those
fractions of treated drinking water that have an indication of toxicity. A need was also
expressed to further characterize reactions of disinfectants with NOM to better predict

potential DBPs.

Sessions 3 and 4 from the ILSI| workshop assessed isolation and concentration
techniques and analytical methods, respectively. Session 3 focused on sample

preparation techniques to enhance recovery and eventual identification of unknown
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DBPs. Methods were presented whereby conventional liquid-liquid extraction, solid
phase extraction, and purging/headspace techniques could be combined with
derivatization reactions to make both the non-polar and highly polar compounds more
amenable to chromatographic analysis. Tandem mass spectrometry (MS/MS) was also
suggested for identifying non-volatile DBPs. Session 4 centered on techniques that
have been used mostly for analyses other than drinking water, but have the potential for
identifying unknown DBPs in drinking water. Techniques presented that are not
commonly used by the drinking water community include *C NMR (nuclear magnetic
resonance), tetramethyl ammonium hydroxide thermochemolysis, high volume injection
gas chromatography/ mass spectrometry (GC/MS), vibrational spectroscopy, membrane
introduction MS (MIMS), online membrane extraction, preconcentration capillary
electrophoresis/MS, capillary liquid chromatography (LC)/MS, LC/MS/MS, LC/diode

array detection, and LC with amperometric detection.

Session 5 discussed the development of analytical strategies, which included the
need for a shared database containing DBP mass spectra and other pertinent
information for use in identifying the unknown DBPs. Other needs included methods
utilizing more advanced instrumentation (mentioned above); further characterization of
unidentified polar, non-volatile total organic halide (TOX) and NOM; new biological and
toxicological screening tools to help guide research; re-evaluation and expansion of
predictive surrogates for DBP formation; and clarification of the range of molecular sizes

and concentrations of DBPs to focus research on the unidentified DBP fraction.
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FOREWORD

This report contains information concerning research sponsored by the U.S.
Environmental Protection Agency's (EPA) National Center for Environmental
Assessment - Cincinnati Office (NCEA-Cin) on the risk assessment of mixtures of
disinfection by-products (DBP) across various drinking water treatment trains. Under 42
USC § 300 of the Safe Drinking Water Act Amendments of 1996, it is stated that the
Agency will “develop new approaches to the study of complex mixtures, such as
mixtures found in drinking water...” This report reflects the current results relative to
research in this area over the past five years by presenting an illustrative risk
characterization, the results of an expert scientific workshop, and recommendations on
the most scientifically credible way for the Agency to proceed, including future research
needs.

In the course of estimating DBP mixtures risk for applications of the Agency’s
Comparative Risk Framework Methodology and Case Study (U.S. EPA, 1998), NCEA-
Cin has been exploring a number of novel approaches for estimating cancer,
developmental and reproductive risks to human health from drinking water exposures.
These include such risk characterization methods as response addition, proportional-
response addition, quantitative structure activity relationships, development of
distributions for input parameters, and Monte Carlo simulation techniques. The goal of
these efforts is to estimate human health risks that result from exposures to a range of
DBP that are produced through chemical disinfection of drinking waters for comparison
with risks from exposure to pathogenic microbes. This document details the current
methods in use, discusses the state of the toxicity and exposure data, presents
available methods for mixtures risk characterization that may be applicable, explores
alternative methodologies, and make recommendations for future applications and
future methodological developments. Discussions include the assumptions, statistical
techniques, and toxicologic bases for the risk methods.

To facilitate the production of this document, work was done under two
contractual agreements. The illustrative example of a risk characterization was
developed by Dr. Joshua Cohen (then with Gradient Corporation), under contract #68-
C6-0024 with TN & Associates, Inc. The workshop was put together and conducted
under contract #68-C7-0011 with SAIC, Inc., who also invited several of the expert
scientists who participated. The proceedings of the workshop were then subcontracted
to Syracuse Research Corporation and the report prepared by Dr. Patricia McGinnis
and Heather Printup.



EPA RESEARCHERS

This research on the risk assessment of disinfection by-products was sponsored
by NCEA-Cin’s Comparative Risk Project Team and the Cumulative Risk Team. The
NCEA-Cin scientists who conducted portions of this research, presented at the
workshop, and are authors of this report include (listed alphabetically):

National Center for Environmental Assessment - Cincinnati Division, Cincinnati, OH

Richard C. Hertzberg
John C. Lipscomb
Patricia Murphy
Glenn Rice

Linda K. Teuschler



WORKSHOP PARTICIPANTS

This research was presented and reviewed by a group of workshop participants
in April 1999, with a workshop report generated in November 1999. That report has
been incorporated into this document. The distinguished workshop participants

included:

Bruce Allen
RAS Associates
Chapel Hill, NC

Joshua Cohen
Harvard Center for Risk Analysis
Boston, MA

Joan Colman
Syracuse Research Corporation
Syracuse, NY

George M. Gray
Harvard Center for Risk Analysis
Boston, MA

Dale Hattis
Clark University
Worcester, MA

Gunther F. Craun
Staunton, VA

William Huber
Quantitative Decisions
Merion, PA

Mike Pereira
Medical College of Ohio
Toledo, OH

Charlie Poole
University of North Carolina
Chapel Hill, NC

William Stiteler
Syracuse Research Corporation
Syracuse, NY

Clifford Weisel
EOHSI
Piscataway, NJ

Brenda Boutin

Mary Beth Brown

Robert Bruce

Terry Harvey

Rick Hertzberg

John Lipscomb

Chandrika Moudgal

Patricia Murphy

Glenn Rice

Jeff Swartout

Linda Teuschler

EPA’s National Center for Environmental
Assessment - Cincinnati Office
Cincinnati, OH

Lynn Papa

EPA’s National Center for Environmental
Assessment

Washington, DC

Pat Fair
EPA’s Office of Water
Cincinnati, OH

Jennifer McClain

Rita Schoeny

EPA’s Office of Water
Washington, DC



CHARGE TO THE WORKSHOP PARTICIPANTS

Workshop on the Risk Assessment of Mixtures of
Disinfection By-Products (DBPs) for Drinking Water Treatment Systems
US EPA, Cincinnati, Ohio
April 26-28, 1999

Purpose

The U.S. EPA’s National Center for Environmental Assessment - Cincinnati
Office (NCEA-Cin) is holding a workshop to examine the current methodology being
used for the risk assessment of mixtures of drinking water disinfection by-products
(DBPs) and to further its development. The goal of the workshop is to bring together a
multi-disciplinary group of scientists who will work together to create the range of
possible approaches to solving this problem and then reach consensus on the most
practical and scientifically sound directions the EPA should take to improve the risk
assessment. It is anticipated that a workshop report will be produced that will detail the
current methods in use, discuss the state of the exposure, toxicity and epidemiologic
data, present available methods for mixtures risk characterization that may be
applicable, explore alternative methodologies, and make recommendations for future
applications and future methodology or data development. Discussions should include
the assumptions, statistical theory, and biological rationale for the recommended risk
characterization methods. This workshop report will be used as the basis for an EPA
report, as background for research planning, and as information for improving the
current DBP mixtures risk assessments.

Specific Questions for the Workshop Participants

. Which aspects of the current approach to estimation of DBP risks are correct and
appropriate and which ones need to be revisited? Specifically address the topics
of concentration data, exposure estimates, dose-response information for both
cancer and noncancer effects, use of Monte Carlo procedures, handling of
uncertainty and variability, and the appropriateness of assumptions and
endpoints used for mixtures risk estimation.

. How can we incorporate epidemiologic data into the risk assessment and still
maintain the ability to compare risks across drinking water treatment options?

. How can we incorporate expert judgment into the risk estimates?
. How do we handle the toxicity of unidentified DBPs or of identified DBPs for
which little or no data exist? Is it appropriate to use data on a similar chemical as

surrogate data for another chemical?

. For developmental, reproductive and non-genotoxic carcinogenicity, how can we
handle the concept of thresholds? Is it reasonable to suggest that a mixtures



toxicity threshold exists that is possibly well below the thresholds for the
individual chemicals?

. Is it appropriate to combine dose-response data from individual chemicals and
use them in a mixtures risk assessment when their specific endpoints differ (e.g.,
both visceral malformations and crown rump length shortening to estimate
developmental risks; or both liver and kidney tumors for cancer risk)?

. Human cancer risks, largely based on animal data, are interpreted by the Agency
as “the lifetime excess cancer risk per the exposure.” How should analogous
developmental and reproductive risks be interpreted for the mixtures risk
estimate?

. Are there newer data and methods that EPA should be considering in order to
improve these risk assessments? Specifically address advancements in dose-
response modeling, analytical chemistry, exposure characterization, mixtures risk
assessment methods, probabilistic techniques, quantitative structure activity
relationships, and methods for estimating risk for the unidentified DBPs.

Background

Human health risk from exposure to disinfection by-products (DBPs) in drinking
water is of concern because of the widespread daily exposure to this complex mixture.
Although it is clear that water disinfection is effective in preventing waterborne microbial
illnesses, it was recognized as early as 1974 that there are potential health risks from
exposure to chemical by-products of disinfection processes. DBPs are produced when
disinfectants such as chlorine, ozone, chloramine or chlorine dioxide react with naturally
occurring organic matter in the water. The most common DBPs on which concentration
data are available include the trihalomethanes (THM), haloacetic acids (HAA),
haloacetonitriles, haloketones, aldehydes, bromate, chloral hydrate, and chloropicrin,
among others (Jacangelo et al., 1989; Krasner et al., 1989; Lykins et al., 1994; Miltner
et al., 1990). More recently, Richardson (1998) identified approximately 250 DBPs from
various disinfection scenarios. Of the identified DBPs, less than 20 have been
subjected to toxicity studies of sufficient quality for use in risk assessment.

Data from both epidemiologic and toxicologic studies indicate that human health
effects from DBP exposure are of concern, but neither discipline has been able to
confirm this with confidence. DBPs typically occur at low levels in drinking water at
which general toxic effects from exposure to the environmental mixture have not been
found in animal studies (Bull et al., 1982; Kavlock et al., 1979). In contrast,
epidemiologic studies of chlorinated drinking water exposures in humans suggest weak
associations with bladder, rectal and colon cancer (Cantor et al., 1985; McGeehin et al.,
1993; King and Marrett, 1996; Cantor et al., 1997; Freedman et al., 1997) and limited
evidence of reproductive and developmental effects (Bove et al., 1995; Kramer et al.,
1992; Swan et al., 1998; Waller et al., 1998). Although there are few studies available
on defined mixtures of DBPs, evidence exists of dose-additivity for liver effects in mice
exposed to mixtures of trihalomethanes (THM) (Gennings et al., 1997) and of
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synergistic activity by mixtures of dichloroacetic acid (DCA) and trichloroacetic acid
(TCA) for promotion of cancer (Pereira et al., 1997). The majority of the available DBP
toxicity data consists of single chemical in vivo or in vitro studies. There is evidence in
single chemical animal studies at high DBP dose levels of carcinogenicity, reproductive
effects, developmental effects, and other toxic effects, particularly in the kidney and liver
(Bull and Kopfler, 1991; NTP, 1985, 1986, 1989; Smith et al., 1989a). Finally, there is
evidence of mutagenicity from exposure to extracts of finished drinking water in in vitro
studies (Kool et al., 1981; Loper et al., 1978; Nestmann et al., 1982).

The U.S. EPA has pursued the estimation of risk of adverse effects from
exposure to chemical mixtures since the early 1980s and has published the Guidelines
for the Health Risk Assessment of Chemical Mixtures (U.S. EPA, 1986) and its
subsequent Technical Support Document on Health Risk Assessment of Chemical
Mixtures (U.S. EPA, 1990). The health risk assessment issue for DBPs is appropriately
defined as a mixtures problem because the human exposure in finished drinking water
is to a mixture of DBPs, not to single chemicals. Many factors are involved in
determining the mixture of substances that may be found in finished drinking water
(e.g., type and characteristics of source water; type of disinfection used: chlorine,
chloramine, chlorine dioxide, ozone; additional treatments such as enhanced
coagulation, granular activated carbon, reverse osmosis; ranges of pH levels, etc.). To
further complicate the exposure scenario, the composition of DBPs and pathogens
constantly changes within the distribution system as well as through the heating of
water for personal use (e.g., boiling, showering), so that the human exposure varies
with time, activity pattern and location.

The NCEA-Cin’s risk assessment goal is to make reasonable central tendency
estimates of human health risks that reflect changes in the DBPs that are produced and
in their concentrations and that are comparable across different drinking water
treatment types and source water characteristics. A distributional approach to
expressing the uncertainty or variability around these best estimates is also needed. An
examination of the epidemiologic literature suggests that cancer, reproductive and
developmental endpoints are the human health effects of concern in the drinking water;
thus these effects must be included in the risk estimate with their uncertainty
appropriately described. Several factors contribute to the uncertainty of estimating risks
associated with DBPs: stochastic uncertainty in bioassay data; extrapolation of animal-
derived toxicity values to humans; variation in the presence and concentrations of DBPs
in the drinking water, seasonal variations in source water conditions, the presence of
sometimes large amounts of unidentified halo-organic materials, variations in drinking
water intake, and the assumptions that are made as the basis for estimating the
mixtures risk.

Currently, the NCEA-Cin method assumes a response addition model as a
component-based method for joining dose-response and exposure data to estimate
both cancer and noncancer risks from exposure to the complex mixture of DBPs.
Response addition carries with it an assumption that the components of the mixture are
considered to be functionally independent of one another at low exposure levels; a
similar mode of action or similar effects across chemicals are not required. Response
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addition has often been assumed to estimate cancer risks for a mixture because of the
assumed absence of component thresholds. Alternatively, for both cancer and
noncancer endpoints, it is possible that a mixtures threshold exists that would potentially
be lower than any of the individual components’ thresholds, such that estimation of
mixtures risk at these individual subthreshold dose levels is reasonable.

Dose-addition is generally preferred for noncancer endpoints; an assumption is
required of similar mode of action across all chemical components of the mixture. Dose-
addition would be another reasonable choice for the noncancer endpoints as it also
addresses the issue of a mixtures toxicity threshold. A Toxicity Equivalence Factor
approach, such as was used for dioxin (US EPA, 1989a), is a possibility for DBP risk
estimation for those chemicals with a similar mechanism of action. NCEA-Cin has also
been investigating the use of a proportional-response addition model for developmental
and reproductive endpoints. Proportional-response addition is a hybrid of dose addition
and response addition, where risk is estimated for individual components at the total
mixture dose and then scaled back by the proportion of the component in the mixture;
this approach requires similar effects across chemicals. Other approaches for cancer
and noncancer could certainly be taken, each associated with its own set of
assumptions and limitations. For example, it is feasible to use human cancer,
reproductive or developmental data from the epidemiologic literature to develop risk
estimates. However, these data do not distinguish the risks across various treatment
technologies and are, therefore, not currently being used for estimating health risks
across specific treatment trains and source waters. Expert judgment scenarios have
been suggested in the literature for assessing the uncertainty of carcinogenic potency
(Evans et al., 1994a, 1994b) and for combining both epidemiologic and toxicologic data
in the risk assessment (Sielken, 1995). These expert judgment methods should be
considered as ways to improve the DBP risk assessment. A final approach is to
develop toxicity data directly on drinking water mixtures or similar mixtures that
represent specific treatment trains and source water; to date, these data are not
available for mixtures risk assessment.
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AGENDA

Workshop on the Risk Assessment of Mixtures of
Disinfection By-Products (DBPs) for Drinking Water Treatment Systems

April 26, 1999 - Room 130

8:30-8:45 Welcome
Terry Harvey

Introductions and Purpose of Workshop, Logistics, Charge to
Participants, Discussion and Clarification of Charge
Facilitator (Gunther Craun/Glenn Rice)

8:45-9:15 Overview of Risk Assessment Objectives - Present Theory and Current
Equation for Estimation of DBP Mixtures Risk Using Response Addition
Linda Teuschler

9:15-9:45 Overview of Exposure Considerations - Engineering concerns, Source
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1. INTRODUCTION

Humans experience a widespread daily exposure to a complex mixture of
disinfection by-products (DBP) in finished drinking water. Although waterborne
microbial illnesses are clearly prevented by disinfection processes, an unfortunate side-
effect is exposure to potentially harmful DBP, produced by the reaction of disinfectants
with naturally occurring organic matter in the water. Concentration data are available on
relatively few DBP, including trihalomethanes (THM), haloacetic acids (HAA),
haloacetonitriles (HAN), haloketones, aldehydes, bromate, chloral hydrate, and
chloropicrin, among others (Jacangelo et al., 1989; Krasner et al., 1989; Lykins et al.,
1994; Miltner et al., 1990). However, Richardson (1998) has identified several hundred
potential DBP resulting from different types of disinfectants.

Toxicologic and epidemiologic data each provide some evidence that human
health effects may result from DBP exposure. Weak associations have been suggested
by epidemiologic studies of chlorinated drinking water exposures in humans, primarily
for bladder, rectal, and colon cancer (Cantor et al., 1985, 1997; Freedman et al., 1997;
King and Marrett, 1996; McGeehin et al., 1993). Recent publications have also
suggested possible reproductive and developmental effects (Bove et al., 1995; Kramer
et al., 1992; Swan et al., 1998; Waller et al., 1998). Studies that have exposed animals
to finished drinking water do not support the epidemiologic findings. That is, general
toxic effects have not been observed at low, environmental concentrations (Bull et al.,
1982; Kavlock et al., 1979). In contrast, toxicologic evidence of carcinogenicity,
reproductive effects, developmental effects, and other toxic effects are seen in high-

dose, single chemical studies (Bull and Kopfler, 1991; NTP, 1985, 1986, 1989; Smith et
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al., 1989). There is also evidence of mutagenicity from exposure to extracts of finished
drinking water in in vitro studies (Kool et al., 1981; Loper et al., 1978; Nestmann et al.,
1982). Although there are few studies available on defined mixtures of DBP, evidence
exists of dose-additivity for liver effects in mice exposed to mixtures of THM (Gennings
et al., 1997) and of promotion of cancer by mixtures of dichloroacetic acid (DCA) and
trichloroacetic acid (TCA) (Pereira et al., 1997).

Risk assessment questions surround the issues of establishing, explaining, and
estimating any substantive human health risks from exposure to the low levels of DBP
found in drinking water. Because toxic effects are not observed in animal studies when
the exposures are to low doses and because the epidemiologic data are inconsistent
across studies with only relatively weak associations noted, the existence of human
health risks is questionable, but cannot be entirely dismissed. If it is assumed, however,
that the human health effects suggested in epidemiologic studies are real, then several
hypotheses can be posed to explain the discrepancies between the epidemiologic
results and the lack of effects in animals exposed to finished drinking water. Such
hypotheses include: (1) there is an effect from exposure to the mixture of DBP that is at
least additive (if not synergistic) in nature, so that studies involving low levels of
individual DBP are inadequate to explain the health effects found in the positive
epidemiologic data; (2) effects in humans are due to the chronic, repetitive insult from
daily exposure to DBP mixtures; (3) animal studies differ from human exposures in
ways such as differences in physiology, biochemistry, anatomy, and life style factors
(e.g., high fat diets) that prevent them from demonstrating the same outcomes; (4)

laboratory studies to date expose the animals to only a single route, usually oral, so that
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effects due to dermal or inhalation exposure are not observed; (5) effects in
epidemiologic studies are due to exposure to other environmental factors such as
metals and inorganic materials in the drinking water or concurrent exposures to
industrial pollutants in urban areas or pesticides in agricultural areas so that animal
studies solely focused on DBP will not corroborate epidemiologic findings.

Testing of these hypotheses is a useful approach for investigating the potential
risks from exposure to mixtures of DBP; studies can be designed to address these
hypotheses. These hypotheses also have implications for the way risk assessments
are performed for comparisons across drinking water treatment technologies. Such
hypotheses suggest that traditional methods that characterize “safe levels” for single
chemicals by individual routes are likely to underestimate risk from exposure to the
complex mixture. The inadequacies of such methods are numerous. They fail to
examine potential risk from exposure to multiple chemicals (DBP, as well as pesticides,
metals, etc.). They neglect to account for interaction effects among chemicals or for
decreased thresholds for effects that occur as a result of a total mixture dose, rather
than an individual chemical dose. They do not account for risk due to simultaneous
multiple route exposures (oral, dermal, and inhalation). They fail to provide a range of
risk estimates that reflect multiple toxicity data sets, considerations of mechanism, or
both animal and epidemiologic data. They do not consider the impact of the constant
daily human exposure to finished drinking water, nor do they take into account human
activity patterns that influence exposure. These particular concerns have caused risk
assessors to focus on methods that are novel and are able to account for more

variables than just a single chemical exposure that may be influencing risk.
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The U.S. EPA has developed a Comparative Risk Framework Methodology
(CRFM) and Case Study (U.S. EPA, 1998) that presents a method for evaluating the
cost-effectiveness of drinking water treatment technologies relative to the health
consequences incurred by their utilization. Human health endpoints of concern include
gastrointestinal illness and death from exposure to pathogens, as well as cancer illness
and death, and reproductive and developmental effects from exposure to DBP. The
case study was developed to illustrate that the CRFM is feasible to implement. Within
the case study, a mixtures risk assessment approach (i.e., response addition) was
employed to estimate risk from exposure to the DBP for only the oral route of exposure.
A Monte Carlo simulation provided for endpoint-specific distributions of risk estimates
that included some sources of uncertainty and also incorporated the variability of human
tap water consumption rates.

The motivation behind producing this document was to explore the potential
world of available data and methodologies for improving the current approach in the
CRFM and to identify data gaps and future research needs in this subject area.
Chapter 2 of this report summarizes the CRFM approach. In this chapter, NCEA-Cin
scientists and contractors presented an overview of the CRFM for the workshop
participants and attendees. (The full pre-meeting report for the workshop is contained
in Appendix I.) Chapter 3 summarizes the presentations by the multi-disciplinary group
of scientists involved in the workshop. These scientists explored alternative methods
for exposure, dose-response assessment and risk characterization and their potential
application to DBP mixtures. Chapter 4 presents a synopsis of the two days of brain-

storming and discussion by various “breakout” groups. These groups tackled the eight
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questions posed in the Charge to the Workshop Participants. Herein recommendations

for future applications and future methodological developments are made.
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2. CRFM: CURRENT DATA AND METHODS
21. PRESENTATION: OVERVIEW OF RISK ASSESSMENT OBJECTIVES:

PRESENT THEORY AND CURRENT EQUATION FOR ESTIMATION OF DBP

MIXTURES USING RESPONSE ADDITION (L.K. Teuschler)

The EPA has developed a CRFM for the comparison of health risks resulting
from exposure to disinfection by-products (DBP) and microbes in drinking water.
Human exposure to DBP in drinking water can be characterized as multiple chemical,
multiple route, low-level, and highly variable. Although human health effects resulting
from these exposures are uncertain, epidemiologic and toxicologic data suggest a
concern for several endpoints including cancer, and developmental and reproductive
effects. In order to compare DBP chemical risks within the CRFM, EPA needs to make
central tendency risk estimates with probability distributions for each of these endpoints
of concern.

Figure 2-1 shows an overview of the CRFM that combines the NAS Risk
Assessment Paradigm methodology with a public health approach, a Cost-Effectiveness
Analysis, to evaluate new drinking water treatment technologies in light of the gains in
health units relative to the cost in dollars to achieve those gains. The disparate health
endpoints for comparison include cancer illness and death, and developmental and
reproductive effects for disinfection by-products and gastrointestinal illness and mortality
for microbial exposures. The CRFM goes further than just estimating risks utilizing the
paradigm and develops a common health metric for use in making risk comparisons
between DBP and microbes (e.g., Cryptosporidium infections). In order to illustrate the
CRFM, the Agency has developed a case study. Figure 2-2 highlights the exposure

conditions and the use of the paradigm for chemical
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