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PREFACE

The 1974 Safe Drinking Water Act (U.S. Public Law 93-523) authorized
the U.S. Environmental Protection Agency (EPA) to establish federal standards
to protect the public from harmful contaminants of drinking water. The law also
provided for the establishment of a joint national-state system to ensure
compliance with the standards and to protect underground water sources from
contamination. Section 1412(e) of the act and its amendments (42 U.S. Code,
Subpart 300f et seq., 1977) mandated that the National Research Council
(NRC) conduct studies to identify adverse health effects associated with
contaminants in drinking water, to identify relevant research needs, and to make
recommendations regarding such research. Amendments to the law in 1977
requested revisions of the NRC studies to report "new information which had
become available since the NRC's most recent report, and every two years
thereafter."

This is the ninth volume in the series Drinking Water and Health issued by
the Safe Drinking Water Committee of the Board on Environmental Studies and
Toxicology of the NRC. Each volume has reviewed toxicologic data and
assessed risks associated with specific drinking water contaminants. This
volume focuses on two important current topics: the first part examines the
possible uses of DNA adducts (addition products) in risk assessment, and the
second part examines the issue of multiple toxic chemicals in drinking water
and the assessment of their health risks. A comprehensive index to all nine
volumes of the Drinking Water and Health series is also provided in this volume.

As described in Part 1, studies of DNA have been rapidly refined and
developed in the past few years. The ability to detect ever-smaller molecular
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alterations of DNA provides important opportunities for estimating and
reducing public health risks associated with drinking water contaminants, foods,
and workplace chemicals that bind to DNA to form adducts. In addition, protein
adducts found in easily accessible body fluids sometimes reflect potential DNA-
adduct formation.

In recognition of the potential of these recent advances for protecting
human health, the EPA's Office of Drinking Water asked the NRC's Safe
Drinking Water Committee to convene a small group of experts in DNA-adduct
research to review developments in the field (with special attention to possible
uses of DNA adducts in risk assessment). EPA was especially interested in
whether current techniques could confirm exposure or signal tumor initiation.
The group was also to point out gaps in research and suggest priorities for
additional research.

The introduction of new methods to measure DNA adducts and protein
adducts has already made some types of direct human population monitoring
technically and economically feasible. That application of DNA technology
might permit epidemiologic confirmation of reported human exposures and
offer opportunities to validate extrapolation of data from animal bioassays.
Participants in several recent meetings on research in this field have agreed that
the new methods can have a marked impact on the biologic bases for estimating
the risks associated with human exposure to several important classes of
environmental pollutants. Use of the technology in risk assessment will depend
on an understanding of the mechanistic relationships between DNA alterations
and the ultimate expression of toxic effects. Recent developments in the study
of DNA binding and protein binding have provided a useful tool to begin to
acquire that understanding, but additional information, such as clarification of
the role of background or baseline adducts that are continually formed in
animals and humans, will be needed for full use of the techniques.

New methods of measuring DNA adducts are useful for several other
reasons:

•   They have permitted increasingly refined measurements of genetic
material.

•   They meet requirements of high intrinsic sensitivity and specificity at
exposures approaching those in occupational and environmental
settings.

•   They seem in many instances to be relatively inexpensive, fast, and
reproducible.

•   They can be applied to readily available samples of such body fluids as
blood, urine, and semen and to small samples of cells, such as of
buccal mucosa and skin.

Analytic instrumentation and relatively noninvasive methods for
measuring DNA adducts and protein adducts could eventually lead to improved
under
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standing of the mechanisms of carcinogenesis, mutagenesis, and other health
effects of exposure to DNA damaging agents. The Executive Summary of
Part 1 summarizes the findings of the subcommittee. Chapter 1 describes where
and how DNA adducts are formed and repaired; what is known of their
relationship to protein adducts and to exposure to, and toxic effects of,
contaminants; and some differences in adduct formation between humans and
laboratory animals. The uses and limitations of current techniques for detecting
DNA adducts and protein adducts and the outlook for the application of the
techniques in toxicity testing, biologic monitoring, and epidemiology are
described in Chapter 2. Chapter 3 presents the subcommittee's conclusions and
recommendations. An appendix characterizes selected contaminants found in
drinking water and identifies those known to bind to DNA and form adducts,
and a glossary defines terms.

Part 2 of this volume addresses mixtures of toxic chemicals. The toxicity
of chemicals is traditionally studied in terms of the effects of exposure to single
toxic substances, rather than mixtures of substances. Regulatory agencies have
used results of studies of single toxicants to form procedures for regulating
exposure. But predicting effects of mixtures solely from knowledge of effects of
their components can be erroneous. Some agents interact when combined to
produce biologic responses different from those expected, and interactions and
the magnitude of responses might not be considered properly. Many
components of drinking water produce similar biologic effects. For example,
the volatile, halogenated hydrocarbons are known to form common metabolites
in mammalian systems. Other components inhibit enzymes in common, follow
common metabolic pathways, or have common mechanisms of action in target
organs.

EPA's Office of Drinking Water asked the Safe Drinking Water Committee
to convene a workshop to address the issue of mixtures of chemicals in drinking
water and explore the improvement of methods for assessing the risk associated
with chronic, low-level exposure to such mixtures. In light of the apparently
common characteristics of some of the many chemicals in drinking water, EPA
was particularly interested in the possibility of grouping some drinking water
constituents for combined risk assessment. As part of the workshop, the Safe
Drinking Water Committee's Subcommittee on Mixtures reviewed the 1988
NRC report Complex Mixtures and related literature. The subcommittee then
suggested to regulators that some drinking water contaminants, such as the
volatile organic chemicals or organophosphorus and carbamate insecticides,
could be grouped for combined risk assessment. Furthermore, the subcommittee
suggested that even the risks associated with exposures to unlike chemicals that
produce a wide variety of health effects might be weighed and combined.

On behalf of the members of our two subcommittees, we would like to
express our gratitude to the NRC staff members who assisted in these projects.
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PART I

DNA ADDUCTS
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Executive Summary

DNA (deoxyribonucleic acid), a complex substance composed of polymers
of small molecules called nucleotides, is present in the nuclei of all cells and is
the carrier of genetic information. Recent advances in methodology and
instrumentation permit detection and measurement of alterations within the
individual nucleotides of DNA. In one important kind of DNA alteration,
exogenous and xenobiotic materials bind to nucleotides within DNA to form
addition products, or adducts. Radiolabeling, immunochemical, and physical
methods can detect adducts at concentrations as low as one in 109-1010

nonadducted nucleotides.
DNA adducts can form in many tissues, but they are not necessarily stable.

They can decompose spontaneously, and a number of them can be removed by
enzymatic repair systems at varying rates. The toxicologic significance of the
presence of background adducts or even of induced adducts at persistently high
concentrations is unknown. There is reason to regard some DNA adducts as
markers of exposure to specific toxicants. Research must distinguish those from
''background" adducts, and their long-term impact on organisms needs to be
assessed. In addition, protein adducts. such as those found in the hemoglobin of
red blood cells and in sperm protamine, are apparently stable for the lifetime of
the cell and are thus good indicators of recent exposure. Protein adducts should
be considered in the estimation of genetic or carcinogenic risk whenever they
can be correlated with DNA binding, even though they themselves may play no
putative mechanistic role.

Interpretation of the presence of DNA adducts caused by even a single
known carcinogen is highly complex. For example, whether an adduct is crucial
to tumor initiation depends heavily on the chemical and toxicologic
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properties of the compound of concern, on the metabolic system of the host
organism, and on the site of the adduct within a specific nucleotide, gene, and
target tissue. Current evidence suggests associations between the occurrence of
DNA adducts formed by specific compounds and various types of toxic effects
(usually tissue-specific), such as mutation, cancer, and developmental effects,
although in no case has a specific DNA adduct been firmly established as the
cause of a tumor or mutation in a mammalian system in vivo. The presence of
DNA adducts in a tissue does not necessarily establish risk, but is often an
indication that additional testing for toxicity should be done.

The technology for detecting and measuring adducts is qualitatively useful
in the toxicologic evaluation of specific chemical contaminants of drinking
water, but the only quantitative application that has been validated is in the
assessment of exposure. Future quantitative applications might be in dosimetry,
pharmacokinetics, hazard identification, and risk assessment; DNA-adduct
technology might also be applied eventually to large-scale human monitoring
studies.

The technology and the database have deficiencies that must be resolved
before DNA-adduct detection, identification, and measurement can be viewed
as routine components of general toxicity testing. With the newest technology,
many adducts of unidentified chemical nature or unknown stability can be
detected and counted, but the biologic impact of their presence cannot be
established without more information. For example, the relationship between
adduct formation and tumorigenesis varies with the chemical compound, the
specific target tissue, the organism's exposure history, the duration and time of
exposure, and so on. Large-scale DNA-adduct dosimetry studies in humans are
now becoming possible, but they will be subject to much more variability
because of population heterogeneity and thus will have many more problems
than corresponding dosimetry studies in animal models. Even with population
studies to identify variations due to age, sex, race, and interference factors, it
will be much more difficult to predict extent of exposure or cancer risk based on
DNA-adduct formation in humans than in homogeneous laboratory animals.

The real advantage of gaining information about DNA adducts lies in the
addition of this knowledge to the comprehensive database needed for assessing
the risk of exposure to chemicals with identified toxicity. This information
could be used in individual risk assessment to confirm suspected exposures,
improve estimates of target tissue dose, and reveal metabolic activation and
detoxification rates for specific carcinogen-DNA-adduct formation. In general
risk assessment, it could be extremely valuable in estimating dosimetry and
systemic distribution and in establishing possible target tissues or organs and
the potential for irreversible toxicity, such as cancer, mutation, or
developmental effects. The use of DNA adducts as molecular dosimeters might
make possible the study of differences in absorption, distribution,
biotransformation, cell proliferation, and DNA repair and detoxification
between high-and low-dose exposures, between species, and even between
tissues. New, ultrasensitive methods of detection
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make it possible to monitor DNA adducts in animals at exposures below those
feasible in chronic bioassays and closer to those expected in the human
population. Mathematical models that use such biologic dosimeters might yield
more accurate extrapolations and thus improve quantitative risk assessment.

At the present time, few studies of DNA adducts have been carried out
under conditions that are appropriate for use in risk assessment. Additional
scientific information is needed to improve the extrapolation process, including
data from tests using a wide range of doses to determine the saturation points of
detoxification and repair, which will represent nonlinearities in the dose-
response curves.

The following are some of the subcommittee's conclusions and
recommendations regarding the application of DNA-adduct and protein-adduct
assays to EPA's assessment of drinking water contaminants:

•   DNA-adduct detection methods (especially the radiophosphorus-
postlabeling method) have demonstrated the presence of numerous
persistent (mostly unknown) DNA lesions in various target cells of
untreated animals. The toxicologic importance of those "background"
lesions is unknown; they might reflect endogenous exposures to
normal body constituents or processes or exposures to naturally
occurring mutagens and carcinogens in the environment, such as
ultraviolet radiation and mutagens and carcinogens in foods.

•   Investigations into the origin and importance of these natural
background DNA adducts are needed. The resulting information will
be relevant to the interpretation of the impact of DNA alterations
induced by occupation, lifestyle, or environmental exposure.

•   The presence of DNA adducts or protein adducts might not in itself
establish a risk, and tests for their presence should not be used in
isolation for hazard or risk assessment.

•   If the goal is to assess exposure to a drinking water contaminant
identified as genetically toxic, it might sometimes be more appropriate
to use protein adducts as dosimeters, although the biologic significance
of protein adducts could be quite different from that of DNA adducts.
Germ cell studies have suggested that protamine adducts are relevant
to genetic risk assessment.

•   Baseline data on chemicals in drinking water that are presumed to be
genetically toxic should be established, with an eye to revealing
qualitative and quantitative associations between DNA adducts or
protein adducts and other components of hazard identification.

•   Differences between rates of in vivo DNA-adduct formation and repair
in somatic and germ cells should be studied. Risk assessment that
includes DNA-adduct measurements usually focuses on tumor
formation, but other heritable effects of genetic toxicants should be
considered a major burden for the human population also.
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1

Biologic Significance of DNA Adducts and
Protein Adducts

Current evidence suggests associations between the occurrence of adducts
formed by specific compounds and various types of toxicity, such as mutation,
cancer, and developmental effects. Clinical expression of the toxic effect is
usually tissue-specific and can be delayed. DNA adducts form in many tissues,
but some of them might be early markers of disease that could be reversed
(NRC, 1987). This chapter describes what is known about mechanisms and
rates of DNA-adduct formation and removal, the significance of the adducts
position on the DNA, and the correlation of of adducts of certain specific
compounds with toxic effects. In addition, protein adducts are discussed as
possible markers of exposure.

Studies of laboratory animals and human chemotherapy patients have
suggested that DNA adducts can serve as biologic dosimeters in providing
estimates of exposure, dose to the target tissue, and sometimes mutagenicity
and carcinogenicity (Anderson, 1987; Wogan, 1988). For example, correlations
between DNA-adduct formation and exposure, hepatocyte initiation, and
hepatocellular carcinoma have been observed in experiments with
diethylnitrosamine (Figures 1-1-1-3) (Dyroff et al., 1986). 2-
acetylaminofluorene (Beland et al., 1988), aflatoxin B1 (Croy and Wogan, 1981;
Kensler et al., 1986), and N-methyl-4-aminoazobenzene (Tullis et al., 1987).
Detection of unique DNA adducts in a population at risk would yield qualitative
evidence of exposure. And the use of DNA adducts could perhaps reduce the
uncertainty in quantitative risk assessment by providing better dose information
for dose-response evaluation. The use of DNA adducts to measure biologically
effective dose is scientifically appealing. DNA adducts can indicate a
measurable dose at a target site and thus make it possible to bypass—
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or to confirm—considerations of absorption, distribution, metabolic activation,
and detoxification (Hoel et al., 1983).

Figure 1-1
Relationship of diethylnitrosamine (DEN) exposure to DEN alkylation in 4-
week-old Fischer-344 rats. Data points represent mean concentrations of moles
of O4-ethyldeoxythymidine (O4-EtdT) to moles of deoxythymidine (dT) ± the
standard error of the mean (SEM) for 2-4 animals. Adapted from Dyroff et al.,
1986, with permission.

The estimation of carcinogenic risk usually involves two basic pieces of
information (NRC, 1983). A chronic animal bioassay measures the
administered doses of a chemical and correlates dose with tumor incidence to
provide a quantitative evaluation of carcinogenic hazard at the doses and in

Figure 1-2
Relationship of DEN exposure to hepatocyte initiation in 4-week-old
Fischer-344 rats. Data points represent mean γ-glutamyl transferase-positive
(GGT +) foci per cubic centimeter ± SEM for 10-12 animals. The plateau in
initiation represents a steady state, where the number of newly initiated
hepatocytes equals the number of previously initiated hepatocytes that die.
Adapted from Dyroff et al., 1986, with permission.
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the species tested. Carcinogenic hazard is then combined with information
about human exposure to estimate the human risk associated with the chemical.
Unfortunately, animal bioassays are limited both practically and economically
to measuring tumor incidences at exposures that are much higher than would be
acceptable in human populations. Because these models are based on high
experimental doses, the resulting data must be extrapolated to permit estimation
of the dose-response relationship at doses far below those used in the bioassay.
The selection of models that best represent true dose-response relationships in
humans at low exposures is controversial. All the mathematical models now
used yield similar estimates at high doses, but estimates for low doses deviate
widely.

Figure 1-3
Relationship of DEN exposure to hepatocellular carcinoma in 4-week-old
Fischer-344 rats. Adapted from Dyroff et al., 1986, with permission.

The rates and routes of metabolic activation and detoxification of
chemicals differ between sexes, species, and tissues and between high and low
doses. Measuring DNA adducts provides one way to understand and even
measure those differences. The following are examples:

•   Male mice produce different types of DNA adducts from, and more
hepatocarcinomas than, female mice after exposure to the same doses
of the hepatocarcinogen N-hydroxy-2-acetylaminofluorene (Beland et
al., 1982).

•   At equimolar doses, rat tissues have higher aflatoxin B1-adduct
concentrations than mouse tissues, possibly because mice have a
higher rate of detoxification (Degen and Neumann, 1981; Monroe and
Eaton, 1987).

•   Rat hepatocytes have a much greater metabolic ability than hepatic
sinusoidal cells to activate diethylnitrosamine and thus form DNA
adducts (Lewis and Swenberg, 1983).

Dose-dependent changes in rates of metabolic activation and detoxification
themselves can affect the relation between administered dose and formation
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of DNA adducts. For example, the tobacco carcinogen 4-(N-methyl-N-
nitrosamino)-1-(3-pyridyl)-1-butanone (NNK) is more efficient per unit dose in
producing O6-methylguanine at low doses than it is at high doses, perhaps
because enzymes reach their capacity for activation of a xenobiotic compound.
Thus, higher concentrations of the compound do not necessarily result in greater
numbers of adducts (Belinsky et al., 1987). In contrast, the efficiency of benzo
[α]pyrene (BαP) (Adriaenssens et al., 1983) and formaldehyde (Casanova-
Schmitz et al., 1984) in forming DNA adducts and in binding covalently to
DNA is greater per unit dose at high exposures, but in a nonlinear fashion.

The effect of DNA repair on DNA-adduct accumulation might also be
different at high and low doses. The O6-alkylguanine DNA alkyltransferases
efficiently remove small amounts of the promutagenic adduct O6-
alkyldeoxyguanosine from DNA, but become saturated as the concentration of
O6-alkyldeoxyguanosine in DNA increases (Pegg, 1983). As noted above,
species, tissues, and cell types can differ in their concentrations of and abilities
to induce these enzymes. For example, human livers have intrinsic
concentrations of O6-alkylguanine DNA alkyltransferases nearly 10 times
greater than those in rat livers (Pegg, 1983).

New ultrasensitive methods of detection make it possible to monitor DNA
adducts in animals at exposures below those feasible in chronic bioassays and
closer to those expected in the human population. Mathematical models that use
such biologic dosimeters might yield more accurate extrapolations and thus
improve quantitative risk assessment.

Some problems in using DNA adducts to estimate human risks are related
to differences between rodents and humans. We can calculate the risk
associated with DNA adducts in experimental animals, but interspecies
extrapolations remain difficult to validate. Many experiments cannot ethically
be performed in humans, and DNA adducts in human target cells or tissues
would be expected to vary widely because of individual variations in DNA
metabolism and repair.

DYNAMICS OF DNA-ADDUCT FORMATION AND REMOVAL

The chain of causation from toxic chemicals in drinking water or air to
alterations of DNA in mammalian cells involves many pharmacokinetic steps.
The rate constants of those steps depend on the chemical, species, sex, tissue,
and, within a given tissue, cell type. Figure 1-4 shows how metabolic activation
and detoxification affect the relationship between external concentration and
DNA-adduct concentration in three hypothetical cases of chronic exposure.

The overall estimation of DNA adducts might not be useful, unless one can
determine the ratio of biologically important to unimportant adducts.
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Figure 1-4
Relations between chronic external exposures and DNA-adduct concentration
for steady state of adduct formation and repair in three hypothetical cases: (a)
neither formation nor repair reaches capacity at high concentration; (b)
metabolic activation (adduct formation) reaches capacity at high external
concentration; (c) DNA repair or detoxification reaches capacity at high
concentration. Both scales are linear scales.

The best example of such a classification is demonstrated by the adducts
produced by methylating agents; the major DNA adduct formed is N7-
methylguanine (N7-MG), but this adduct is not involved in base-pairing and
thus is relatively innocuous biologically. A minor adduct, O6-methylguanine
(O6-MG), which is involved in base-pairing, more closely reflects the
mutagenicity and carcinogenicity of methylating agents. The ratio of the two
adducts depends critically on the chemical nature of the methylating agent.
Hence, the concentration of N7-MG is not particularly useful as a measure of
exposure without information on the proportion of N7-MG to O6-MG and on
the nature of the methylating agent itself.

DNA-Adduct Formation Rates

In chronic exposures, the rate of formation of DNA adducts depends on the
concentration of compound in the tissue and the rate constant of formation (kf).
The rate of formation varies over time, because of changes in the tissue
concentration of reactants that reflect their absorption, transport, and
elimination. Low chronic exposures generally do not produce concentrations of
xenobiotic compounds at which metabolic activation or detoxification systems
reach capacity, so the rate of formation of DNA adducts, dA/dt, can be
considered roughly proportional to the concentration of a toxicant that
ultimately reacts with DNA, which in turn is proportional to the extracellular
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concentration of the parent compound. If  is the time-weighted average
concentration of the toxicant that ultimately reacts with DNA, the average rate
of formation of adducts at low chronic exposures is given by:

where  is the average DNA adduct concentration (e.g., adducts per 1010

nucleotides). At high doses, when capacity limitation might be reached, a more
elaborate analysis is needed (Travis et al., 1989). The concentration  in the
target cell might vary with time and tissue. In addition, it will probably vary
with the person whose DNA is investigated, because concentrations of
activating and detoxifying enzymes vary widely among people.

DNA Repair

DNA adducts are not necessarily stable; some decompose spontaneously at
body temperature. For example, alkylation of the nitrogen in purines tends to
labilize the glycosidic bond and gives rise to apurinic sites. In addition,
enzymatic DNA repair systems can directly remove the adduct itself, remove
the DNA base that contains the adduct (base excision repair), or remove
nucleotides that contain the adducted base (nucleotide excision repair)
(Friedberg, 1985).

The DNA repair systems probably arose as evolutionary consequences of
damage to DNA that resulted from ultraviolet radiation (repaired by nucleotide
excision), other naturally occurring alkylating agents and mutagens in food
(NRC, 1973), and endogenous chemical or enzymatic reactions. The latter
reactions are so numerous that, if DNA repair did not occur, 10% of all human
DNA bases would be altered in an average lifetime (Tice and Setlow, 1985).
The enzymatic DNA repair mechanisms all seem to have capacities far in
excess of what is needed to handle the low rate of damage from endogenous
reactions and low chronic exposures to most exogenous agents (Table 1-1). At
chronic low doses, rates of DNA repair (kr) are generally limited not by the
capacities of repair systems, but by the time for repair enzymes or repair
complexes to" find" an adduct. The rate of removal of adducts by repair may be
expressed as

For chronic exposures, a steady state is reached when the rate of removal
of adducts (Equation 2) equals the rate of production (Equation 1):

Under conditions of chronic low exposure, the maximal rate of repair is
much
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greater than the rate of introduction of damage (Table 1-1), so the steady-state
value of  is low. Sensitive techniques are needed to detect these low values.

TABLE 1-1 Approximate Rates of DNA Damage and Repair in Human Cells at
Body Temperature.
Type of Damage Estimated

Occurrences of
Damage per
Hour per Cella

Estimated
Maximal
Repair Rate
Base Pairs per
Hour per Cella

References

Endogenous
Depurination 1,000 b Setlow, 1987;

Tice and
Setlow, 1985

Depyrimidination 55 b Tice and
Setlow, 1985

Cytosine deamination 15 b Setlow, 1987;
Tice and
Setlow, 1985

Single-strand breaks 5,000 2×105 Setlow, 1987,
Tice and
Setlow, 1985

N7-methylguanine 3,500 Not reported Saul and Ames,
1986

O6-methylguanine 130 104 Setlow, 1987;
Tice and
Setlow, 1985

Oxidation products 120 105 Saul and Ames,
1986; Setlow,
1987

Exogenous
Background ionizing radiation

Single-strand
breaks

10-4 2×105 Setlow, 1987

Oxidation damage 10-4-10-3 105 Saul and Ames,
1986

Ultraviolet irradiation of skin (noon Texas sunlight)
Primidine dimers 5 × 104 5 × 104 Setlow, 1987;

Tice and
Setlow, 1985

a Might be higher or lower by a factor of 2 (Setlow, 1983).
b Not reported, but the rates are at least 104, to judge from the concentration of repair activities
in cell extracts.

At low exposure rates, DNA-adduct concentrations are proportional to 
and hence to exposure concentrations or dose rates. The ratio of  to exposure
concentration is constant (a curves in Figure 1-4). For exposures at high dose
rates, the capacities for adduct formation, detoxification, and repair might be
reached. If adduct formation reaches capacity, but repair does not, the rate of
formation approaches a constant Kfmax; at the steady state,
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 is independent of exposure concentration, and the ratio of  to exposure
concentration approaches zero as the latter continues to increase (b curves in
Figure 1-4). However, if detoxification or the repair rate reaches capacity at
lower concentrations than the activation rate, adducts continue to increase with
time, adduct concentration rises without limit, and the biologic system
deteriorates (c curves in Figure 1-4).

DNA that contains adducts has altered template properties, so the rate of
introduction of mutations depends on the rate of DNA synthesis. The rate of
introduction of altered RNA (possibly leading to changes in gene expression)
depends on the rate of transcription. The rates of introduction of errors in
replication or transcription depend on both  and the rates of replication and
transcription. Increased rates of cell replication are frequently associated with
high-dose toxicity. Furthermore, DNA synthesis, transcription, and repair vary
from one tissue to another and from one subject to another. The magnitudes of
the variations depend on the particular repair system involved, genetic and
environmental factors, and the pharmacokinetic and toxic properties of the
chemical agent producing the adducts (Wogan, 1988).

In bacterial systems, exposure to mutagens at low concentrations often
induces synthesis of new repair enzymes and an increase in repair rate. Such an
adaptation is well documented for ultraviolet irradiation, whose effects are
repaired by nucleotide excision (Friedberg, 1985, pp. 431, 432). An increase in
the rate of repair of DNA damage can also be produced by alkylating agents and
such other agents as benzo[α]pyrene that yield high-molecular-weight (bulky)
DNA adducts. Adaptation increases the value of k2 in Equation (2) and results
in a decrease in the steady-state value of . Adaptation reactions in human cells
have not been well documented.

Insofar as some DNA adducts have been shown to be important in
mutagenesis and carcinogenesis, estimates of long-term risk would be expected
to be proportional to the steady-state concentration of such adducts. The
constant of proportionality depends not only on rates of transcription of RNA
and replication of DNA, but on biologic factors, such as the location of adducts
in the genome and the presence of endogenous promoters or inhibitors.

SITE RELEVANCE

Many carcinogens and mutagens react at more than one site on DNA,
producing several types of DNA adducts (Figure 1-5). As stated above, adducts
at different sites can differ greatly in the rates at which they are formed and
repaired and in their efficiency in causing mutations. Thus, data on overall
covalent binding or a covalent binding index (Lutz, 1979) could be misleading.
It is important to consider all available relevant biologic data,
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including mutagenic efficiency, when choosing DNA adducts to be used as
molecular dosimeters or for risk assessment.

Figure 1-5
Potential sites of binding in DNA. Specific nitrogen (N), oxygen (O), and
carbon (C) atoms on the DNA components have different susceptibilities to
binding. Adapted from Singer (1985) with additional information from Beland
and Kadlubar (1985), Delclos et al., (1987), and Hemminki (1983).

Alkylation

In DNA, the N7 position of guanine is the most nucleophilic site, and it is
by far the site most often alkylated by electrophiles. All the ring nitrogens
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of the DNA bases, except the nitrogen attached to the deoxyribose sugar, have
been shown to be alkylated to some extent by a variety of agents (Singer, 1975).
Figure 1-5 shows all the potential sites for alkylation in the four bases found in
DNA, as well as on its phosphate backbone. These sites include the N1, N3, N7,
and C8 of guanine; the N1, N3, N7, and C8 of adenine; the N3 of thymine; and
the N3 of cytosine. In addition, all the exocyclic nitrogens and oxygens can be
alkylated; these sites include the N2 and O6 of guanine, the N6 of adenine, the
O2 and O4 of thymine, and the O2 and N4 of cytosine. Some chemicals, such as
ethyl nitrosourea (ENU), have also been shown to alkylate the phosphate
oxygens on the DNA backbone, forming phosphotriesters. With ENU, about
60% of total DNA ethylation occurs on the phosphate group (Singer, 1982).

All the nucleophilic sites in DNA mentioned above are potential sites of
alkylation, as determined by in vitro experiments, but not all are significantly
affected in vivo. Configuration and secondary structure of DNA can play a
major role in chemical reactivity (Brown, 1974; Singer and Fraenkel-Conrat,
1969). Other factors, such as the size of the binding electrophile and the
association of proteins with chromosomal DNA, also appear to affect the sites
or magnitude of DNA alkylation in vivo (Singer, 1982; Swenson and Lawley,
1978).

Although many chemicals can alkylate DNA directly, others, such as
aromatic amines and polycyclic aromatic hydrocarbons, often undergo complex
enzymatic modifications before they can alkylate DNA (Brookes, 1977; Kriek
and Westra, 1979; Miller, 1978; Sims and Grover, 1974). There are some
striking differences between the DNA adducts produced by enzymatically
modified chemicals and the adducts formed by simple alkylating agents
(Hemminki, 1983). Not only are many of the adducts formed by enzymatically
modified chemicals large and aromatic, but for polycyclic aromatic
hydrocarbons, the preferred site of reaction in DNA is different. They generally
alkylate exocyclic amino groups, particularly the N2 of guanine, whereas the
preferred site of aromatic amines is the C8 of guanine.

Base Mispairing

During DNA replication and in newly synthesized DNA, hydrogen bonds
become less stable, and mispairing can occur; thus, alkylation of the DNA bases
at sites involved in hydrogen binding is potentially mutagenic (Kroger and
Singer, 1979; Singer et al., 1978a, 1979, 1983a,b). Those sites include the N1,
N2, and O6 of guanine; the O2, N3, and N4 of cytosine; the N1 and N6 of
adenine; and the N3 and O4 of thymine. For example, alkylation of the O6 of
guanine can cause miscoding by DNA and RNA polymerases (Abbott and
Saffhill, 1979; Gerchman and Ludlum, 1973). O6-Alkylguanine has been shown
to direct the misincorporation of substantial amounts of
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thymine, instead of the expected cytosine, into newly synthesized DNA (Abbott
and Saffhill, 1979; Green et al., 1984; Lawley, 1974; Loechler et al., 1984).
There is also evidence that O6-alkylguanine can direct some misincorporation of
adenine (Snow et al., 1983). Bulky adducts distort the DNA, again increasing
the likelihood of misincorporation.

Hydrolysis

The N3 and N7 alkylpurines can be hydrolyzed from DNA as a
consequence of the instability of their glycosyl bonds, even at neutral pH. The
half-lives of those adducts in DNA can range from a few hours to several days
(Singer and Grunberger, 1983). Their rates of spontaneous hydrolysis are about
106 times greater than the rates for the unmodified purines. The glycosyl bonds
of pyrimidines are 100 times more stable than those of the purines. As a
consequence, depyrimidination of even the most labile alkylpyrimidine, O2-
alkylcytosine, has a half-life about 35 times that of N7-alkylguanine (Singer et
al., 1978b). Nevertheless, depyrimidination of O2-alkylcytosine can contribute
significantly to the formation of apyrimidinic sites. If apurinic or apyrimidinic
sites are present in DNA at the time of replication, any base can be
misincorporated into the newly synthesized DNA opposite the gap in the
parental strand (Lawley and Brookes, 1963).

Phosphate Adducts

The formation of alkyl phosphotriesters, first measured by Bannon and
Verly (1972) and later by Sun and Singer (1975), on the phosphate backbone of
DNA does not make the chain unstable. Alkyl phosphotriesters have been
reported to repair with a half-life of several days in rat liver (O'Connor et al.,
1973, 1975) and rat brain (Goth and Rajewsky, 1974), perhaps as a result of
enzymic excision of these products. Miller et al., (1971, 1974) and Kan et al.,
(1973) reported that triesters exhibit changes in a number of properties that are
likely to affect normal replication. However, Rajewsky et al., (1977) found no
correlation between the persistence of phosphotriesters in DNA of brain and
liver and the sensitivity of these organs to carcinogenesis by ENU.

Cross-Links

DNA-DNA cross-links can be created by bifunctional or polyfunctional
alkylating agents. Brookes and Lawley (1961) demonstrated that di(guanin-7-
yl) derivatives could be formed in DNA exposed to bifunctional alkylating
agents. The cross-linking is normally expected to occur between guanines on
opposite strands of DNA. Formation of such an adduct is generally be
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lieved to be lethal, since it would prevent DNA strand separation at replication.
However, no evidence has been presented to relate the occurrence of mutations
or cancers to the formation of dialkyl-base adducts.

DNA ADDUCTS AND TOXIC EFFECTS

Relating information concerning DNA-adduct site and molecular biologic
consequences of adduct formation to multistep processes like mutagenesis and
carcinogenesis is difficult at best. Specific toxic effects of specific DNA
adducts must be correlated with the induction of gene mutation, germ cell
mutation, or tumor formation in animal models before the impact of DNA-
adduct formation can be assessed in humans. DNA-adduct dosimetry studies are
available for different chemical classes of mutagens and carcinogens in various
bioassays, including in vitro short-term and single-and multiple-dose whole
animal exposures. Some specific carcinogen-DNA-adduct relationships have
been demonstrated in humans exposed to carcinogens occupationally,
environmentally, or otherwise.

In Vitro Short-Term Bioassay

The correlations between cytotoxicity, mutation frequency, and binding of
BPDE I, which is the anti-isomer of benzo[α]pyrene (BαP) diol epoxide
(BPDE), to DNA have been examined in normal diploid human fibroblasts in
culture and xeroderma pigmentosum cells (Yang et al., 1980; McCormick and
Maher, 1985), the latter of which are deficient in excision repair. Those studies
seem to show that BPDE I-deoxyguanosine (BPDE I-dG) caused the observed
cytotoxicity and mutations and that the relationship between BPDE I-DNA
binding and frequency of induced mutations (in tests for resistance to the toxic
effects of 6-thioguanine) is linear in normal cells. Similar linear relationships
between mutation frequency and binding of BPDE I or BPDE II (the isomer of
BPDE) to DNA have been reported in Salmonella typhimurium strains TA98
and TA100 (Fahl et al., 1981). Newbold et al., (1979) used an in vitro short-
term bioassay to construct curves of mutation frequency versus DNA binding
for 7-bromomethylbenz[a]anthracene and BPDE I. They demonstrated linear to
curvilinear relationships between total DNA binding in Chinese hamster V79
cells and mutation frequency (in tests for resistance to the toxic effects of 8-
azaguanine) in the same cell type.

A study by Arce et al., (1987) related overall BαP-DNA-adduct and BPDE
I-dG-DNA-adduct concentrations to a variety of end points in four different cell
culture systems: gene mutation and sister-chromatid exchange in Chinese
hamster V79 cells, gene mutation and chromosomal aberrations in mouse
lymphoma L5178Y cells (thymidine kinase [TK +/-]), virus transformation in
Syrian hamster embryo cells, and structural transformation in mouse em
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bryo C3H10T1/2 fibroblasts. The relationship between the genetically toxic
effect and BαP-DNA binding or BPDE I-dG was linear in each assay. Each
genetic end point was induced with a different efficiency on a per-adduct basis,
whether expressed as total BαP-DNA binding or as specific BPDE I-dG-DNA
adducts. Even when standardized by expression of the number of BPDE I-dG
adducts per unit of DNA required to double the frequency of induced biologic
response, results were the same; the BPDE I-dG-DNA adduct had different
potencies in different cell cultures and for different biologic end points. Similar
results have been obtained with aromatic amines and amides (Arce et al., 1987;
Heflich et al., 1986).

Studies of the relationships between carcinogen-DNA adducts and
mutagenesis have not been limited to high-molecular-weight (bulky) aromatics
like BαP. Van Zeeland et al., (1985) reported on the relationships between O6-
ethylguanine (O6-EG) formation induced by ethylating agents in Chinese
hamster V79 cells (in tests for resistance to the toxic effects of 6-thioguanine),
in Escherichia coli (in tests for nalidixic acid resistance), and in mice (specific-
locus mutations). For each compound, very similar mutation frequencies per
locus were observed in all three assays; this suggests that O6-EG might be a
good marker for monitoring exposure to chemical mutagens and for predicting
mutation induction by a methylating agent.

In Vivo Germ Cell Mutation

Little is known about the effect of DNA adducts on germ cell mutation. In
two studies of male germ cells, the frequency of sex-linked recessive lethal
mutations in Drosophila melanogaster (Aaron and Lee, 1978) and of specific-
locus mutations in mice (Van Zeeland et al., 1985) increased linearly with
increasing DNA ethylation. Studies comparing the effects of single and
repeated exposures were not as clear-cut. Russell (1984) and Russell et al.,
(1982) found that ENU was a potent inducer of specific-locus mutations in
mouse spermatogonial stem cells and that the mutation frequency was 5.8 times
greater after a single 100-mg/kg exposure than after 10 weekly 10-mg/ kg
exposures.

In contrast, molecular-dosimetry studies with ENU (Sega et al., 1986)
found that the amount of O6-EG formed in testicular DNA by ENU at 100 mg/
kg was only 1.4 times that expected in response to 10 weekly 10-mg/kg
exposures. That result did not support the idea that O6-EG was an important
mutagenic lesion in the germ cells. In fact, the molecular-dosimetry data fit the
genetic data well, if two hits on the DNA, not involving the O6 of guanine, are
assumed necessary to produce an effect. Thus, in correlating DNA-adduct
formation with in vivo germ cell mutation, one must consider both acute and
chronic exposure. This has been clearly demonstrated with regard to
tumorigenesis as the end point.
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Considerable evidence is accumulating that, for many agents, the induction
of mutations does not occur randomly over the chromosome, but that a variety
of mutations are formed at preferential ''hot spots" in the chromosome (e.g.,
Benzer, 1961; Drobetsky et al., 1987; Richardson et al., 1987; Skopek et al.,
1985; Thilly, 1985; Vrieling et al., 1988). Whether they differ between high and
low doses and between species is not yet known, but the effect may be due to
site-specific variations in DNA-adduct formation and repair.

Tumorigenesis in Animal Models

Models of tumor initiation, promotion, and progression have been
developed from studies in experimental carcinogenesis. In those models, DNA
adducts appear to be of prime importance in the initiation stage of tumor
formation, although DNA lesions might also facilitate conversion of initiated
cells into tumors or of benign cells into malignant cells.

Tumor initiation is often considered to be a single first step in tumor
formation. However, initiation is a complex, multistep process. The
electrophilic reactivity of chemicals or their metabolites with DNA does not
lead stoichiometrically to mutation or cancer. Cell replication must occur prior
to repair of DNA adducts for mutations to be induced. Many types of DNA
lesions are induced by genetically toxic agents, and all lesions are not repaired
equally. Information about these relationships is generally scanty, except for the
case of some monofunctional alkylating agents, where the induction of DNA
damage and the ultimate induction of mutation in target cells are directly related
quantitatively. Persistent DNA lesions should be considered good markers for
measuring exposure; whether or not they are also markers of tumor initiation
depends on the properties of the specific genetic toxicant of concern.

Many carcinogenic compounds form DNA adducts that can be measured in
rodent tissues after single and multiple doses or after chronic exposure (Bedell
et al., 1982; Boucheron et al., 1987; Poirier and Beland, 1987; Swenberg et al.,
1984; Wogan and Gorelick, 1985). Detecting all DNA adducts derived from a
single carcinogen is complex, however, because they can form at many sites on
all four DNA bases and on the phosphate backbone of DNA, and they are
repaired at different rates (Wogan, 1988). Few studies have shown a correlation
between adduct formation early in carcinogen exposure and tumor formation in
the same biologic system (Beland et al., 1988; Croy and Wogan, 1981; Dyroff
et al., 1986; Kensler et al., 1986; Tullis et al., 1987), but maximal total adduct
levels in target tissues of laboratory animals usually reflect carcinogen potency
and may or may not be linearly related to dose over a wide range (Swenberg et
al., 1987; Wogan, 1988).

This suggests that DNA adducts are generally necessary but not sufficient
for tumor formation (Beland et al., 1988; Branstetter, 1987; Neumann, 1983;
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Wogan and Gorelick, 1985). Thus, some adducts might be found in organs that
are not targets for tumorigenesis, and the same or smaller numbers of adducts
might be found in organs that are targets (Beland et al., 1988). For example,
Goth and Rajewsky (1974) and Kleihues and Margison (1974) demonstrated
that O6-alkylguanine persisted in rat brain, but not in liver or kidney, after
exposure to ENU or methylnitrosourea (MNU), which primarily produce brain
tumors. Kleihues et al., (1974) used methyl methanesulfonate, a chemical much
weaker than MNU in inducing brain tumors, to demonstrate that tumor
induction was proportional to the amount of O6-methylguanine (O6-MG) in the
brain. Other experiments implicating O6-alkylguanine as a potentially
mutagenic and carcinogenic lesion have been reported (Bedell et al., 1982;
Beranek et al., 1983; Cairns et al., 1981; Dodson et al., 1982; Frei et al., 1978;
Lawley and Martin, 1975; Lewis and Swenberg, 1980; Newbold et al., 1980;
Swenberg et al., 1982). However, Kleihues and Rajewsky (1984) showed that
persistence of O6-MG does not always result in the production of brain tumors.
Mouse, gerbil, and hamster brains can show concentrations of O6-MG similar to
those in rats, but have low susceptibility to brain-tumor induction by MNU.

Even with today's supersensitive analytical methods, DNA adducts are
sometimes unmeasurable at doses that are tumorigenic (Boucheron et al., 1987).
Furthermore, tumors can occur spontaneously without chemical exposure and
known DNA-adduct formation. In addition, the persistence of DNA adducts
may or may not be related to susceptibility and target tissue specificity (Wogan,
1988). Thus, the relationship between DNA-adduct formation and
tumorigenesis is by no means clearly established.

Differences in DNA-adduct formation and persistence appear to provide an
explanation for some target site specificities in carcinogenesis (Beland and
Kadlubar, 1985; Swenberg and Fennell, 1987). For example, rats are more
susceptible than mice to the carcinogenic effect of aflatoxin B1, and the
difference is correlated with the relative concentrations of aflatoxin-DNA
adducts in the liver (Croy and Wogan, 1981). Cell specificity of tumor
induction in both mice (liver) and rats (liver and lung) has been attributed to
differences in DNA-adduct accumulation and persistence among various cell
types (Belinsky et al., 1987; Lewis and Swenberg, 1980; Lindamood et al.,
1982).

Tumors induced by chronic exposures to methylating hepatocarcinogens
are predominantly hemangiosarcomas (involving nonparenchymal cells),
whereas exposures to ethylating agents cause hepatocellular carcinomas
(involving hepatocytes) (Richardson et al., 1985; Swenberg et al., 1984). In the
case of methylating agents, the nonparenchymal cells accumulate O6-MG, and
the hepatocytes do not. Exposure to ethylating agents, however, leads to
accumulation of O4-ethylthymine (O4-ET), but not O6-ethylguanine (O6-EG), in
hepatocytes. Thus, it appears that O4-ET, but not O6-EG, is
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correlated with occurrence of cancer in hepatocytes of rats. This primarily
reflects differences in the abilities of these cell types to repair O6-alkylguanine.

In vivo studies of BαP binding and tumorigenesis performed on mouse
skin (Ashurst et al., 1983; Cohen et al., 1979) and other organs (Adriaenssens et
al., 1983; Anderson et al., 1981; Stowers and Anderson, 1985; Wogan and
Gorelick, 1985) yielded mixed results. BαP-DNA binding was observed in
tissues both susceptible and nonsusceptible to the tumorigenic effects of BαP.
Such results indicate that the presence of adducts alone might not necessarily
lead to tumor formation.

Potential germ cell mutagenesis must be regarded as a major burden for the
human population (NRC, 1986, p. 69), even though heritable mutations caused
by chemical exposures have not been detected in humans. In somatic cells,
cancer is a heritable process, and DNA carries heritable information. DNA
adducts might be sensitive indicators of early genetic effects that could be
correlated with chromosomal damage in the target organ. Data from in vivo
experiments on mouse liver with benzidine-DNA adducts (Talaska et al., 1987)
support the hypothesis that carcinogen-DNA adducts induce chromosomal
aberrations and perhaps other toxic effects, including neoplasia.

Single-Dose Exposures of Animals

In contrast with the uncertainty of the relationship between DNA-adduct
formation and tumorigenesis, the presence of unique, measurable DNA adducts
always indicates that exposure has occurred. In animals, single doses of
carcinogens that do not saturate metabolic activation, detoxification, or DNA
repair are linearly correlated with the numbers of DNA adducts measured in
different organs (Figure 1-4A, curve a). That is true of a wide range of doses of
BαP given either topically (Pereira et al., 1979; Shugart, 1985) or orally (Dunn,
1983). Similar studies with aflatoxins administered orally (Wild et al., 1986) or
intraperitoneally (Appleton et al., 1982) have shown liver DNA adducts to
increase stoichiometrically with dose. When metabolic activation reaches
capacity, a less than linear dose response is evident (Appleton et al., 1982); and
when detoxification or DNA repair reaches capacity, a greater than linear dose
response occurs (Adriaenssens et al., 1983; Casanova-Schmitz et al., 1984).

Chronic Exposures of Animals

Dose-response curves for DNA adducts formed in animals during chronic
carcinogen administration have characteristic profiles that reflect the combined
processes of DNA-adduct formation and their removal by DNA repair systems.
Several studies have demonstrated that exposure by continuous
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feeding or frequent injection generally results in a DNA-adduct dose-response
curve that is initially linear but levels off at higher doses, where the net rate of
change in the concentration of adducts reaches a steady state (Figure 1-4A,
curve b). That is true for the liver carcinogens aflatoxin (Croy and Wogan,
1981; Wild et al., 1986), 2-acetylaminofluorene (Poirier et al., 1984), and
diethylnitrosamine (Boucheron et al., 1987) and for the lung, nasal mucosa, and
liver carcinogen 4-(N-methyl-N-nitrosamino)-1-(3-pyridyl)-1-butanone (NNK)
(Belinsky et al., 1986, 1987). In contrast, when Neumann (1984) injected
trans-4-acetylaminostilbene into rats at 3-to 4-day intervals, he found that DNA-
adduct formation in four organs had not reached a plateau within 6 weeks. It has
been suggested that the failure to reach a plateau might be due to the time
between exposures, as well as to the liver's relative efficiency in removing
adducts formed from aromatic amines (Poirier et al., 1984).

Chronic feeding studies show that the plateau might vary with the
concentration of carcinogen in the diet. For example, when diethylnitrosamine
was given continuously to male Fischer-344 rats in drinking water, an increase
in concentration from 0.4 ppm to 40 ppm caused a 100-fold increase in the
steady-state adduct concentration in the livers of male Fischer-344 rats;
however, further exposures up to 100 ppm did not cause any additional increase
in adduct formation (Boucheron et al., 1987). This nonlinearity in dose-
response primarily reflects killing of cells that contain adducts. Exposure to 100
ppm of diethylnitrosamine causes a 20-fold increase in liver cell proliferation.
Again, the presence of DNA adducts indicates carcinogen exposure; but the
magnitude of exposure cannot be determined from a single adduct
measurement, if the sample is taken after either formation or removal of adducts
has exceeded the straight linear portion of the dose-response relationship in
either dose or time.

Studies in Humans

In many studies in which DNA adducts have been measured in humans,
the exposure was to a ubiquitous compound producing delayed clinical effects,
thus making cumulative exposure unknown and unexposed control populations
unidentifiable. However, cancer patients receiving chemotherapy are one
human cohort in which drug dosage is known and unexposed controls are easy
to identify. Cisplatin is a known carcinogen in rodents (Leopold et al., 1979),
but has not been reported to produce secondary tumors in cancer patients
receiving platinum-based chemotherapeutic agents. Nucleated blood cell
adducts in DNA of testicular-and ovarian-cancer patients receiving cisplatin
have been measured, and a dose-response relationship for adduct formation has
been observed (Poirier et al., 1985, 1987). Although only about 60% of the
persons studied had measurable adducts, the adducts were
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correlated with dose; but the absence of adducts in other patients was not
related to absence of exposure. In fact, the presence of adducts was shown to be
correlated with tumor remission (Reed et al., 1987)—a finding of clinical
importance.

A limited number of carcinogen-DNA-adduct relationships have been
successfully demonstrated in humans with occupational or environmental
carcinogens; however, in many of these studies, information about dose was
scanty or nonexistent, and the results obtained had to be interpreted carefully
because of the nature of the assay system used. For example, an antiserum
against BαP-DNA adducts has substantial cross-reactivity with other PAH-
DNA adducts. Therefore, whenever this antiserum is used with an enzyme-
linked immunosorbent assay (ELISA) or an ultrasensitive enzymatic
radioimmunoassay (USERIA) to detect BαP-DNA adducts, it is actually
detecting a variety of PAH-DNA adducts. This antiserum was used in a pilot
study (Perera et al., 1982) in which lung tissues of patients with and without
lung cancer were assayed by ELISA. The results showed that lung DNA from 4
of 14 patients with lung cancer was positive in this test, indicating the presence
of adducts, probably from a variety of hydrocarbons. Shamsuddin et al., (1985)
used the same antiserum in a USERIA to measure BαP-DNA antigenicity in the
white blood cells of roofers and foundry workers, two groups known to have
substantial occupational exposure to BαP. Samples from 7 of 28 roofers and
from 7 of 20 foundry workers were positive for BαP-DNA antigenicity.
Samples from 2 of 9 volunteer controls were also positive, and both of those
were smokers. In a cross-sectional analysis that lacked controls, Harris et al.,
(1985) detected BαP-DNA antigenicity in the peripheral lymphocytes of coke-
oven workers using a USERIA and synchronous fluorescence
spectrophotometry (SFS) with the same antiserum. Of 27 coke-oven workers,
18 showed BαP-DNA antigenicity with a USERIA and 9 did not; of 41, 31
showed detectable adduct formation with SFS and 10 did not. Antibodies to
BαP-DNA adducts were found in the serum of 28% of the workers (Harris et
al., 1985).

Haugen et al., (1986) studied BαP-DNA antigenicity in peripheral
lymphocytes of 38 top-side coke-oven workers and conducted personal air
sampling for PAHs inside and outside the respirators of 4 of those workers. By
SFS, samples from 4 of 38 workers had putative adducts; and by USERIA, 13
of 38 samples had detectable antigenicity. Inside the respirators, the
concentration of total PAH ranged from 51 to 162 µg/m3, and the concentration
of BαP ranged from 1 to 4 µg/m3.

Monoclonal antibodies have been used to detect O6-methyldeoxyguanosine
adducts (presumably produced from nitrosamines formed in food) in the DNA
of esophageal and stomach tissue of subjects from China (Umbenhauer et al.,
1985). A total of 37 malignant and nonmalignant specimens were obtained from
esophageal and stomach tissue of patients undergoing surgery
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for cancer of the esophagus in Linxian Province, China (an area of high
incidence of esophageal and gastric cancer), for study with a radioimmunoassay
to detect the presence of O6-methyldeoxyguanosine adducts. Additionally, 12
human tissue samples from Europeans were studied. Of the 37 samples from
China, 27 had detectable adducts, and 5 of the 12 European samples had
detectable adducts.

Perera et al., (1987a) used ELISA to measure BαP-DNA antigenicity in
multiple samples of white blood cells of 22 smokers and 24 nonsmokers. They
also assayed 4-aminobiphenyl-hemoglobin adducts with negative chemical-
ionization mass spectrometry. In sample 1, 5 of 22 smokers (23%) and 7 of 24
nonsmokers (29%) showed detectable BαP-DNA antigenicity; in sample 2, 4 of
20 smokers (20%) exhibited detectable antigenicity; in sample 3, 4 of 21
smokers (19%) and 4 of 21 nonsmokers showed detectable antigenicity. Of the
subjects with PAH-DNA adducts, the quantity of adducts was higher in smokers
than in nonsmokers and higher in women than in men. Data on exposure of
nonsmokers to environmental tobacco smoke were not available. 4-
Aminobiphenyl-hemoglobin adduct formation correlated best with indexes of
active smoking.

More recently, Perera et al., (1987b) have utilized an ELISA to study BαP-
DNA antigenicity among 22 foundry workers and 10 non-occupationally
exposed controls. Foundry workers were characterized as having high, medium,
and low exposures. Mean levels of PAH-DNA adducts (femtomoles/
microgram) increased with exposure (low = 0.32, medium = 0.53, high = 1.2),
and there was a significant difference between control (0.06) and pooled
exposure (0.60) group means.

32P-postlabeling has been used to investigate the presence of DNA adducts
in placentas from smokers and nonsmokers (Everson et al., 1986). Several
modified nucleotides were detected with 32P-postlabeling; one was strongly
related to maternal smoking, but only weakly related to either historical or
biochemical measures of intensity of smoking.

32P-postlabeling has also been used to evaluate formation of PAH-DNA
adducts among nonsmoking pregnant women with exposure to residential wood
combustion smoke (RWC), and among unexposed, nonsmoking pregnant
women (Reddy et al., 1987). DNA was isolated from specimens from 12
exposed women (8 white blood cells, 4 placentas) and specimens from 13
unexposed women (8 white blood cells, 5 placentas). Comparison of exposed
subjects with controls did not reveal exposure-related adducts; however, all
placentas contained unidentified adducts which were not present in maternal
white blood cells.

Phillips et al., (1988) studied the same group of foundry workers examined
by Perera et al., (1987b), utilizing 32P-postlabeling. Foundry workers were
classified as having high (>0.2 µg BP/m3), medium (0.05-0.2 µg BP/m3), or low
(<0.05 µg BP/m3) BaP exposure based on historical industrial hygiene
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measurements and job title. Aromatic adducts were found in DNA from 3 of 4
samples from the high-exposure group, 8 of 10 samples of the medium-
exposure group, 4 of 18 samples from the low-exposure group, and 1 of 9
samples from unexposed controls. No differences due to smoking habits were
observed.

Genetic heterogeneity of metabolic activation and exposures to exogenous
compounds that may alter metabolism and adduct formation will contribute to
interindividual variability in adduct formation. For example, heterogeneity of
human polycyclic aromatic hydrocarbon activation is well established, and the
extent of DNA-adduct formation varies over a 1,000-fold range (Harris et al.,
1982). In addition, some compounds, such as antioxidants and other dietary
ingredients, modulate metabolism and thereby alter adduct formation.
Ethoxyquin, an antioxidant in cabbage and other plants, decreased adduct
formation in rats by 95% when ingested with aflatoxin B1 in a rat-liver
tumorigenesis study (Kensler et al., 1985). A concomitant decrease in
preneoplastic foci was observed. It was concluded that the cabbage content of
the diet may be important in the relationship between aflatoxin-DNA adducts
and liver cancer in the Chinese.

PROTEIN ADDUCTS

In protein, the amino acids most likely to be alkylated are cysteine,
histidine, lysine, and the N-terminal amino acid. Hemoglobin adducts were
suggested as suitable for monitoring dose by Osterman-Golkar et al., in 1976;
unlike DNA adducts, which can be removed by repair mechanisms, protein
adducts had been observed to persist over the 40-day lifespan of the erythrocyte
in the mouse (Osterman-Golkar et al., 1976). Ehrenberg and Osterman-Golkar
(1980) reviewed the use of protein alkylation to detect mutagenic agents. Such
use requires that the exposure result in stable, covalent derivatives of amino
acids; that the target protein be found in easily accessible fluids, such as blood;
and that the derivatives be present in adequate concentrations.

Pereira and Chang (1981), studied the ability of 15 carcinogens and
mutagens in a wide range of chemical classes to bind covalently to hemoglobin
in rats. They used radiolabeled test compounds to demonstrate covalent binding
of all the mutagens and carcinogens to hemoglobin. The extent of binding with
the different compounds had a range of a factor of 100, but the fact that protein
adducts were formed from all the compounds studied indicates the potential
usefulness of this molecular target for measuring exposure.

Segerbäck et al., (1978) showed that alkylation of hemoglobin in mice by
methyl methanesulfonate (MMS) was a linear function of the injected dose.
Similarly, the production of N-3-(2-hydroxyethyl)histidine in hemoglobin
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was found to be a linear function of ethylene oxide (EtO) inhalation exposure
(Osterman-Golkar et al., 1983). Dose-response relationships have also been
established for 4-aminobiphenyl (Tannenbaum et al., 1983), which showed a
linear rate of binding to hemoglobin over a 10,000-fold exposure range; for
trans-4-dimethylaminostilbene (Neumann et al., 1980), which had a linear rate
of binding to rat hemoglobin over a 100,000-fold exposure range; and for
chloroform (Pereira and Chang, 1982), which showed a linear rate of binding to
rat and mouse hemoglobin over a 1,000-fold exposure range.

Although the amount of hemoglobin alkylation can be related to chemical
exposure, it can be used as an indication of risk of genetic toxicity only if
hemoglobin alkylation is correlated with alkylations at mutationally important
targets, such as DNA. For example, Neumann et al., (1980) showed that the
binding of trans-4-dimethylaminostilbene to plasma proteins and hemoglobin
was proportional to its binding to liver DNA, and Pereira et al., (1981) found
that dose-response curves for the binding of 2-acetylaminofluorene to rat
hemoglobin and to liver DNA were closely related over a large dose range.
Thus, it might be possible to estimate DNA binding through measurement of
protein binding.

A more direct use of protein adducts to estimate the risk of genetic toxicity
is to select a protein that can be a genetically significant target. Sega and Owens
(1978, 1983) found that exposure of male mice to ethyl methanesulfonate
(EMS) and MMS produced significant increases in alkylation in late spermatids
and early spermatozoa (the most genetically sensitive germ cell stages) that
could not be attributed to increased DNA alkylation but were correlated with
sperm protamine alkylation and dominant lethal mutations.

Sega and Owens (1987) found that the temporal pattern of alkylation
produced by ethylene oxide in protamine, but not DNA, of the maturing sperm
stages of mice is correlated with the pattern of dominant lethal mutations
produced by ethylene oxide in the same stages. Thus, measurement of chemical
adducts in human sperm protamine might be a useful means of assessing human
germinal exposure to genetic toxicants.

Sega (Biology Division, Oak Ridge National Laboratory, Oak Ridge,
Tenn., personal communication, 1987) also studied the binding of 14C-
acrylamide to developing spermiogenic stages in mice. The temporal pattern of
acrylamide binding in the different spermiogenic stages paralleled the temporal
pattern of induced dominant lethal mutations and heritable translocations noted
by Shelby et al., (1986, 1987), with the greatest binding in late spermatid and
early spermatozoal stages. Binding of acrylamide to DNA was not statistically
measurable in the different stages, and binding to protamine could account for
essentially all the germ cell alkylation.

The above-described studies of methyl methanesulfonate, ethyl
methanesulfonate, ethylene oxide, and acrylamide provide compelling evidence
that protamine alkylation is temporally associated with dominant lethal
mutations.
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Sega noted that the proportion of DNA adducts formed in the sensitive
stages of spermiogenesis is small (e.g., MMS, EMS, and EtO) or not
measurable (e.g., acrylamide). However, late spermatogenic cells are known to
be repair-deficient, and it is possible that dominant lethal mutations occur
because a small number of DNA lesions remain unrepaired. Further research is
needed to investigate the mechanism by which these low-molecular-weight
mutagenic compounds cause dominant lethal mutations and elucidate the
relative roles of protamine alkylation and DNA alkylation.

SUMMARY

To use DNA adducts in risk estimation, one must relate them to other
biologic events, such as germ cell mutation, tumorigenesis, or developmental
effects. Experimental data correlating tumorigenesis with profiles of DNA-
adduct dosimetry in the same animal tissues are sparse (they include studies on
diethylnitrosamine and the liver carcinogens 4-(N-methyl-N-nitrosamino)-1-(3-
pyridyl)-1-butanone, 2-acetylaminofluorene, and aflatoxin). Some correlations
have been observed between persistence of DNA adducts in target tissues and
the induction of tumors, but with some compounds no correlations have been
noted. This probably reflects the need to incorporate more biologic processes
than DNA-adduct formation into risk assessment. No proof exists that
developmental effects occur in humans; however, they are presumed to
represent a percentage of the genetic damage known to occur.

One immediate problem is the lack of appropriate data sets from which
models can be constructed and validated. Both acute and chronic testing should
be performed over a wide dose range to acquire knowledge of the points at
which detoxification and DNA repair reach their capacities and thus cause
nonlinearities in dose-response relationship curves. Dose-response relationships
for single exposures over a dose range of 103 have been established for tumor
induction on only three carcinogens: dimethylnitrosamine, diethylnitrosamine,
and benzo[α]pyrene. Several compounds have been studied in bioassays in
which the dose ranged over a factor of 100, but bioassays on most carcinogens
use doses that range over a factor of 10 or less—including the largest study ever
performed, the effective-dose (ED01) bioassay of 2-acetylaminofluorene (Staffa
and Mehlman, 1979). Few DNA-adduct studies have covered dose ranges and
used exposure protocols that could be compared. Although a broader dose range
is not always possible because of the occurrence of toxic effects, present adduct-
detection methods are probably now capable of measuring the results of testing
with very low doses.

Correlations between DNA-adduct dose-response relationships and
biologic effects seem to be compound-specific and independent of chemical
class or biologic end point. Even for a single compound, quantitative
comparisons of chemical-DNA binding and hazard assessment are complicated.
One re
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lationship will not accurately describe all situations; it will vary with the
compound, the specific target tissue, the organism's exposure history, the
duration and time of exposure, etc. Individual rates of metabolic activation of
carcinogens (particularly PAHs) and repair capacities are variable and
moderated by personal exposure histories. Thus, because the same chemical
exposure can produce widely varying numbers of adducts, prediction of the
extent of exposure or the resultant cancer risk is much more difficult in humans
on the basis of DNA adducts than in homogeneous laboratory animals. In
addition, for many toxic chemicals, the mutagenic or tumorigenic adduct has
not been identified and can occur among many others that may not produce
deleterious effects; thus, measuring overall DNA binding attributable to a
specific chemical could lead to errors in the estimation of hazard.

Despite current gaps in knowledge, DNA-adduct research represents a very
promising means to improve risk assessment. When more extensive data
become available, they might be used in individual risk assessment to confirm
suspected exposures, improve estimates of target tissue dose, and reveal
metabolic activation and detoxification parameters that moderate the formation
of DNA adducts by a specific carcinogen. In general risk assessment, they could
be valuable in estimating dosimetry and systemic distribution and in
establishing possible target tissues or organs and the potential for irreversible
toxicity, such as cancer, mutation, or developmental effects. They might
improve estimates of the rates of tumor and adduct formation in animals in
response to low doses on the basis of high-dose effects and provide better
models for predicting mechanisms in humans. Large-scale DNA-adduct
dosimetry studies in humans are now becoming possible, but they must be
validated and their limitations defined. In addition, protein adducts, such as
those found in sperm protamine and hemoglobin, are apparently stable for the
lifetime of the cell, accurately indicate recent exposure, and should be
considered in the estimation of genetic or carcinogenic risk whenever they can
be correlated with DNA binding. Monitoring protein adducts has generally been
considered to be a good surrogate procedure for measuring DNA-adduct
formation in the target organ, but this should be validated in laboratory animals
for each compound of interest.
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2

DNA-Adduct Technology

The consensus of several recent meetings on DNA-adduct research has
been that new assay systems for detecting and measuring DNA adducts and
protein adducts have the potential to improve markedly the biologic bases for
estimating the risks of human exposure to several important classes of
environmental pollutants (Bartsch et al., 1988; Berlin et al., 1984; de Serres,
1988; de Serres et al., 1985; Farmer et al., 1987). This chapter describes and
evaluates some of the currently used assays and discusses how the information
they provide can lead to the improvement of risk assessment and
epidemiological studies.

New DNA-adduct technology embodies striking technologic
improvements in sensitivity and specificity and permits measurement of
mammalian response to small, intermittent environmental exposures. For
example, molecular dosimetric assays and mutation analysis in mammalian
cells in tissue culture suggest that low exposures to genetic toxicants produce
DNA lesions at approximately 2,000 per cell in the lung after exposure to
aromatic amines and 100,000 per cell in the upper layer of skin after exposure
to the ultraviolet component of sunlight (Lohman et al., 1985). Those figures
correspond to about 1 adduct per 10-7 bases in the lung and at least 1 adduct per
10-4 bases per day in the upper layer of skin.

The new methods of measuring DNA adducts are in many instances
relatively inexpensive, fast, and reproducible. They can be applied to readily
available samples of body fluids, such as blood, semen, and urine, and to small
samples of cells, such as buccal mucosa or skin biopsy specimens.
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TECHNIQUES FOR DETECTING DNA ADDUCTS

Chromatographic and Spectrometric Methods

Chromatography has many variations, but all involve the flow of test
material through tubing containing stationary material designed to adsorb the
components of the test mixture selectively, and thus create different flow rates
and a series of bands (chromatograms) by which their identity can be determined.

In spectrometry, the sample interacts with light or particles to yield
distinctive spectral signals. One version is mass spectrometry, the most accurate
technique for trace organic-chemical analysis, according to the National Bureau
of Standards.

The polarity and size of DNA adducts, or fragments of DNA adducts, can
markedly influence the separation power and thus the sensitivity of these
techniques. Each analytic method possesses potentially good to high resolving
power, but the suitability and sensitivity of any method or combination of
methods commonly depends on the physicochemical properties of the adduct or
the class of adducts to be tested.

Liquid Chromatography/Mass Spectrometry (LC/MS)

In this method, DNA adducts are separated from the test sample by
adsorption on an activated surface. They are then put into a mass spectrometer
for final analysis.

High-Performance Liquid Chromatography (HPLC)

This method combines speed and high-resolution power to fractionate
DNA adducts by column chromatography of modified DNA bases. It can detect
fluorescence.

Atomic-Absorption Spectrometry (AAS)

This quantitative analytic technique detects adducts containing metals by
absorbing light of specific wavelengths from excited atoms.

Tandem Mass Spectrometry (MS/MS)

Two mass spectrometers are used in sequence to detect fragments (ions) of
specific molecules, such as DNA adducts. An ion from the mixture is selected
and focused through the first mass spectrometer; thereafter, it is
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fragmented into smaller portions for further, high-resolution analysis in the
second mass spectrometer (Farmer et al., 1988).

Fluorescence Line-Narrowing Spectrometry (FLNS)

Particularly useful for fluorescent adducts of polycyclic aromatic
hydrocarbons, FLNS uses low temperature and laser excitation to improve
sensitivity in the quantitative fluorometric analysis of DNA adducts (Jankowiak
et al., 1988).

Ultraviolet Radiation/High-Performance Liquid Chromatography (UV/
HPLC)

Because all adducts absorb ultraviolet radiation, testing for UV absorption
is useful for large, bulky adducts, such as those formed by aflatoxin, but is
rarely sensitive enough for human monitoring. Sensitive HPLC can be added to
detect fluorescence after hydrolysis of particular carcinogen-DNA adducts. For
example, synchronous fluorescence spectrometry (SFS) scans a sample with a
fixed wavelength difference between excitation and emission. Three-
dimensional plots of fluorescence intensity, emission, and excitation-emission
wavelength difference should be able to help identify some unknown adducts
(Farmer et al., 1987).

Gas Chromatography/Electron Capture Negative Ion Mass Spectrometry
(GC/ECNIMS)

In this technique, the test material is derivatized and volatilized into a
carrier gas stream whose components pass through a chromatography column at
different rates, where the adducts are separated. The sample then enters the
mass spectrometer, where distinctive ions are formed and detected with high
sensitivity and specificity. A related, less specific method is GC with electron
capture detection (GC/ECD).

Quantitative Immunoassays

Monoclonal or polyclonal antisera specific for carcinogen-DNA adducts or
carcinogen-modified DNA are used in immunoassays to quantify the binding of
known carcinogens with DNA in biologic samples of nucleic acid (Poirier,
1984). These immunoassays are simple to perform, inexpensive, and thus
appropriate for human samples; but the antisera are chemical-specific, and thus
different antisera must be developed for each adduct of interest (Santella, 1988).

The most sensitive immunoassays are run in a competitive mode, in which
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two chemically identical haptens (in this case, DNA adducts) compete for an
antibody binding site. The concentration of 1 hapten (usually an assay standard)
is always kept constant, and that hapten is radioactively labeled (in
radioimmunoassays) or bound to the bottom of microtiter wells (in enzyme-
linked immunosorbent assays). The other hapten is used in increasing
concentrations to compete with the constant hapten for binding to the antibody.
The variable hapten can be either a standard immunogen or an unknown
sample. Quantitation is based on comparison of unknowns with the inhibition
curve generated by the standard immunogen.

Radioimmunoassay (RIA)

In conventional RIA, a competitive technique, the antigen-antibody
complex is separated from the whole mixture in tubes by a variety of physical
or chemical methods (Poirier, 1981), and the standard hapten is radioactively
labeled.

Enzyme-Linked Immunosorbent Assay (ELISA)

In ELISA a solid-phase competitive assay that uses microtiter plates, the
antibody bound after competition can be measured by a second enzyme-linked
antibody used to cleave a specific substrate. One of the most commonly used
enzyme conjugates is alkaline phosphatase, which cleaves a variety of
phosphorylated substrates into products that can be detected by
spectrophotometry or fluorescence (ELISA) (Poirier, 1981). In general,
microtiter-plate assays can be more sensitive than RIAs, but they are also more
often inconsistent and variable.

Ultrasensitive Enzymatic Radioimmunoassay (USERIA)

The procedure for USERIA is similar to that of ELISA, except that the
substrate obtained after application of the first antibody is labeled with
radioactive isotopes for radiochemical measurement of enzyme interaction.
Counting requires that samples be manually removed from each well (Farmer et
al., 1987; Santella, 1988).

Immunohistochemical Techniques

Enzyme-staining with a fluorescence or peroxidase end point can identify
the specific cell types in which DNA adducts occur (and thus the cells that are
targets for carcinogens) within a complex tissue sample. Monoclonal or
polyclonal antibodies are used in conjunction with other antibodies that contain
peroxidase enzyme or a fluorescent probe. With the fluorescent probe,
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images of the adducts can be enhanced by computer for analysis. Polyclonal
antibodies are less easily identified by the most sensitive image analysis
systems (Adamkiewicz et al., 1985), but they have been used with
microfluorometry for semiquantitative comparison between samples (Huitfeldt
et al., 1987) and to detect, but not quantify, binding in human tissues (den
Engelse et al., 1988).

32P-Postlabeling Technique

DNA is enzymatically hydrolyzed and the digest is labeled with
phosphorylating enzyme to incorporate radioactivity. Thin-layer
chromatography (TLC) is used to separate the adducts, which can be detected
by autoradiography, and a portion of the chromatogram is excised for
estimation of the total count (Gupta et al., 1982). Less useful for low-molecular-
weight compounds, 32P-postlabeling is more sensitive for aromatic or bulky
hydrophobic adducts and has been able to show the extent and persistence of
adduct formation in animals by more than 70 compounds, including aromatic
hydrocarbons, aromatic amines, estrogens, and methylating agents (Gupta and
Randerath, 1988). With 32P-postlabeling, it is possible to monitor human
carcinogen exposure (Randerath et al., 1988). This technique is also capable of
analyzing DNA adducts formed by unknown hydrophobic compounds (Farmer
et al., 1987); tandem technology might someday be developed for identifying
the structure of such adducts.

TECHNIQUES FOR DETECTING PROTEIN ADDUCTS

Some of the same methods for detecting DNA adducts are applied to the
determination of protein adducts (GC, GC-MS, immunoassay, and fluorescence
detection with HPLC). New techniques for detecting protein adducts, especially
those using hemoglobin as a target molecule (Bailey et al., 1987; Osterman-
Golkar, 1988; Neumann, 1984, 1988), offer high sensitivity and specificity in
detecting exposure of animals to alkylating agents. Several studies have found a
direct correlation between hemoglobin-adduct and DNA-adduct concentrations
in exposed experimental animals (Adriaenssens et al., 1983; Pereira, et al.,
1981; Shugart, 1985; Wild et al., 1986). An additional practical advantage of
measuring protein adducts is that large amounts of some proteins (especially
hemoglobin) can be obtained from human subjects. Thus, protein adducts might
provide more reliable measurements than DNA adducts for evaluating both
normal background concentrations of adducts and deviations from the normal.
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SENSITIVITY AND SPECIFICITY

The intrinsic sensitivity of an assay to detect the molecular effect of a
given hypothetical chemical is usually expressed as femtomoles (fmol; 10-15

moles) of adduct per milligram of DNA or protein. Tables 2-1 and 2-2 give
estimates of the intrinsic sensitivities of various DNA and protein binding
assays. The estimates are approximations and sensitivity might vary by several
orders of magnitude, depending on the physicochemical nature of the chemical
or adduct.

Tables 2-1 and 2-2 show that some of the immunochemical assays and the
postlabeling assay have good sensitivity and do not require invasive techniques
or large tissue samples. The MS/MS method, a physicochemical method, has
the same advantages as the immunochemical and postlabeling assays, but its
dependence on expensive and sophisticated equipment could severely limit
widespread application. Other techniques, such as immunochemical methods
for detecting DNA adducts at the single-cell level (Baan et al., 1988; Perera et
al., 1988; Van Benthem et al., 1988) and the recently introduced laser-scan
immunofluorescence microscopy (Baan et al., 1986), are also limited by unique
instrumentation requirements. However, the MS/ MS (Farmer et al., 1988), RIA
(Umbenhauer et al., 1985), and 32P-postlabeling (Randerath et al., 1988)
methods can detect interactions with small amounts of unidentified alkylating
agents associated with occupational and low-level environmental exposures.

Both physicochemical and immunochemical methods for detecting adducts
or metabolites of genetic toxicants in urine have high sensitivity and specificity
(Oshima and Bartsch, 1988; Shuker and Farmer, 1988; Vanderlaan et al., 1988),
but still require validation as indicators of internal exposure. A high adduct
concentration in urine is often assumed to indicate high internal exposure, but
this assumption is not necessarily correct. Proper mass-balance evaluations are
needed to measure the intake and excretion of genetically toxic agents and their
metabolites. Without such determinations, it is equally justifiable to relate the
presence of a high concentration of adducts in urine to detoxification or to low
internal exposure (Lohman et al., 1984; van Sittert, 1984).

Although technologic improvements make feasible the sensitive
measurement of exposure to genetic toxicants in animal models and humans, no
generally applicable methods have been developed for estimating genetic risk
(Wogan, 1988). Attempts are under way to relate target dose in humans to
biologically adverse effects of small exposures to genetically toxic agents
(Ehrenberg, 1988).

The use of these new, ultrasensitive analytical techniques in risk
assessment will depend on an understanding of the mechanistic relationships
between DNA alterations and the ultimate expression of toxic effects. Recent
devel
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opments in the study of DNA binding and protein binding provide a useful
tool for beginning to acquire that understanding. However, additional
information, such as clarification of the role of background or baseline adducts
that are always present in animals and humans, will be needed to make full use
of the advanced technology that is currently available.

APPLICATIONS OF DNA ADDUCT TECHNOLOGY

General Utility in Risk Assessment

DNA-adduct and protein-adduct technology is potentially useful in the
processes of hazard identification and risk assessment. The NRC has performed
comprehensive toxicological assessments for the Environmental Protection
Agency on chemicals found in drinking water (NRC 1977, 1980a,b, 1982, 1983,
1986, 1987). In these assessments, information on acute, sub-chronic, and
chronic effects is assembled and evaluated. Considerations of exposure and
pharmacokinetics play an important role in risk assessment for chemicals with
identified toxicity (NRC, 1987). It appears that adduct technology could be
extremely valuable in estimating dosimetry and systemic distribution, in
establishing possible target tissues or organs, and in determining the potential
for irreversible toxicity such as cancer, mutation, or developmental effects.

Table 2-3 lists some potential applications of DNA-adduct analysis to the
toxicologic evaluation of drinking water contaminants for risk assessment. The
table is arranged as a matrix with the components of toxicity assessment on one
axis and the potential contribution of DNA-adduct analysis on the other. The
second column identifies when the specific method chosen to detect adducts is
important. Toxic effects can be adduct-specific, and three toxicologic
components—relationship of adducts to toxic response, mutagenicity, and
species extrapolation—might require methods that identify the adducts
detected. Some analytic methods (e.g., 32P-postlabeling) do not identify the
DNA adduct detected. The third column specifies whether or not it is desirable
to identify the DNA adducts in using the technology for toxicologic
assessments. Specific adduct identification is needed to correlate toxicity with
adducts and is desirable in studies of mutagenic activity. Some DNA adducts,
such as N7 alkylguanines, appear to have only a small role in mutation
induction. Different components of toxicologic assessment have different
requirements for quantitative or qualitative test results. These are identified in
the table, as is the need for other biologic data. For example, information on
chronicity of exposure is important in establishing a carcinogenicity hazard
associated with a substance that induces formation of DNA adducts. The last
column of the table identifies the extent to which DNA-adduct technology can
now be used routinely in toxicologic assessments;
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most of the technology is still in the research and development stage, and
none can yet be considered routine. The methods listed in the table are expected
to evolve, so the conditions identified will also change. However, the table
should facilitate an understanding of which aspects of toxicologic testing can be
aided by DNA-adduct technology, which methods to consider first, and what
data one should expect from a specific approach.

Features of the four categories of methods now available for use in toxicity
testing are summarized in Table 2-4. Immunochemical and physical methods
require considerable expertise in chemical synthesis, antibody production and
radiolabeling, and analytic instrumentation. Some methods, such as 32P-
postlabeling, have been developed for use with high-molecular-weight (bulky)
adducts, especially polycyclic aromatic hydrocarbons and aromatic amines. Use
of this assay with low-molecular-weight alkylating agents is not now feasible.

The published literature has been searched for specific information
regarding the reactivity of 16 compounds that have been identified in drinking
water and are known to be carcinogenic, mutagenic, teratogenic, or genetically
toxic in experimental animals. Thirteen were recently reviewed by the NRC
(1986) for EPA. Chemical structure, use, occurrence or source of exposure,
association with DNA adduct formation, tissue distribution, carcinogenicity,
mutagenicity, and other health effects were the data elements sought. The
results are summarized in Appendix A, which can be referred to for some
evidence for the theoretical assessments. Table 2-5 summarizes speculations
about the ability of the 16 compounds to form DNA adducts. With the
exception of benzo[α]pyrene, for which considerable data exists concerning
adduct analysis, the chemicals have not been the subject of extensive DNA-
binding studies.

Epidemiology and Human Monitoring

Proper investigation of relationships between disease in humans and
exposure to drinking water contaminants has been hampered by the difficulty of
assessing exposure to contaminants appropriately and by the limitations
inherent in the use of traditional end points, such as the development of cancer,
which are both rare and characterized by long latency. Interest in the
incorporation of biologic markers into studies of human exposure to xenobiotic
substances has increased, with the hope that use of such markers will enable
scientists to characterize the empirical associations between exposures and
outcomes, improve the accuracy of exposure assessment, enhance
understanding of toxic mechanisms, increase the ability to detect early
subclinical effects of exposure, and make better use of data from laboratory
animals in predicting the effects of exposures of humans (NRC, 1987). Protein
and DNA adducts in humans have been proposed as markers both

DNA-ADDUCT TECHNOLOGY 49

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


TABLE 2-4 Evaluation of New Molecular Methods in DNA-or Protein-Adduct
Technology

Method of Biologic Monitoringa for DNA Adducts
Characteristic Physical

Methods
Immunochemical
Methods

32P-Post-
Labeling

For
Protein
Adducts

Appropriateness for measuring exposure
Qualitative (+) + + +
Recent (1-week)
internal dose

? + + +

Long-term body
burden

? + + ( + )

Dose at target
site

? + + -

Appropriateness for assessing health effects
Reversible ? (-) (-) (-)
Irreversible (-) (-) (-) (-)
Interpretation of results
On individual
basis

+ + + +

On group basis + + + +
Precision of method
Technical
reproducibility

? ( + ) ( + ) +

Stability ( + ) ( + ) + ( + )
Interlaboratory
reproducibility

? ( + ) ( + ) +

Sensitivity
For some
environmental
exposures

? + + +

For
occupational
exposures

( + ) + + +

For acute
exposures

+ + + +

Chemical
specificity

+ b - b

Absence of
confounding
factors

? ( + ) ( + ) ( + )

Absence of
background
adducts

? (-) (-) (-)

Simplicity - b b b
Ease of sample
storage

+ + + +

Current applicability
In research ( + ) + + +
In routine use (-) ( + ) ( + ) ( + )

a Symbols: +, applicable or true; (+), probably applicable or true;-, not applicable or not true;
(-), not now applicable or not now true; ?, unknown.
b Cannot be generalized.
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for use in epidemiologic studies to assess the risks associated with
exposure to potential genetic toxicants and for use in monitoring exposed
populations. However, all the studies that have measured protein or DNA
adducts have focused on humans exposed to carcinogens—occupationally,
environmentally, or otherwise.

TABLE 2-5 Classification of 16 Drinking Water Contaminants According to Their
Presumed Ability to Form DNA Adducts
Definite Ability Probable

Ability
Possible Ability Insufficient Data

Acrylamide Trichlorfon Diallate Arsensic
Chromium Sulfallate Nitrofen
Benzo[α]pyrene 1,2-

Dichloropropane
(1,2-DCP)

Pentachlorophenol

Dibromochloro
propanepropane
(DBCP)

1,2,3-
Trichloropropane
(1,2,3-TCP)

Ethylene
dibromide (EDB)

1,3-
Dichloropropene
(1,3-DCP)
Di(2-ethylhexyl)
phthalate (DEHP)
Mono(2-ethylhexyl)
phthalate (MEHP)

In principle, incorporation of measurements of carcinogen-DNA adduct
formation into epidemiologic studies could offer at least two kinds of benefits:

•   The use of sensitive methods, such as immunoassays and 32P-
postlabeling, might afford an opportunity to detect early, subtle effects
of small exposures.

•   Human studies incorporating DNA-adduct assays might provide
information on target-molecule dose that reflects exposure, absorption,
metabolism, and DNA-adduct formation and repair rates.

Although the measurement of DNA-adduct formation in humans
holds substantial promise for epidemiologic and monitoring studies,
interpretation of data derived from DNA-adduct measurements is
extremely complex, particularly in humans. In general, further
experimental work is required before measurements of DNA adducts
can be successfully incorporated into studies that assess toxicity from
drinking water contaminants in humans. The following issues are of
particular concern in considering the potential applications of DNA-
adduct technology in human studies to evaluate potential toxicity of
drinking water contaminants:

•   The paucity of information about the kinetics, dose-response
relationships, and interindividual and intraindividual variability of
DNA-adduct formation in humans renders the proper design and
interpretation of human
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studies using DNA-adduct technology very difficult. Studies that
characterize the variability of adduct levels in humans due to such
factors as age, sex, ethnicity, diet, tobacco use, and such medical
conditions as liver disease are needed. Additionally, studies are needed
for proper characterization of baseline adduct levels in the general
population.

•   Because numbers of DNA adducts reflect not only exposure, but also
rates of metabolism (in the case of indirect carcinogens) and DNA-
adduct formation and repair, DNA-adduct concentrations are likely to
involve complex dynamics. When technically feasible, the use of
protein adducts might prove more appropriate for exposure
assessment; such adducts in the hemoglobin of red blood cells have
demonstrated chemical stability and linear dose-response relationships
for a variety of compounds and thus can provide integrated exposure
information. To date, the use of protamine adducts in germ cells has
been limited to studies of small alkylating agents in mice. Further
studies are needed to evaluate the use of human protamines in
dosimetry. Protamine dosimetry might help to identify the exposures
that pose germinal risks.

•   In animal studies, it is possible to study DNA-adduct concentrations in
target tissue, but the target tissue of interest in humans is often
inaccessible. Circulating white blood cells or lymphocytes are used as
surrogates for determination of DNA-adduct concentrations. However,
the validity of using surrogate tissue, particularly for human risk
assessment, has not been adequately evaluated.

•   Some of the better-characterized chemicals that produce DNA adducts,
such as BαP, are ubiquitous in the environment. That presents
difficulties in epidemiologic studies, because, even with proper
selection of controls, background DNA-adduct concentrations might
mask slight differences in concentrations between ''exposed" and
"unexposed" populations.
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3

Conclusions and Recommendations

The subcommittee has reached the following conclusions regarding the
application of DNA-adduct and protein-adduct assays to EPA's assessment of
drinking water contaminants:

•   Tests that detect and measure DNA adducts and protein adducts can be
used as quantitative and qualitative dosimeters of exposure and may
permit calibration of internal versus external dose across several orders
of magnitude for specific genetic toxicants.

•   The presence of DNA adducts or protein adducts might not in itself
establish a risk, and tests for DNA adducts or protein adducts should
not be used in isolation for hazard or risk assessments.

•   Current evidence suggests an association between the onset of specific
types of toxicity (mutation, cancer, or developmental effects) and the
concentration of DNA adducts. The toxic effect is usually tissue-
specific, although adducts can form in many tissues. The subcommittee
cannot define a general concentration of adducts that might be
tolerated by animals, but an evaluation in Chapter 1 of the limited in
vitro and in vivo data indicates that concentrations of 1-10,000 adducts
per 107 normal bases are associated with adverse effects. Most of the
methods described in Tables 2-1 and 2-2 can span that range.

•   Most current models for risk assessment do not incorporate such data
as DNA alterations over a broad range of exposures. Risk assessments
might be improved if new kinds of mathematical models can
incorporate biologic data from studies of DNA damage over a range of
doses to show where detoxification and DNA repair occur and reach
their limits. However, such
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models will need to be carefully evaluated before they are put into
general use.

•   DNA-adduct detection methods, especially the 32P-postlabeling
method, have demonstrated the presence of considerable persistent
(mostly unknown) DNA lesions in various target cells of untreated
animals. The toxicologic importance of those "background" lesions is
unknown; they might reflect endogenous exposures from normal body
constituents or processes or from naturally occurring mutagens and
carcinogens in the environment, such as ultraviolet radiation and
mutagens and carcinogens in foods and water.

•   If the goal is to assess exposure to a drinking water contaminant
identified as genetically toxic, it might sometimes be more appropriate
to use protein adducts as dosimeters. Although their biologic
significance could be quite different from that of DNA adducts,
hemoglobin adducts have demonstrated chemical stability and linear
dose-response relationships for a variety of compounds. Germ cell
studies have suggested that protamine adducts are relevant to genetic
risk assessment.

•   Monitoring of the formation of DNA adducts or protein adducts among
exposed humans, and among appropriate controls, holds promise for
use in assessing the human risk associated with consumption of
drinking water contaminated by potentially genotoxic agents.
However, available information on baseline DNA-adduct
concentrations, adduct persistence, interindividual and intraindividual
variability, dose-response relationships, and biologic significance in
humans is scanty. In addition, human tissues available for such studies
may not be the tissues relevant for the major toxic end point, such as
carcinogenesis. Interpretation of epidemiologic or monitoring studies
of humans would therefore be difficult.

The subcommittee recognizes that full application of adduct technology to
toxicologic assessments would require the filling of gaps in information and
advances in technology. The subcommittee offers the following
recommendations to EPA:

•   Investigations into the origin and role of the natural background of
DNA adducts are needed. The resulting information will be relevant to
the interpretation of DNA alterations induced by occupation, lifestyle,
or environmental exposure.

•   Because most of the data describing the induction of DNA alterations
are derived from acute-exposure studies, investigations aimed at
understanding the induction and persistence of DNA alterations over a
broad range of doses in subchronic and chronic regimens should be
conducted and correlated with other toxic end points.

•   Investigations are needed to improve understanding of the kinetics and
relative significance of DNA alterations and protein alterations as
measures of somatic and germ cell risk in animals.
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•   Animal models should be used to study the use of peripheral white
blood cells as target cells for in vivo analyses of DNA adducts,
because such cells would be most accessible in human studies.

•   Baseline data should be established on chemicals in drinking water that
are presumed to be genetically toxic, with an eye to revealing
qualitative and quantative associations between DNA or protein
alterations and other components of hazard identification.

•   Methods for detection, measurement, and identification of DNA
adducts and protein adducts should be developed and validated,
particularly for low-molecular-weight monofunctional and bifunctional
aromatic and hydrophobic alkylating agents. Many drinking water
contaminants (acrylamide, EDB, DBCP, etc.) are of this size and type.

•   Differences between in vivo DNA-adduct formation and repair in
somatic and germ cells should be studied. Although risk assessment
using DNA-adduct measurements usually focuses on tumor formation,
heritable effects of genetic toxicants should be considered a major
burden for the human population.

A repository of tissue samples with known DNA-adduct or protein-adduct
concentrations should be established, from which a calibration process might be
developed.
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Appendix A

Drinking Water Contaminant Candidates
for Development of Baseline Data on

Formation of DNA Adducts
This appendix presents data on 16 compounds found in drinking water—

13 are contaminants recently reviewed by the NRC (1986) for EPA—that are
known to be teratogenic, carcinogenic, mutagenic, or genetically toxic in
laboratory animals. Of these, five—acrylamide, benzo[α]pyrene (BαP),
chromium, dibromochloropropane (DBCP), and ethylene dibromide (EDB)—
have definitely been shown to form DNA adducts. Trichlorfon probably forms
DNA adducts. On the basis of current evidence, diallate, sulfallate, the two
chloropropanes, and chloropropene can be considered possible inducers of
DNA adducts.

Evidence on the five remaining compounds—arsenic, nitrofen,
pentachlorophenol, and the ethylhexyl phthalates—is insufficient to permit
classifying them as inducers of DNA adducts. They are included because they
have been shown to be mutagens or carcinogens or because they produce
genetic damage of some kind. They might form DNA adducts that have not yet
been detected.

CONTAMINANTS THAT DEFINITELY FORM DNA ADDUCTS

Acrylamide

Acrylamide is a monomer of polyacrylamide. It is highly reactive and
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reacts spontaneously with hydroxyl-, amino-, and sulfhydryl-containing
compounds. With a solubility in water of 219 g/100 ml, acrylamide polymers
are used to improve oil recovery, increase dry strength of paper products,
dissipate fog, and stabilize soil. Acrylamides are also used in grouting
operations, clarification of potable water, and treatment of municipal and
industrial effluents. Acrylamide is biodegradable. It is degraded to carbon
dioxide in 4-12 days in water and is completely degraded in 6 days in soil. Up
to 60% is degraded to carbon dioxide (NRC, 1986).

Occurrence No estimate of occurrence in drinking water has been
calculated.

Tissue Distribution Acrylamide is rapidly metabolized in the body, 24
hours after oral administration of acrylamide no trace of the parent compound
was found in any tissues. Metabolites of acrylamide accumulate in erythrocytes.
The half-life of the metabolites in erythrocytes is 10.5 days, and in other tissues
8 days (as measured by the decrease in radioactivity using 14C labeled
acrylamide) (Miller et al., 1982).

Formation of DNA Adducts Solomon et al., (1985) studied the in vitro
reaction of acrylamide with 2'-deoxynucleosides and calf thymus DNA.
Acrylamide reacted most strongly at the N6 position of 2'-deoxyadenosine and,
to a lesser extent, at the N3 position of 2'-deoxycytidine, although adduct
formation of other 2'-deoxynucleosides was recorded as well. With calf thymus
DNA, acrylamide reacted strongest at the N1 position of 2-deoxyadenosine. The
authors point out that adducts formed were only present in small quantities,
even after the long reaction time (10 or 40 days), so the results cannot be readily
translated to human exposure to acrylamide. However, the possibility of
predicting in vivo alkylation with direct-acting alkylating agents on the basis of
in vitro adduct formation has been suggested.

Mutagenicity Mutagenicity studies with acrylamide in the Salmonella/
microsome assay were negative. Acrylamide is clastogenic in L5178Y mouse
lymphoma cells (Moore et al., 1987). It is known to induce dominant lethal
mutations in male rodents, and induced translocations in postmeiotic germ cells
of mice in a recent study (Shelby et al., 1987).

Carcinogenicity A number of reports have shown acrylamide to be
carcinogenic in laboratory animals, although no data have shown that for
humans. Male and female Fischer 344-rats have developed tumors after a 2-year
exposure to acrylamide in drinking water. Male rats exposed to acrylamide at
0.5 mg/kg of body weight each day for 2 years developed scrotal
mesotheliomas. At 2.0 mg/kg per day, benign thyroid tumors, malignant
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thyroid tumors, glial tumors in the CNS, adenomas of the clitoral gland,
squamous cell papillomas in the mouth, benign and malignant mammary
tumors, and malignant uterine tumors were observed in rats. On the basis of a
multistage model, and assuming the consumption of 1 liter of water per day
containing acrylamide at 1 µg/liter, the human lifetime carcinogenic risk is
estimated at 3.8-8.2 × 10-6 and the upper 95% confidence estimate of lifetime
cancer risk is 0.75-1.4 × 10-5 (NRC, 1986).

Other Health Effects Acrylamide has been reported to cause neuropathy in
humans that leads to progressive symmetric distal sensory abnormalities and
motor weakness. Also stated to occur were slurred speech; unsteady gait;
memory loss; irrational behavior; visual, tactile, and auditory hallucinations;
skin sensitization; cold blue hands; muscle weakness; paresthesia; and
numbness of hands or feet. Neuropathy has been reported in animals (cats, rats,
mice, guinea pigs, rabbits, and monkeys) that were given acrylamide (NRC,
1986).

Summary Acrylamide can produce peripheral neuropathy in animals and
humans. It is a known carcinogen in animals.

Benzo[α]Pyrene (Bαp)

BαP is a ubiquitous polycyclic aromatic hydrocarbon associated with
combustion. It was first isolated from coal tar.

Occurrence BαP concentrations of 3 ng/liter in tap water were reported in
a study of European water distribution systems. Concentrations of less than 1 ng/
liter were found in a study of six U.S. drinking water systems (NRC, 1982).

Tissue Distribution BαP has been found in the liver, lungs, colon, kidneys,
muscle, brain, and forestomach of mice. It tends to localize in fatty tissues.

Formation of DNA Adducts Cytochrome P-450 enzymes and epoxide
hydrolases metabolize BαP to the two diastercoisomers responsible for DNA-
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adduct formation. The two diastercoisomers are (+)-7b,8a-dihydroxy-9a, 10a-
epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE I) and (-)-7b,8a-
dihydroxy-9b, 10b-epoxy-7,8,9,10-tetrahydrobenzo[a]pyrene (BPDE II). These
two compounds bind mainly to 2-amino groups of guanine residues, but also to
the N7 position (NRC, 1982; Sontag, 1981). BαP also forms N6-adenine
adducts (Jeffrey et al., 1979), which appear to be important in ras oncogene
activation.

In rats, an increase in intravenous administration of BαP from 1 µmol to 10
µmol increased adduct concentration in rat lung approximately fivefold and in
rat liver about threefold. The pattern of metabolism of BαP was similar in
human, monkey, dog, hamster, and rat, but adduct concentration varied widely.
The concentration was 30 times higher in human bladder than in rat bladder. In
the trachea and bronchi, the incidence of adduct formation differed by a factor
of 10 between human and rat.

Mutagenicity BαP is a positive mutagen in the Salmonella/microsome test
(McCann et al., 1975).

Carcinogenicity Carcinogenic effects were observed in mice after the
administration of 40-45 ppm BαP orally for 110 days (Rigdon and Neal, 1966,
1969). Rats and hamsters have also shown sensitivity to the induction of benign
and malignant skin tumors by BαP (NRC, 1977). It is suspected that a possible
consequence of long-term exposure to BαP is an increased incidence of
bronchial carcinoma.

Other Health Effects Repeated oral BαP administration in mice resulted in
hypoplastic anemia. Its acute toxicity is low.

Summary BαP is mutagenic and carcinogenic in animals and a suspected
human carcinogen.

Chromium

Cr
Chromium is usually found as either hexavalent chromium, Cr(VI), or

trivalent chromium, Cr(III). Cr(III) is an essential micronutrient that is low in
the typical American diet. It is toxic at high doses. Relatively large quantities of
chromium have been found in wastewater from the plating and finishing
industries. Cr(VI) is much more toxic than Cr(III).

Occurrence A study of more than 1,500 surface waters in the United
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States showed a maximal chromium content of 0.11 mg/liter and a mean of 0.01
mg/liter (NRC, 1980).

Tissue Distribution In humans, chromium occurs at the highest
concentration in the lungs. That suggests that the primary human exposure is
through air, and not through food or water. Cr(III) is inhibited by membrane
barriers; Cr(VI) is absorbed and then reduced to Cr(III) (NRC, 1977).
Chromium concentrations of 1-5 µg/ml of plasma and less than 1 ng/ml of urine
have been reported (NRC, 1980).

Formation of DNA Adducts Cr(III) binds to free nucleotides and to nucleic
acids at nucleophilic sites (such as the unesterified oxygen of phosphate groups
and the nitrogen and oxygen atoms of nitrogen bases). Binding to DNA
involves regions with high concentrations of guanine and cytosine and produces
DNA-DNA cross-links that, if not repaired, lead to extensive DNA
fragmentation. Cr(VI) causes breakage of polynucleotide chains that is inferred
by changes in physicochemical properties of DNA (Merian et al., 1985).

Mutagenicity Chromium decreases the fidelity of DNA synthesis and
induces gene mutations, chromosomal aberrations, sister-chromatid exchanges,
and malignant transformation in mammalian cells (Merian et al., 1985).

Carcinogenicity Cr(VI) has been shown to cause dermal ulcerations and
respiratory cancer. Cr(VI) is considered carcinogenic; the carcinogenicity of Cr
(III) has not been conclusively established (NRC, 1986).

Other Health Effects In humans, allergic contact dermatitis may result
from exposure to either Cr(VI) or Cr(III). Workers in chromate plants have
reported respiratory injury, most commonly manifested as ulceration and
perforation of the nasal septum (U.S. EPA, 1984).

Summary Both Cr(VI) and Cr(III) have exhibited a potential for genetic
toxicity. However, the potential of Cr(III) for genetic toxicity is much less than
that of Cr(VI), due to the inability of Cr(III) to cross cellular membranes.

Dibromochloropropane (DBCP)

DBCP is a short-chain aliphatic halogenated hydrocarbon that is used as a
soil fumigant and nematocide.
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Occurrence No data on DBCP concentrations in drinking water were found.
Tissue Distribution After exposure, DBCP is found mainly in the kidneys

and testes.
Formation of DNA Adducts DBCP induces sister-chromatid exchanges and

chromosomal aberrations. It also causes unscheduled DNA synthesis and thus
can be considered an adduct-forming agent, but the mechanism is unknown.
Radiolabeling data indicate that DBCP, or a metabolite, binds to DNA (Kato et
al., 1980).

Mutagenicity DBCP is an indirect mutagen in bacteria, in that it requires
metabolic activation to induce mutagenic effects. In Drosophila melanogaster,
DBCP caused the loss of X and Y chromosomes and induced increases in
heritable translocations. DBCP induced sister-chromatid exchanges and
chromosomal aberrations in Chinese hamster ovary cells. In humans, it caused
an increase in the number of sperm containing two Y chromosomes, suggesting
irreversible genetic change. DBCP induced unscheduled DNA synthesis (DNA
repair) in premeiotic germ cells in prepubertal mice (NRC, 1986). Dominant
lethal mutations were induced in male rats, but not in male mice, in a study by
Teramoto et al., (1980). Sasaki et al., (1986) showed that DBCP is mutagenic
for somatic cells of mice in vivo.

Carcinogenicity DBCP induced a high incidence of squamous cell
carcinoma of the forestomach and toxic nephropathy in male and female rats
and mice and a high incidence of mammary adenocarcinoma in female rats. An
upper 95% confidence estimate of lifetime risk for human males drinking 1 liter
of water per day containing DBCP at µg/liter is 9.9 × 10-6 (NRC, 1986).

Other Health Effects Human exposure to DBCP has been shown to result
in azoospermia or severe oligospermia. Reduction in sperm production is
accompanied by increases in serum concentrations of follicle-stimulating
hormone and luteinizing hormone and by reduction in or absence of
spermatogenic cells in seminiferous tubules. The reduction in spermatogenesis
might also involve disturbances in genetic material in the sperm, such as the
increased frequency of Y-chromosome nondisjunction found in 18 DBCP-
exposed workers by Kapp et al., (1979).

Male rats given DBCP at 120 mg/kg of body weight showed marked
cytoplasmic vacuolization of the proximal renal tubular epithelium in the outer
medulla and hepatic centrilobular necrosis. DBCP at 40 mg/kg produced only
mild hepatocellular swelling in the periportal region of the liver lobules.
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The testes and epididymides of the rats revealed relatively minor cellular
injury 24 hours after the two highest doses (80 and 120 mg/kg) (NRC, 1986).

Summary DBCP produces functional disturbances of the liver and kidneys
and is carcinogenic in several organ systems in rats and mice. It is mutagenic in
rats, and has adverse effects on human male fertility.

Ethylene Dibromide (EDB)

EDB has been used as an antiknock constituent in gasoline containing
tetraethyl lead, as a fumigant-insecticide, as a nematocide, and as a solvent for
resins, gums, and waxes.

Occurrence No data on EDB concentrations in drinking water were found.
Tissue Distribution After intraperitoneal injection in rats and mice, EDB

was concentrated in the liver, kidneys, and small intestine.
Formation of DNA Adducts EDB has been shown to bind to DNA in vivo

and in vitro. The major adduct formed has been identified as S-[2-(N7-guanyl)
ethyl]glutathione (Inskeep et al., 1986).

Mutagenicity EDB is mutagenic at high doses in fungal and bacterial
systems. In Drosophila melanogaster, gaseous EDB at a concentration as low
as 2.3 ppm × hour (0.2 ppm for 11 hours) produced sex-linked lethal mutations
(Kale and Baum, 1979).

Carcinogenicity EDB produces squamous cell carcinoma and
adenocarcinoma of the forestomach, liver cancer, and hemangiosarcoma in rats
and nasal cavity carcinoma, alveolar carcinoma, bronchiolar carcinoma,
hemangiosarcoma, fibrosarcoma, malignant mammary neoplasm, and skin
papilloma in mice (NRC, 1986).

Other Health Effects Humans exposed to EDB have an acute dermal
reaction that consists of painful local inflammation, swelling, and blistering.
Systemic exposure causes vomiting, diarrhea, and abdominal pain, and in some
cases delayed lung damage, depression of the central nervous system,
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metabolic acidosis, hepatic damage, acute renal failure, and death (NRC, 1986).
Studies in animals have shown acute lethality of EDB in several species.

An intraperitoneal dose of 188 mg/kg of body weight in mice produced
significant increases in liver and kidney weights and resulted in necrosis in
those organs (NRC, 1986).

Summary EDB is mutagenic, carcinogenic, and toxic in the reproductive
system of laboratory animals. It appears to be a direct-acting mutagen in some
bacteria and to bind to DNA.

A CONTAMINANT THAT PROBABLY FORMS DNA ADDUCTS

Trichlorfon

Trichlorfon has been used as a chemotherapeutic agent for schistosomiasis
and as an insecticide.

Occurrence No data on trichlorfon concentrations in drinking water were
found.

Tissue Distribution In experiments with 14CH3-labeled trichlorfon, the
compound or its metabolites were found in liver, lung, kidney, heart, spleen,
and blood. It is also suggested that trichlorfon or a neurologically active
metabolite can enter the central nervous system (NRC, 1986).

Formation of DNA Adducts Trichlorfon can apparently react directly with
DNA in vitro, albeit weakly (NRC, 1986).

Mutagenicity Results of mutagenesis tests and tests for cytogenetic damage
in cultured mammalian cells were positive for trichlorfon. Chromatid
aberrations, such as sister-chromatid exchanges, have been reported in factory
workers exposed to trichlorfon. The genetic risk to the offspring of patients
treated with a therapeutic 15-mg/kg dose was estimated to be of the same
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order of magnitude as the risk associated with 100 mrads of gamma radiation
(NRC, 1986).

Carcinogenicity Carcinogenicity studies have produced equivocal results.
Mammary tumors of three types were seen in laboratory animals (NRC, 1986).

Other Health Effects Trichlorfon inhibits serum and red blood cell
cholinesterases in humans. Humans ingesting high doses developed neurologic
dysfunction that appeared to be organophosphorus neuropathy. Decreases in
sperm counts and sperm motility have also been noted. Short-lived
chromosomal breaks and exchanges and an increase in stable chromosomal
alterations were found in some people exposed to trichlorfon. It has also been
reported to affect sperm structure (NRC, 1986).

Studies on trichlorfon exposure in animals indicated effects on
cholinesterase inhibition similar to those found in humans (NRC, 1986).

Summary The human genetic toxicity risk associated with trichlorfon
exposure is not clear. Studies show it has carcinogenic, teratogenic, and
reproductive effects in humans or animals. The suggested no-adverse-response
level (SNARL) calculated by the NRC Safe Drinking Water Committee is 88
µg/liter for a 70-kg human (NRC, 1986).

CONTAMINANTS THAT POSSIBLY FORM DNA ADDUCTS

Diallate

Diallate is an herbicide used in the control of wild oats and weeds in fields
of sugar beets, flax, barley, corn, and various other crops.

Occurrence Estimated exposure to diallate for workers during application
is approximately 0.5 µg/kg of body weight by inhalation and 980 µg/kg by
dermal deposition (NRC, 1986). No data on occurrence in drinking water were
found.
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Tissue Distribution No data are available.
Formation of DNA Adducts Evidence of DNA-adduct formation by diallate

is inconclusive. Diallate causes base-pair mutations and thus might form DNA
adducts.

Mutagenicity Base-pair mutations were produced in Salmonella
typhimurium at doses as low as 1 µg/plate. Mutagenic activity depended on
metabolic activation by hepatic microsomes (NRC, 1986).

Carcinogenicity Diallate produced systemic reticulum cell sarcomas in
male mice and hepatomas in both sexes of mice (NRC, 1986).

Other Health Effects In cats, rats, and mice, diallate produced central
nervous system excitement that rapidly progressed to clonic convulsions. It
produced delayed peripheral neuropathy in hens (NRC, 1986).

Summary Diallate is mutagenic, carcinogenic, and produces neurotoxic
effects. More complete carcinogenicity data is necessary for estimating risk.

Sulfallate

Sulfallate is a carbamate herbicide used for the control of grasses and
weeds in fruit and vegetable crops. It is soluble in water up to 100 ppm at 25°C.

Occurrence No data on the concentration of sulfallate in drinking water
were found.

Tissue Distribution No data are available.
Formation of DNA Adducts Evidence of DNA-adduct formation by

sulfallate is inconclusive.
Mutagenicity Sulfallate produces base-pair substitutions in Salmonella

typhimurium at doses as low as 10 µg/plate in the presence of metabolic
activation enzymes (NRC, 1986).
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Carcinogenicity Mammary adenocarcinomas in female rats and stomach
neoplasms in male rats were observed after the administration of sulfallate; the
effect appeared to be dose-dependent. Alveolar and bronchiolar carcinomas and
adenomas, with mammary adenocarcinomas, were observed in mice. On the
basis of these studies, and assuming consumption of 1 liter of water per day
containing sulfallate at 1 µg/liter, the lifetime cancer risk estimated for humans
is 1.0 × 10-6, and the upper 95% confidence estimate of lifetime cancer risk is
1.6 × 10-6 (NRC, 1986).

Other Health Effects Rats fed sulfallate at 250 ppm for 6 months
developed eye irritation, tubular nephropathy, and hyperkeratosis of the fore-
stomach (NRC, 1986).

Summary Sulfallate appears to be more carcinogenic than diallate,
inasmuch as it produces a broad range of tumors at multiple sites in several
organs, whereas diallate produces a limited variety of tumors at a single site
(NRC, 1986).

Chloropropanes And Chloropropenes

1,2-Dichloropropane (1,2-DCP)

1,2,3-Trichloropropane (1,2,3-TCP)

Cis-And Trans-1,3-Dichloropropene (1,3-DCP)
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Occurrence These compounds are generally found in mixtures used as soil
fumigants and fungicides, but they have also been used as commercial solvents,
drycleaning agents, and in the production of plastics.

No data were found on concentrations of 1,3-DCP, 1,2,3-TCP, and 1,2-
DCP in drinking water.

Tissue Distribution Target organs appeared to be the liver, kidneys, and
adrenals in all animals studied (NRC, 1986).

Formation of DNA Adducts Evidence of DNA-adduct formation is
inconclusive.

Mutagenicity 1,2-DCP had equivocal results when tested for mutagenicity
in the Ames Salmonella test, but was shown to induce sister-chromatid
exchanges at 1 mg/ml and chromosomal aberrations at a similar concentration
in cultured lymphocytes. 1,3-DCP (with 1% epichlorohydrin added as a
stabilizer) produced sex-linked mutations in Drosophila. The observed
mutagenicity of commercial 1,3-DCP in the Ames test was attributed to the
presence of oxygenated and chlorinated degradation products. 1,2,3-TCP
proved to be a mutagen in the Ames test at 0.1 mmol/plate, but only in the
presence of S9 microsomal extract (NRC, 1986).

Carcinogenicity Laboratory animals developed multiple hepatomas after
exposure to 1,2-DCP. Exposure to 1,3-DCP, given as Telone II (which also
contains 1% epichlorohydrin, 2.5% 1,2-DCP, and 1.5% trichloropropene),
resulted in tumors of the forestomach and liver nodules in male Fischer-344/ N
rats and tumors of the urinary bladder, forestomach, and lung in female B6C3F1
mice. 1,3-DCP was shown to be carcinogenic in Swiss mice, but there was
insufficient data for a complete assessment. Assuming daily consumption of 1
liter of water containing Telone II at 1 µg/liter, the estimated human lifetime
cancer risk is 0.5 × 10-6, and the upper 95% confidence estimate of lifetime
cancer risk is 1.1 × 10-6. Although no information on carcinogenic studies of
1,2,3-TCP was found, it must be considered a possible carcinogen because of its
structural similarity to other compounds displaying carcinogenicity (NRC, 1986).

Other Health Effects Chloropropanes and chloropropenes cause contact
dermatitis, headaches, vertigo, tearing, irritation of mucous membranes, and
when ingested, liver damage in humans. The oral LD50 is 860 mg/kg of body
weight in mice and 2,200 mg/kg in rats (NRC, 1986).

Summary Most of the studies reported have focused on the toxicity of these
compounds in mixtures. 1,2-DCP causes injury in the liver, kidneys, and
adrenals, and 1,2,3-TCP has the same target organ toxicity. No other
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information was found on 1,2,3-TCP, but it is considered carcinogenic because
of its structural similarities to the other compounds. 1,3-DCP (as Telone II) is
carcinogenic in rats and mice (NRC, 1986).

Di(2-Ethylhexyl) Phthalate (DEHP) And Mono(2-Ethylhexyl)
Phthalate (MEHP)

Occurrence DEHP is used as a plasticizer in plastic products. Polyvinyl
chloride pipes can contain up to 30% DEHP. Its concentration in water has been
found to range from 5 to 130 ng/liter. DEHP is found in animal products; the
highest concentrations have been detected in cheese and milk (35 and 31.4 mg/
kg of fat, respectively) (NRC, 1986).

DEHP is easily hydrolyzed in both the environment and the body to MEHP
and 2-ethylhexanol. Plasma concentrations of MEHP are always higher than
those of DEHP (NRC, 1986).

Tissue Distribution DEHP is found primarily in liver and adipose tissue.
Formation of DNA Adducts No evidence of DNA adduct-formation was

found.
Mutagenicity In the Ames Salmonella test, DEHP and MEHP were not

mutagenic. However, DEHP induced sister-chromatid exchanges in Chinese
hamster ovary cells after 24-hour exposures and at 1.0-100 mg/ml was positive
in the Syrian hamster embryo cell transformation assay (NRC, 1986).
Generally, DEHP and MEHP are considered nonmutagenic.

Carcinogenicity In light of the observed nonmutagenicity of DEHP, it has
been suggested that promotional activity of DEHP might be the mechanism of
action whereby carcinogenicity is induced. DEHP-induced S-phase response in
mouse hepatocytes to a greater degree than in rat hepatocytes. That suggests
that increased cell turnover can account for the carcinogenic activity of DEHP.
Assuming daily consumption of 1 liter of water containing the compound at a
concentration of 1 mg/liter, the estimated human lifetime cancer risk is 1.2 ×
10-7 (NRC, 1986).
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Other Health Effects One study determined that dialysis patients were
receiving about 150 mg DEHP per week via leaching from plastics used in their
treatment. After 1 month, no structural liver changes were observed; after 1
year, peroxisomes were increased in number. No other data on the effects of
DEHP in humans were found. DEHP in the diet of rats at 6,000 and 12,000 ppm
and of mice at 3,000 and 6,000 ppm was observed to yield hepatocellular
tumors (NRC, 1986).

In male rats, DEHP caused gonadal toxicity that led to reproductive,
developmental, and fertility effects (NRC, 1986).

Summary DEHP is known to alter liver function; other areas of concern for
possible toxic effects are reproductive and fertility effects, developmental
effects, and cancer.

CONTAMINANTS ON WHICH THERE IS NO EVIDENCE OF
DNA-ADDUCT FORMATION

Arsenic

As
Three major sources of arsenic are the smelting of metals, the burning of

coal, and arsenic pesticides (for cotton dusting or wood preservation). It is also
found in some pigments. Arsenic travels long distances in the atmosphere and
precipitates in water. Another source of arsenic in drinking water is its leaching
from rocks (Sontag, 1981).

Occurrence Arsenic concentrations in drinking water can vary from less
than 1 ppb to over 600 ppb, depending on the water source. Only 0.4% of
samples taken from U.S. public drinking water supplies in a 1970 survey
exceeded a total arsenic concentration of 0.01 mg/liter; however, mineral waters
can contain 50 times as much arsenic as normal drinking water, and hot springs
300 times as much (NRC, 1977, 1980). The U.S. Environmental Protection
Agency drinking water standard is 50 ppb.

Tissue Distribution Arsenic occurs mainly in the liver, kidneys, spleen,
intestinal wall, and lungs (NRC, 1977).

Formation of DNA Adducts No evidence of DNA-adduct formation has
been found. However, arsenic is cocarcinogenic and interferes with DNA repair
mechanisms (NRC, 1977).
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Mutagenicity Trivalent arsenic causes aneuploidy. Sister-chromatid
exchanges and chromosomal aberrations are noted in cells affected by or
exposed to arsenic compounds.

Carcinogenicity Keratosis, skin cancer, and lung cancer have been
observed in persons exposed to arsenic (NRC, 1977).

Other Health Effects Arsenic primarily affects tissues of the alimentary
tract, kidneys, liver, lungs, and epidermis. Its damaging effect on capillaries
results in hemorrhage into the gastrointestinal tract, sloughing of mucosal
epithelium, renal tubular degeneration, hepatic fatty changes, and necrosis
(Merian et al., 1985).

Summary Arsenic is neurotoxic in humans and animals. Environmental
exposure to arsenic in drinking water has been linked in epidemiological studies
to an increased incidence of several diseases and cancers (NRC, 1983).

Nitrofen

Nitrofen is a contact herbicide used on a variety of food crops to control
animal grasses and weeds before and after crops begin to grow. It is activated
by sunlight and kills weeds by inhibiting photosynthesis.

Occurrence No data were found on nitrofen concentrations in drinking
water.

Tissue Distribution Nitrofen concentrates in fatty tissue, and occurs in
smaller amounts in other tissues (Hurt et al., 1983).

Formation of DNA Adducts No data are available.
Mutagenicity No data are available.
Carcinogenicity In rats fed nitrofen, metastatic and invasive ductal

carcinoma of the pancreas developed. In mice, an increased incidence of
hepatocellular carcinomas was observed. On the basis of the no-observed-effect-
level (NOEL), and assuming a daily consumption of 1 liter of water containing
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nitrofen at 1 mg/liter, the estimated human lifetime cancer risk and upper 95%
confidence estimate of lifetime cancer risk were 4.4 × 10-5 and 5.6 × 10-5,
respectively (NRC, 1986).

Other Health Effects A dose-related increase in the weight of the liver,
testes, and kidneys was noted in rats fed nitrofen as part of their diet. Elevated
liver weights as well as induction of cytochrome P-450 activity levels have been
consistent, early signs of low-dose exposure in rodents. Nitrofen produced soft-
tissue abnormalities in fetuses of rats, mice, and hamsters (NRC, 1986).

Summary Nitrofen is teratogenic and carcinogenic in laboratory animals.

Pentachlorophenol

Pentachlorophenol and its salts have been widely used as pesticides.
Commercial pentachlorophenol is composed of 88.4% pentachlorophenol, 4.4%
tetrachlorophenol, less than 0.1% trichlorophenol, and 6.2% higher chlorinated
phenoxyphenols (NRC, 1986).

Occurrence Pentachlorophenol has been measured in effluent streams at
0.1-10 µg/liter, in river water at 12.3 µg/liter, in surface ponds and drainage
water at 1-800 µg/liter, in municipal drinking water at 99 parts per trillion, and
in wells at 24 ppm. It has been detected in a variety of wildlife and in fish at
0.35-26 mg/kg of body weight. There has been widespread human exposure to
this compound. Pentachlorophenol has been detected in seminal fluid (50-70
mg/kg) of exposed men, in urine (6.3 mg/liter), and in adipose tissue. The
plasma of dialysis patients has been shown to contain pentachlorophenol at
15.7-15.8 µg/liter, compared with 15.0 µg/liter in controls (NRC, 1986).
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Tissue Distribution The liver, kidneys, brain, spleen, and fat are major
depositories in humans (NRC, 1986).

Formation of DNA Adducts No evidence of DNA-adduct formation has
been found.

Mutagenicity In the mouse spot test, weak mutagenic activity was
observed. Pentachlorophenol was mutagenic in yeast assay, and chromosomal
abnormalities were observed in Vicia faba seedlings, but no increases in
chromosomal aberrations were observed in workers with increased
concentrations of pentachlorophenol in serum and urine (NRC, 1986).

Carcinogenicity Carcinogenicity studies have not provided a basis for
complete evaluation.

Other Health Effects Acute exposure of laboratory animals to
pentachlorophenol results in vomiting, hyperpyrexia, and increases in blood
pressure, respiration rate, and heart rate. Chronic studies have shown alterations
in liver structure at all doses when rats ingested 20-500 ppm of
pentachlorophenol over an 8-month period. Immunotoxicity and neurotoxicity
were observed in laboratory animals given pentachlorophenol, and
developmental effects occurred in the litters of female rats and hamsters dosed
during gestation (NRC, 1986).

Summary The metabolism of pentachlorophenol is generally similar among
mammalian species. However, inadequate characterization of the
pentachlorophenol used in studies has led to uncertainty as to whether observed
effects were due to pentachlorophenol or to contaminants. Pentachlorophenol
can be absorbed through the skin, by inhalation, and by ingestion. In animals, it
has resulted in fetotoxicity and damage to the liver, kidney, and central nervous
system; hematologic and immune systems have been affected. In humans, it is
neurotoxic. It affects the immune system, liver, and kidneys, and produces
hematologic disorders. Some studies have reported production of aplastic
anemia and malignancy.
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Glossary

B

ACTIVATING EN-
ZYMES

Enzymes or enzyme complexes associated with activation of a
xenobiotic compound. Such enzymes typically oxidize the
compound to reactive intermediates or detoxify the compound.

ADDUCT A chemical addition product. For example, when the mutagenic
alkylating agent ethyl methanesulfonate reacts with DNA, any of
the normal bases in DNA (i.e., adenine, thymine, guanine, and
cytosine) may be convened into adducts, such as N7-ethylguanine
and N3-ethylcytosine. Adducts may also be formed between bases
on the phosphate backbone of DNA. An example is the formation
of pyrimidine dimers upon exposure to the physical agent
ultraviolet light. Most chemical agents that react with DNA can
also form adducts with proteins; however, the extent of the reaction
with each often differs greatly.

ALKYLATING
AGENT

A substance that causes the addition of an alkyl group to an organic
compound; according to the number of reactive groups they
contain, alkylating agents are classified as monofunctional,
bifunctional, or polyfunctional; many alkylating agents are
mutagenic to humans.

ALKYLATION The addition of alkyl groups, such as methyl or ethyl groups, to
another chemical; for example, the mutagen ethyl
methanesulfonate (EMS) adds ethyl groups to DNA, forming
adducts such as N7-ethylguanine; EMS is said to be an alkylating
agent and to alkylate DNA.
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ANTIGEN A substance capable, under appropriate conditions, of inducing a
specific immune response and of reacting with the products of that
response.

ANTISERUM An antibody-containing serum generated by an animal or human as
an immunologic response to infection.

8-AZAGUANINE An analogue of the normal DNA and RNA purine base guanine;
selection for resistance to the toxic effects of 8-azaguanine is the
basis for several mutation-detection systems.

BASELINE
ADDUCTS

Endogenous adducts found on DNA from ''unexposed" organisms
or individuals. The source of these adducts is unknown.

BINDING Formation of adducts by chemical linkage between an exogenous
compound and a normal cellular macromolecule.

BIOLOGIC
DOSIMETER

The use of a cellular molecule that undergoes a change following a
reaction with a specific agent or class of agents as an estimate of
dose to the target tissue or as a marker of exposure or effect.

BIOLOGIC END
POINT

Target tissue; the site of toxic action.

BIOTRANSFOR-
MATION

The series of chemical alterations of a compound occurring within
the body, as by enzymatic activity.

CARCINOGEN A chemical or physical agent which causes an increase in tumor
rate in exposed organisms or individuals.

CENTROMERE A specialized part of a chromosome that attaches to a spindle fiber
during cell division.

CHROMATID One of the identical longitudinal halves of a chromosome, sharing a
common centromere with a sister chromatid; produced by the
replication of a chromosome during interphase. (See SISTER-
CHROMATID EXCHANGE)

CHROMOSOME A nucleoprotein structure, generally more or less rodlike during
nuclear division; a physical structure that bears genes; each species
has a characteristic number of chromosomes.

CHRONIC ANIMAL
BIOASSAY

Long-term (90 days to lifetime) exposure study, usually conducted
in small rodents (mice and rats), to determine, in the context of this
report, the carcinogenicity of a chemical or physical agent.
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CODING SE-
QUENCE

The region of a gene (DNA) that encodes the amino acid sequence
of a protein.

COVALENT BIND-
ING

A stable chemical bond formed between two atoms in which
electrons are shared by both.

CROSS-LINKING The joining of two DNA strands or a DNA strand with a protein
strand by a bifunctional or polyfunctional alkylating agent. An
inter-strand cross-link binds two separate strands together; an
intrastrand cross-link joins different parts of the same DNA
strand.

CYTOSINE DEAM-
INATION

The removal of the NH2 group from the C4 atom of cytosine,
converting the cytosine to uracil.

DNA Deoxyribonucleic acid, the genetic material of every cell.

DNA ALTER-
ATIONS

Changes in the nucleotide sequence or the structural integrity of the
normal DNA molecule of a cell or organism.

DNA DAMAGE Any modification of DNA that alters its normal structure, its coding
properties, or its normal function in replication or transcription.

DNA LESIONS DNA  alterations that form the basis of mutation.

DEPURINATION The process of removal of a purine base, either guanine or adenine,
from DNA.

DEPYRIMIDINA-
TION

The process of removal of a pyrimidine base, either thy-mine or
cytosine, from DNA.

DETOXIFICATION The metabolic conversion of a substance into another substance of
lower toxicity; the mammalian liver is an important site of
detoxification processes. (See also METABOLIC ACTIVATION
and TOXIFICATION)

DEVELOPMENTAL
EFFECTS

Embryonic (fetal) growth retardation, malformations, or death
produced by exposures during embryonic stages of development,
usually at levels that do not induce severe toxicity in the mother.

DIPLOID An organism or cell having two complete sets of chromosomes,
with each set typically of a different parental origin.

DOMINANT
LETHAL MUTA-
TION

A mutation of the germ cell that results in embryonic or fetal
death.
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DOSE Used loosely as equivalent to quantity or extent of exposure.
Specifically, as DOSE TO THE TARGET TISSUE, the amount
of material, expressed as time integral of concentration, that
reaches a biologically significant target; BIOLOGICALLY
EFFECTIVE DOSE, the number of adducts per nucleotide or per
unit of protein.

DOSIMETRY Scientific determination of amount, rate, and distribution of a dose
(chemical or physical) to a particular target.

ELECTROPHILE An agent with an affinity for a pair of electrons that bonds with a
substance (i.e., with a nucleophile) offering a pair of electrons;
because there are many nucleophilic sites in DNA, electrophiles
can react with DNA to produce a variety of adducts; many
metabolically activated mutagens and carcinogens or their
metabolites are electrophilic.

ENZYMATIC RE-
PAIR SYSTEMS

Cellular enzymes capable of recognizing and repairing altered
DNA templates.

EXCISION REPAIR The enzymatic removal from DNA of an altered base or
nucleotide, followed by resynthesis and rejoining of the DNA.
Various different enzymatic pathways for excision repair are
recognized.

EXOCYCLIC Refers to chemical groups not in the basic ring structures of the
bases in DNA. For example, the NH2 group on the C4 atom of
cytosine is such a group.

EXPOSURE In the context of this report, amount of material ingested, inhaled,
or otherwise received by an organism. (See also DOSE)

FEMTOMOLE 10-15 moles.

GENOME A complete set of chromosomes or of chromosomal genes.

GENETIC TOXICI-
TY

The capacity to cause an adverse effect on a genetic system,
including mutagenesis and other indicators of genetic damage.

GERM CELL Any cell that will eventually differentiate into a mature sex cell
(sperm or oocyte).

HAPTEN The portion of an antigenic molecule or complex that determines
its immunologic specificity.
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HAZARD IDENTI-
FICATION

Determination of the potential for an agent to produce toxicity.

HEPATOCAR-
CINOGEN

A chemical that causes cancer in the liver.

HEPATOCELLU-
LAR CARCINOMA

A cancer pertaining to or affecting liver cells.

HEPATOCYTE A parenchymal liver cell.

HERITABILITY The ability to be passed on from one cell generation to another or
from one individual to an offspring.

HERITABLE
TRANSLOCATION

A stable rearrangement of the position of chromosomal segments
that leads to successful chromosomal replication and progeny that
carry the translocation.

HPRT Hypoxanthine-guanine phosphoribosyl transferase (also called
HGPRT); an enzyme involved in the utilization of the purine bases
hypoxanthine and guanine in mammalian cells (there are related
enzymes in submammalian species; mutants that lack HPRT are
resistant to the toxic effects of the guanine analogues 8-azaguanine
and 6-thioguanine, which can therefore be used to select HPRT
mutants and form the basis of several mutation-detection systems.

"HOT SPOT" A DNA site or sequence that is particularly susceptible to the
formation of alterations that result in mutations.

IMMUNOGEN Any substance capable of eliciting an immune response.

INTRAPERI-
TONEAL

Referring to the abdominal region within the peritoneum.

LOCUS The position that a particular gene occupies in a chromosome.

METABOLIC AC-
TIVATION

The metabolic conversion of a promutagen into a mutagen—as an
aspect of toxification; the possibility that a chemical may undergo
toxification in vivo provides the rationale for using S-9 mixtures or
other metabolic activation systems with many in vitro genetic
toxicity tests. (See also ACTIVATING ENZYME and 
DETOXIFICATION)

METHYLATING
AGENT

A chemical that can transfer a methyl (CH3) group to another
compound.
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MISCODING An alteration in DNA that changes the readout of information from
the usual amino acid to a different amino acid.

MOLECULAR
DOSIMETRY

The measurement of chemical dose at a particular target organ or
tissue by examination of configurational or chemical changes in
cellular molecules.

MUTAGEN An agent that causes mutation.

MUTATION A permanent change in genotype other than one brought about by
genetic recombination.

NONINVASIVE In reference to analytical techniques requiring a test specimen, not
involving injury to the subject.

NUCLEOPHILIC
SITE

Within a chemical structure, a region with a negative charge that
attracts positively charged chemical groups, or donates electrons.
(See also ELECTROPHILE)

NUCLEOTIDE The monomeric unit of polynucleotide polymers known as nucleic
acids; consists of three components—a ribose or a 2-deoxyribose
sugar, a pyrimidine or purine base, and a phosphate group—each
of which exists as a phosphate ester of the N-glycoside of the
nitrogenous base.

NUCLEOTIDE EX-
CISION

Repair by the enzymatic removal of a nucleotide or oligonucleotide
containing an altered base followed by synthesis and rejoining of
the DNA. (See EXCISION REPAIR)

PHARMACODY-
NAMIC

Pertaining to the biochemical processing and physiologic effects of
xenobiotic compounds within a living organism.

PHARMACOKI-
NETICS

The movement in time of xenobiotic compounds in the body,
including the processes of absorption, distribution, localization in
tissues, biotransformation, and excretion.

PROMOTER A chemical compound that advances the process of carcinogenesis
begun by other agents.

PROMUTAGEN An agent that can become a mutagen if metabolically activated.

PROTAMINE A small, basic protein that is rich in the amino acid argenine and
contains a positive charge. In late stages of spermatid maturation,
protamines neutralize the negative charges on DNA by replacing
the usual uncharged
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chromosomal proteins (histones) and thus facilitate DNA folding
and packaging.

PURINES Two of the bases found in DNA belong to this chemical class. They
are guanine (G) and adenine (A). They are linked to the C1 position
of deoxyribose, the sugar found in the DNA backbone.

PYRIMIDINE The other two bases in DNA belong to this chemical class. They
are cytosine (C) and thymidine (T). They are linked to the C1
position of deoxyribose, the sugar found in the DNA backbone.
The usual base pairs in DNA are G-C and A-T.

PYRIMIDINE
DIMERS

Adjacent pyrimidine bases in DNA that are joined by a cyclobutane
ring as a result of short wavelength UV irradiation.

RADIOLABELING The process of incorporating a radioactive isotope of an atom into a
larger chemical structure to produce a marker.

RECESSIVE
LETHAL MUTA-
TION

A gene alteration which, when homozygous, results in a mutant
phenotype, but which, when heterozygous, results in a normal or
near normal phenotype.

REPLICATION In the synthesis of new DNA from preexisting DNA, the formation
of replicas from a model or template; the process by which genes
(hereditary material; DNA) duplicate themselves.

RISK ASSESSMENT Includes four components: hazard identification, exposure
assessment, dose-response assessment, and characterization of risk
at projected levels and patterns of exposure. Qualitative risk
assessment involves only the first two, and sometimes a limited
amount of the third, whereas quantitative estimates of human risk
include all four components and involve more uncertainties and
less consensus about the most appropriate animal models, data
sets, and conversion factors to use in calculation. Nevertheless,
there are compelling arguments favoring the use of animal data for
quantitative risk assessments.

S-9 A metabolic activation mixture (i.e., microsomal and cytosolic
enzymes) derived from a mammalian liver homogenate. S-9 is used
with many in vitro genetic-toxicity tests to provide for the
conversion of promutagens into mutagens. (See also 
ACTIVATING ENZYME)

SENSITIVITY The proportion of test cells or animals that are positive in the
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system being evaluated; the capacity of a test to detect small
increases in toxic effects.

SINGLE-STRAND
BREAK

A break occurring in the phosphate backbone of one strand of a
double-stranded DNA molecule.

SISTER-CHRO-
MATID EX-
CHANGE

The exchange of segments between the two chromatids of a
chromosome. (See also CHROMATID)

SPECIFICITY The quality of affecting only certain organs or tissues, or reacting
only with certain substances.

SPERMATIDS Immature male germ cells that are nearly fully differentiated as
sperm cells.

SPERMATAZOA Fully mature sex cells in the male.

SPERMIOGENIC Referring to those germ cell stages in the male from meiosis
onward, in which spermatids and spermatozoa are differentiating.

TEMPLATE In genetics, a strand of DNA that specifies the synthesis of a strand
of ribonucleic acid (RNA) complementary to itself or of messenger
RNA that in turn serves as a template for the synthesis of proteins.

6-THIOGUANINE An analogue of the purine base guanine, which is a normal
component of DNA and RNA; selection for resistance to the toxic
effects of 6-thioguanine is the basis of several mutation-detection
systems.

THYMIDINE KI-
NASE (TK)

An enzyme involved in the utilization of the nucleotide thymidine
(which ultimately becomes part of the structure of DNA); catalyzes
the phosphorylation of thymidine to thymidine monophosphate;
mutants that lack TK are resistant to the toxic effects of several
thymidine analogues, including bromodeoxyuridine and
trifluorothymidine; selection of these drug-resistant mutants
provides the basis of several mutation-detection systems, most
notably in mammalian cells.

TIME-WEIGHTED
AVERAGE

An average exposure concentration calculated from intermittent
samplings of exposure concentrations.

TOXICANT Any substance that, through its chemical action, causes adverse
effects in living organisms.

TOXlFICATION The metabolic conversion of a substance into another substance

GLOSSARY 86

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

 to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

,
an

d 
so

m
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


that has greater toxicity; sometimes occurs as a consequence of
processes that are usually associated with detoxification. (See
also METABOLIC ACTIVATION)

TRANSCRIPTION The synthesis of RNA on a DNA template in such a way that the
sequence of nucleotides in the RNA is the complement of the
sequence of nucleotides in DNA.

VALIDATION The process by which the consistency of a particular test is
determined; the concordance of results of a test in question and
previously established tests for a representative sample of
chemicals is evaluated.

XENOBIOTIC Originating outside or caused by factors outside the organism;
pertaining to that which is not a normal physiologic part of an
organism.
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Biographical Sketches

SUBCOMMITTEE ON DNA ADDUCTS

DAVID J. BRUSICK received his Ph.D. in microbial genetics from
Illinois State University in 1970 and did postdoctoral research as a National
Academy of Sciences research associate at the Food and Drug Administration's
Genetic Toxicology Branch. A past president of the U.S. Environmental
Mutagen Society (1978-79), Dr. Brusick is adjunct professor of microbiology
and genetics at the schools of medicine of both Howard and George
Washington universities. He is the author of numerous scientific publications,
including a textbook, Principles of Genetic Toxicology. He was a committee
member contributing to the NRC report Toxicity Testing: Strategies to
Determine Needs and Priorities for the National Toxicology Program and has
also served on numerous other NRC committees. He is a member of the
International Commission for the Protection against Environmental Mutagens
and Carcinogens and a member of the Steering Committee for the
Environmental Protection Agency's Gene-Tox Program. Dr. Brusick's interests
include basic and applied research in mutagenic and carcinogenic mechanisms
and the application of biotechnology techniques to the development of safety
testing methods.

GAIL T. ARCE is a genetic toxicologist at the Haskell Laboratory for
Toxicology and Industrial Medicine, E. I. du Pont de Nemours & Company, in
Newark, Delaware. She received her Ph.D. from Yale University in 1978 from
the Department of Molecular Biophysics and Biochemistry and did postdoctoral
work at New York University's Department of Environmental
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Medicine and Columbia University's Institute of Cancer Research. Her research
has focused on the evaluation of DNA-adduct dosimetry in in vitro mutation
and transformation assays.

JOHN C. BAILAR III is a statistician and physician at McGill University
in Montreal. Since 1980 he has been a statistical consultant for the New
England Journal of Medicine. His research interests center on the processes of
health risk assessment, whether they are applied to chemicals, radiation,
microorganisms, or other hazards. He also has a strong interest in scientific
communication, and in 1987-88 served as the president of the Council of
Biology Editors. He has been a member of many National Academy of Sciences/
National Research Council studies concerned with health risks.

RAMESH C. GUPTA holds degrees from Agra, Meerut, and Roorkee
Universities in India. He is an associate professor in the Department of
Pharmacology at Baylor College of Medicine in Houston, Texas. Conducting
research in sensitive techniques for sequencing of RNA, he is also one of the
developers of the 32P-postlabeling assay for DNA adducts. His research
interests include DNA damage and repair in animal and human cells. Dr. Gupta
is a member of the American Society of Biological Chemists, the American
Society of Cancer Research, the American Society for Cell Biology, and the
American Association for the Advancement of Science.

ROBIN HERBERT is a Charles A. Dana Foundation Fellow in
Environmental Epidemiology and an instructor in the Division of
Environmental and Occupational Medicine of the Department of Community
Medicine at Mount Sinai Medical Center in New York, New York. An internist
and specialist in occupational medicine, Dr. Herbert's principal area of interest
is in the use of biologic markers of exposure to carcinogens in occupationally
and environmentally exposed populations. She is currently studying DNA
adducts and other markers of exposure among roofing workers exposed to
polycyclic aromatic hydrocarbons. Dr. Herbert is a member of the American
College of Physicians, the Society for General Internal Medicine, and the
American Public Health Association.

PAUL H. M. LOHMAN is a professor and director of the laboratory of
Radiation Genetics and Chemical Mutagenesis, State University of Leiden, The
Netherlands. Dr. Lohman is an expert is the field of DNA repair and the relation
between the induction of DNA damage, DNA repair, and mutagenesis in cells
of mammalian origin. Currently, he is heading one of the largest research
institutions in Europe in the filed of environmental mutagenesis and genetic
toxicology. He is scientific secretary of the International

BIOGRAPHICAL SKETCHES 90

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


Commission for Protection against Environmental Mutagens and Carcinogens
and a past president of the European Environmental Mutagen Society.

CAROL W. MOORE received degrees from Ohio State University and
Pennsylvania State University and performed postdoctoral research at the
University of Rochester School of Medicine. She received a fellowship to
conduct research in the Interdisciplinary Programs in Health and Environmental
Health Policy and Management Program from the Harvard University School of
Public Health and School of Business. Dr. Moore is currently associate
professor of microbiology at City University of New York Medical School,
Sophie Davis School of Biomedical Education—City College, New York City.
She has conducted research in genetics, molecular biology, genetic toxicology,
cancer biology, radiobiology and biochemistry, including the genetic control of
cellular responses in yeast and human cells to radiation and the radiomimetic
bleomycins.

ROBERT F. MURRAY is a graduate of the University of Rochester
School of Medicine, an internist whose subspecialty is medical genetics. A
military tour of duty in the U.S. Public Health Service at the National Institutes
of Health sparked an interest in genetic markers which might indicate inherited
susceptibility to disease. He received a master's degree and a fellowship in
medical genetics at the University of Washington in Seattle. After joining the
Faculty of Medicine at Howard University in Washington, D.C., he continued
studies of developmental variation in human liver alcohol dehydrogenase and
genetic markers indicating the clonal origins of breast tumors. He also became
involved in programs of genetic screening, counseling and prenatal diagnosis
(with special emphasis on sickle cell disease), and the use of genetic markers to
identify individuals highly susceptible to potentially toxic compounds in the
work environment, as well as the effects of these compounds on the human
genome. A major research interest has been the study of the psychological
aspects of genetic counseling. He is currently chief of the Division of Medical
Genetics in the Department of Pediatrics and Child Health, directing an active
program of teaching and patient service, and chairman of the Graduate
Department of Genetics and Human Genetics. He is an active member of the
Institute of Medicine and he has served on its governing council and also on
several NRC and IOM task forces and working groups.

MIRIAM C. POIRIER is a research chemist in the Laboratory of Cellular
Carcinogenesis and Tumor Promotion at the National Cancer Institute, NIH.
Her graduate studies were carried out at the McArdle Laboratories at the
University of Wisconsin, and the Department of Biology at the Catholic
University of America. She was among the first to elicit antisera specific for
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carcinogen-DNA adducts and investigate mechanisms of chemical
carcinogenesis utilizing quantitative immunoassays and immunohistochemistry.
For development of this methodology she received the NIH Merit Award. More
recently Dr. Poirier has pioneered efforts to validate the use of immunoassays
for human exposure biomonitoring. She has served in an advisory capacity to
the Harvard School of Public Health, the Department of Health and Human
Services Panel on Application of Biologic Markers in Risk Assessment, and the
Health Effects Institute.

GARY A. SEGA received graduate degrees from the University of Texas
and Louisiana State University. He has been a research staff member in the
Biology Division of Oak Ridge National Laboratory for the past 15 years. Dr.
Sega's principal research interest is studying the molecular mechanisms that
give rise to mutations in mammalian germ cells, including chemical binding to
DNA and proteins, and DNA repair in the germ cell. He is a member of the
Environmental Mutagen Society and is presently a member of the editorial
board of Molecular and Environmental Mutagenesis.

RICHARD B. SETLOW was educated in the field of physics (Ph.D.,
Yale University, 1947). He is a senior biophysicist at Brookhaven National
Laboratory on Long Island and is the Laboratory's Associate Director for Life
Sciences. His research deals with DNA repair mechanisms in numerous
biological systems, the roles of such repair mechanisms in ameliorating the
effects of carcinogenic chemicals, variations in repair among people, and the
association of such mechanisms with aging. He is a member of the National
Academy of Sciences.

JAMES A. SWENBERG is head of the Department of Biochemical
Toxicology and Pathobiology at the Chemical Industry Institute of Toxicology
and an adjunct professor of pathology at the University of North Carolina and
Duke University. Dr. Swenberg is on the editorial boards of several cancer-and
toxicology-related journals; served as a member and chairperson of the National
Toxicology Program Board of Scientific Counselors; is a member of the EPA
FIFRA Science Advisory Panel; and the Board of Scientific Counselors,
Division of Biometry and Risk Assessment of the National Institute for
Environmental Health Sciences. Dr, Swenberg's research interests address the
role of DNA adducts, repair and replication in carcinogenesis, experimental
neuroncology and the scientific basis of quantitative risk assessment. He is a
diplomat in the American College of Veterinary Pathologists.
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PART II

MIXTURES
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Executive Summary

Humans live in a complex environment and are often exposed to sequences
or mixtures of toxic materials. The science of dealing with the toxicity of
mixtures is relatively new and is still developing. Most experimental data relate
to the toxic effects of exposures to single materials, yet exposure to two or more
toxic materials might produce greater deleterious effects than would be
anticipated from knowledge of the effects of each of the materials considered
separately. Even as few as two materials can be present in infinite dose
combinations, and relative doses might affect toxicity of the mixture.
Experimental strategies for testing a manageable sample of the infinite
combinations are obviously needed. Even if the proportions of the constituents
are not of consequence (i.e., if only presence or absence is important), many
combinations can be made from a few constituents. For example, if each
mixture were treated as a separate material, testing all combinations of toxicants
would be physically and economically impossible. Testing all possible mixtures
of 10 substances (i.e., 2 at a time, 3 at a time, etc.) would require more than
1,000 tests, even if each substance were tested at only one dose (present or
absent).

An awareness of these problems and the recognition that the biological
mechanisms of toxicity of even single materials are often not known led the
Environmental Protection Agency (EPA) to ask the Board on Environmental
Studies and Toxicology of the National Research Council, through its Safe
Drinking Water Committee, to convene a workshop (1) to review the scientific
and experimental issues associated with estimating the toxicity of mixtures in
drinking water, (2) to suggest possible modifications of the current approaches,
and (3) to recommend subjects for future research. This report
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is the product of the workshop. Because the study of the toxicity of mixtures is
relatively new, the Subcommittee on Mixtures, which prepared the report,
confined its considerations to a small number of issues.

APPROACHES FOR PROBLEM RESOLUTION

Several possibilities exist for attacking the problems of testing (and
regulating) mixtures. Research on mechanisms could lead to theoretical
modeling that would exploit data on the toxicity of single materials; that is a
desirable long-term goal. In the absence of knowledge of mechanisms and of
accepted models for combining the toxicitiy of single materials, some mixtures
will have to be tested. If the numbers of such mixtures can be kept small, testing
might become both operationally and economically possible.

GROUPING CHEMICALS FOR ESTIMATION OF COMBINED
RISK

A prudent first step in assessing and managing the health risks associated
with exposure to mixtures in drinking water is to reduce the apparent number of
mixtures by developing appropriate methods for grouping the substances found
in water. This report examines two such groups based on similarities of biologic
effects: volatile organic chemicals (VOCs), of which several are suspected
human carcinogens, and organophosphorus compounds and carbamates, which
inhibit acetylcholinesterase. In addition, this report suggests some ways to make
other logical classifications and thus reduce the testing needed.

Except for the trihalomethanes (a class of volatile organic chemicals that
are by-products of disinfection), the EPA Office of Drinking Water has
promulgated standards only for single components of drinking water. It is
unlikely that each agent present in drinking water will act in biologic isolation
of every other agent present. Where the mechanisms of toxicity of two or more
toxicants are the same or similar, exposure to several materials, each at a below-
threshold dose (i.e., a dose with a zero response), could amount to exposure to
an above-threshold dose and produce a response.

EPA's general guidelines for evaluating the health risk associated with
exposure to a chemical mixture recommend that, if data are not available on the
complete mixture or a toxicologically similar mixture, a dose-additive method
be used to define a ''hazard index" (in effect, an exposure index) based on
measured concentrations and reference doses. The subcommittee recommends
using a modified hazard index that sums similar toxicities, incorporates multiple
toxic manifestations, and suggests, under some circumstances, the use of an
uncertainty factor to allow for possible synergisms.

The subcommittee reviewed earlier schemes for the arbitrary grouping of
substances in its efforts to devise some classification schemes that could
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facilitate control of mixtures in drinking water. In light of EPA's general
guidelines, the subcommittee suggested the following as possible ways for EPA
to group substances for assessing their combined risk when they are found in
drinking water. Groupings that are more rational for regulatory purposes might
be found.

•   Substances can be grouped according to carcinogenicity. According to
the currently preferred dose-extrapolation models, additivity of
response or risk can usually be assumed for low-dose exposure to a
mixture of carcinogens (at doses with relative risks of less than 1.01).
The subcommittee cautions that additivity might not apply for
carcinogens at high doses, when some dose extrapolation models are
considered, or when one agent is a "pure" initiator and another a
promoter.

•   Substances can be grouped according to other toxic end points (such as
specific organ toxicity, peripheral nerve damage, etc.). It is likely that
not all members of a group will affect an end point via the same mode
of action.

•   When toxic end points are unknown, substances can be grouped on the
basis of their transformation into similar metabolites with similar
reactivity and stability, although it must be kept in mind that their toxic
end points might differ.

•   Substances can be grouped according to structural properties. For
toxic materials that fall into any of these groups, a toxic-equivalence
approach that estimates the combined toxicity of the members of a
single chemical class on the basis of the toxicity of a representative of
the class has substantial appeal. In this approach, one estimates the
potencies of the contaminants belonging to a given class relative to the
potency of a representative of the class. (That is already done for some
classes of compounds, such as polycyclic aromatic hydrocarbons,
dibenzo-p-dioxins, and dibenzofurans). Toxic doses can then be
combined according to some weighting procedure using a dose-
additive model.

USING PHYSIOLOGICALLY BASED PHARMACOKINETIC
MODELING

The new field of physiologically based pharmacokinetics warrants
attention as a first step in applying existing knowledge of mechanisms of
toxicity. (In the realm of toxicity modeling, the term "toxicokinetics" might be
more appropriate.) Unfortunately, little is known about how pharmacokinetic
variables are affected by simultaneous or sequential exposure to multiple
chemicals. Improved understanding and modeling of the pharmacokinetics of
mixtures should lead to improved methods for estimating the risks associated
with exposure to multiple chemicals in drinking water. Development of
appropriate
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pharmacokinetic models will require considerable theoretical and experimental
work.

STATISTICAL APPROACHES FOR REDUCING
EXPERIMENTATION (RESPONSE-SURFACE DESIGNS AND

FRACTIONAL FACTORIALS)

Response-surface methods are mathematical-statistical techniques that
permit the estimation of the effects of each component of a mixture and the
effects of interactions (i.e., departures from additivity) on the basis of a small
number of experimental points. The 2k factorial approach permits the estimation
of possible interactions: each of the k factors (elements in the mixture) is
assumed to be present at two concentrations (one of which may be zero), and
each concentration of each factor is combined with each concentration of every
other factor. Usually, some interactions are of less interest, and that permits the
use of fractional factorial designs, which require still fewer experimental
groups. The availability of modern computer graphics has permitted the plotting
of the data, both observed and fitted, in ways that lead to easier identification of
nonadditivity, if there is any.

ASSESSING EXPOSURE

To develop a risk assessment of a drinking water mixture, exposure needs
to be estimated. Drinking water is often not the sole source of exposure to many
of its contaminants. Exposures due to contact with other media and by other
routes must be considered, because they have the potential for raising total body
burden to levels that could be of concern and for providing substances critical
for synergistic interaction with waterborne substances. Inhalation of volatilized
drinking water contaminants during cooking, showering, or other activities is
another route by which water can contribute additional exposure, as is dermal
contact in swimming and bathing.

The subcommittee considers it likely that, if a simple analytic process were
developed to provide a summary measure of an entire class of toxicologically
similar constituents in drinking water, it would also detect other, potentially
confounding constituents in the water.

APPLICATIONS—PROBLEMS OF EXPOSURE

On a practical level, ambient exposures to mixtures usually involve low
concentrations of the constituents. At concentrations that yield small increases
in relative risks, additive and multiplicative responses are essentially
indistinguishable, and additivity is a satisfactory first approximation. For
example, several organophosphorus and carbamate chemicals inhibit
acetylcholines
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terase, and their joint action is assumed to be the sum of their separate actions
on this end point.

The additive approach might need to be modified by incorporating an
uncertainty factor (for possible synergism), which would depend in part on the
information available and the concentrations of the contaminants. If a great deal
of toxicologic information is available on the individual contaminants, if toxic
interactions are not likely (on the basis of the knowledge available), or if the
concentrations of the contaminants are low, the uncertainty factor might be set
at 1 (producing an assumption of simple additivity). If less is known about the
toxicity of individual components and the concentrations of the contaminants
are higher, the uncertainty factor might be set at 10. The greater the uncertainty
(because of lack of information) and the higher the concentrations of the
contaminants, the larger the uncertainty factor required to provide an adequate
margin of safety. For example, synergism and antagonism among some
anticholinesterases are known to depend on interference with or competition for
metabolic mechanisms of detoxification or activation of the anticholinesterases
or their precursors. One might predict that synergism could occur only when the
dosages are high enough for metabolic detoxification to be rate-limiting with
respect to toxicity. The dosages necessary could be lower when other
substances inhibit critical pathways of detoxification, particularly if the
inhibition is of a noncompetitive type. At the (low) concentrations of
anticholinesterase compounds found in drinking water, it is probably safe to
assume no more than additivity of effect. For such concentrations, the
uncertainty factor would be 1.

MIXTURES OF CARCINOGENS

The subcommittee believes that additivity will usually apply to exposure to
carcinogens associated with low risks. However, like the National Research
Council Committee on Methods for the In Vivo Toxicity Testing of Complex
Mixtures, this subcommittee is aware that large exposures to several
carcinogens have been shown to produce synergistic interactions—e.g., in a
number of studies cigarette-smoking and exposure to asbestos appear to have
combined to produce a greater than additive risk of cancer—although the
mechanisms of carcinogenesis (in this case of asbestos and cigarette smoke—
itself a highly complex mixture) might be different. The subcommittee assumed
that exposures to waterborne toxicants, such as VOCs, at low concentrations
generally are associated with low individual component risks, although the
empirical evidence for such an assumption is sparse. Given that assumption, it
should be possible to estimate the risk associated with exposure to a mixture of
carcinogens by adding the calculated carcinogenic responses to the individual
components of the mixture. The current methods and models used by EPA to
estimate carcinogenic risks in humans on the basis of ex
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perimental exposures of animals at high doses are derived from the same
assumption. Additional research should be conducted to provide a firmer
empirical base for the models used.

OTHER ISSUES

The subcommittee is aware of the possibility of substantially increased risk
to some persons associated with even small exposures to chemicals, but it did
not address this extensively. Because of the genetic variability of humans or
because of earlier sensitizing exposures, what is apparently low-dose exposure
for the majority of the population might have serious effects in a small segment
of the same population. Providing advice on how to factor these complexities
into risk assessment was beyond this subcommittee's charge.
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1

Introduction

In light of the task before the U.S. Environmental Protection Agency
(EPA) of regulating exposure to toxic chemicals, its Office of Drinking Water
asked the Safe Drinking Water Committee of the National Research Council's
Board on Environmental Studies and Toxicology to hold a small workshop,
with each participant addressing some aspect of the methodology for assessing
the risk associated with exposure to mixtures of chemicals found in drinking
water. This report is the product of that workshop, held in October 1987 in
Washington, D.C., and of the deliberations of the Subcommittee on Mixtures in
a followup meeting.

This chapter briefly describes the background of the workshop, defines
concepts and terms, and suggests ways of grouping chemicals for estimating
their combined risk.

BACKGROUND OF THE STUDY

More than 6 million chemicals have been listed and given identifying
numbers by the Chemical Abstracts Service of the American Chemical Society.
Most have not been adequately tested for toxicity (NRC, 1984) either
individually or in combinations. Some 67,000 of them are registered with
federal regulatory agencies for use as industrial chemicals; as pesticide, food,
drug, and cosmetic ingredients; or for other commercial purposes. Industrial
discharges or nonpoint discharges, such as runoff from hazardous-waste sites or
agricultural application, might cause many of those chemicals to appear in
surface water or groundwater and hence in drinking water. One consumer
advocacy group (Center for Study of Responsive Law) has compiled a list
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of some 2,000 contaminants in drinking water as detected in surveys conducted
since 1974 (Duff Conacher and Associates, 1988). Contaminants and their
concentrations vary with site, time, and temperature, and many (including the
by-products of disinfection) have not been characterized or even identified
(NRC, 1987). Because of the variability of drinking water composition and
because the relatively low concentrations of the chemical contaminants in water
would require large lifetime studies to reveal long-term effects, regulatory
authorities and theoretical scientists have attempted to model the effects of
mixtures by using the results of tests of the individual components of the
mixtures, often for shorter periods at higher doses (Bingham and Morris, 1988;
NRC, 1988). The National Toxicology Program has initiated short-term and
subchronic studies of a mixture of 25 groundwater contaminants at
concentrations actually encountered (Yang and Rauckman, 1987): however,
almost nothing is known about how chemicals interact when they are ingested
by humans as mixtures or with substances from other sources, including
medications. The potential for interactions that could have adverse health
consequences must be considered in any assessment of the quality of drinking
water. A recent study showed a statistically significant association between the
ingestion of chlorinated surface water and human bladder cancer (Cantor et al.,
1987). Although the specific components responsible for that association
remain unidentified, the by-products of chlorine disinfection are currently the
prime suspects.

CONCEPTS AND DEFINITIONS

Exposure to two or more chemicals simultaneously can produce
interactions that qualitatively or quantitatively differ from biologic responses
that would be predicted from the actions of the individual chemicals separately
(Murphy, 1980; NRC, 1980, 1988). When the response is greater than that
predicted on the basis of adding the separate responses, the interaction is said to
be synergistic. When the response is less than that predicted on the basis of
additivity, the interaction is said to be antagonistic.

There is a contrast between dose additivity and response additivity that
needs to be addressed. If two (apparently different) toxic materials lead to the
same type and severity of toxic effect, they might be considered as one material
in the effect they produce. When there is no threshold and the dose-response
curve is essentially linear (at least across some modest range of doses), a
response-additive model is reasonable. Under such circumstances, a response-
additivity model and a dose-additivity model will give the same answer for the
same range of doses.

However, if some minimum dose must be reached before toxicity is
manifest (i.e., if there is a threshold), then the response-additivity model can be
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misleading. At subthreshold doses, each of the materials in a mixture will
produce zero response separately. A response-additivity model would predict
that the sum of any number of zero responses will be a zero response. However,
if the sum of the doses is above the threshold, then a response can occur and
lead to an appearance of synergism—i.e., greater than response additivity. For a
more technical definition and more detailed models of synergism, see Elashoff
et al., (1987) and Fears et al., (1988, 1989).

For computational purposes for distinguishing between possible additivity
and multiplicativity of responses, a dose that leads to a relative risk of 1.01 or
less is called a "low" dose. That does not, in any way, imply that such a dose is
"acceptable" or "safe." For example, if the overall age-adjusted mortality from
cancer in 1 year in the United States is 200 × 10-5, a dose leading to a 1%
increase would imply an excess mortality of 2 × 10-5, which is generally
considered to be unacceptable, although the relative risk, (202 × 10-5)/(200 ×
10-5), equals 1.01, an increase (as defined) of "only" 1%. Exposure to two
materials, each at such a dose, would, if results were strictly response-additive,
produce a relative risk of 1.02 (i.e., 1 + 0.01 + 0.01). If results were
multiplicative, the relative risk would be (1.01)(01.01) = 1.0201—implying an
excess over an additive risk that is extremely unlikely ever to be measured or
even measurable.

Synergistic interactions between chemicals have been suspected of causing
health effects in humans that could not be predicted by simply adding the
expected effects of the component chemicals. One such case was the incident of
mass organophosphorus insecticide poisoning among field workers in Pakistan
in 1976 (Baker et al., 1978); two of the pesticide formulations contained
contaminants, which could well have increased the toxicity attributed to the
designated active pesticidal ingredient, malathion, by inhibiting its
detoxification (see Chapter 4).

The present approach for regulating organic chemicals in drinking water
(EPA, 1987) is to establish a maximum contaminant level goal (MCLG) and a
maximum contaminant level (MCL) for each organic compound, except that
trihalomethanes (THMs) as a class are regulated by a single MCL (EPA, 1979).
That exception is based on the "potential" carcinogenicity of chloroform in
humans and the similarities of chloroform to less-studied THMs; chloroform is
assumed to be representative of a class (the THMs) that is ubiquitous in treated
drinking water in the United States and whose members' concentrations can be
reduced simultaneously. All other EPA standards are established after the
toxicologic data, treatment capabilities, and occurrence data are interpreted and
evaluated for each chemical. The single-chemical approach is scientifically
appealing, but it could pose major problems, because it ignores both the
possibility of interaction and the presence of many unidentified chemicals
(NRC, 1987) in treated drinking water.
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GROUPING CHEMICALS FOR ESTIMATION OF COMBINED
RISK

Methods for assessing health risks associated with mixtures have not
changed substantially in recent years (EPA, 1985, 1986; Murphy, 1980; NRC,
1980, 1988). Lack of toxicologic information and the complexity of a mixture
can impede and complicate the application of any method, and considerable
reliance is still placed on knowledge of the toxicity of individual chemicals in
approaching the regulation of mixtures. Because of the substantial backlog in
testing and regulation, regulatory agencies need to explore carefully some ways
to group chemicals so as to facilitate their control in the absence of complete
toxicologic information. Grouping could be used to establish priorities for
testing, to formulate rules for testing, or to develop standards for allowable
concentrations of contaminants in drinking water.

The subcommittee did not consider either the complete universe of
classifications that might be devised or the regulatory consequences of
implementing standards for classification. It did, however, review options and
suggested the following four types of grouping for consideration by EPA:

1.  Contaminants can be grouped on the basis of their being carcinogenic.
According to the currently preferred dose-extrapolation models (EPA,
1986; NRC, 1987), the risk of one end point associated with exposure to a
mixture of carcinogens at low concentrations can be theoretically
approximated as the sum of risks associated with the individual
carcinogens; i.e., additivity of response or risk is usually assumed for
carcinogens associated with relative risks of less than 1.01. However, the
subcommittee recognizes that this assumption of low-dose additivity of
response does not have much empirical foundation. Rather, it rests on
theoretical considerations and observations from limited epidemiologic
studies, and it might not apply for carcinogens at doses yielding high
relative risks or when alternative dose-extrapolation models are
considered. For exposures at higher concentrations, synergistic
interactions appear to occur in humans exposed to combinations of
several kinds of agents—such as cigarette smoke, asbestos, and alcoholic
beverages (NRC, 1988). The assumption of low-dose additivity needs to
be carefully assessed in future research.

2.  Systemic contaminants that have similar toxic end points, such as those
resulting in specific organ toxicity or peripheral nerve damage, can be
grouped and treated as having additive effects under most conditions. A
general description of this approach is given in Chapter 3, and the
anticholinesterases, which have similar toxic consequences, are examined
in detail as a biologically based class in Chapter 5. Materials that are
assumed to have thresholds for response require special attention to the
biologic mechanisms leading to a toxic response. As indicated earlier,
where the mechanisms of toxicity of two or more toxicants are the same,
combining below-threshold doses (i.e., doses that produce a zero
response) could lead to an above-threshold dose,
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(i.e., a dose that produces a response). Thus, dose additivity should be
considered for materials that yield the same toxic end point. Furthermore,
in some cases in which toxicity information is limited and exposure
concentrations are high, an uncertainty factor could be applied to
accommodate the possibility of synergism; this is discussed in Chapter 3.

3.  Dissimilar chemical compounds might be physiologically transformed
into similar metabolites with similar reactivity and stability. For the
purposes of assessing combined risk, chemicals can be grouped on the
basis of this kind of similarity. A caution to keep in mind is that materials
that appear to have similar metabolites might nonetheless at times have
different toxic end points (see Chapter 5).

4.  Contaminants can be grouped according to structural similarity, which
might imply similar biologic responses.

In grouping chemical mixtures by whatever method, a "toxic-equivalence"
approach can be considered—assigning numerical potency values to individual
mixture components that are representatives of specific classes, estimating
potencies of other class members that are present relative to those of the
appropriate representative chemicals, and then summing the products of the
relative potencies and concentrations of all the chemicals present across all end
points. Risks associated with exposure to polycyclic aromatic hydrocarbons
(Clement Associates, 1988) and the chlorinated dibenzo-p-dioxins and
dibenzofurans (Bellin and Barnes, 1987) have been estimated by this method.
Again, the concept of dose additivity is inherent in the consideration of toxic
equivalents and relative potency; this approach implies that one material is
operationally a dilution (in effect) of the other material.

Volatile halogenated hydrocarbons—including carbon tetrachloride,
tetrachloroethylene, trichloroethylene, and 1,2-dichloroethane—are frequently
found in drinking water, and several could be placed into more than one of the
above groups (e.g., into the group of carcinogens or into a group of chlorinated
compounds). These substances have similar physical and chemical properties,
they are metabolized in the liver, and similar methods are used in treating
drinking water to reduce their concentrations. The highest recommended
concentrations for these compounds are all set within a rather narrow range (2-5
µg/liter), because their parallel toxicologic properties are similar and it is
feasible to control them together (EPA, 1987). The chemicals could be
evaluated together with an additivity formula or with a single standard for a
mixture of them. Combining the carcinogenic potentials of such chemicals is
discussed in Chapter 7.

STRUCTURE OF THE REPORT

Chapter 2 explains the importance of pharmacokinetics to an estimation of
the health risks associated with multiple-chemical exposures. Appendix A
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gives examples of the use of physiologically based pharmacokinetics to
determine the risk to humans of exposure to volatile synthetic organic
compounds by extrapolating data from inhalation studies performed on
laboratory animals. The current EPA approach for assessing health risks related
to noncarcinogens is reviewed in Chapter 3, which suggests modifications of
the approach. A simple illustrative mathematical model that supports some of
the modifications is given in Appendix B. Appendix C discusses dose additivity
and response additivity. Chapter 4 considers issues of exposure, with emphasis
on the organophosphates, carbamates, and volatile organic compounds.
Chapter 5 reviews the biologic mechanisms of and interactions among
anticholinesterases. Chapter 6 shows how the assumptions inherent in EPA's
risk assessment methods for carcinogens can be used to combine the estimated
risks associated with individual carcinogenic components in a mixture.
Although the workshop led to an affirmation of current methods for the risk
assessment of mixtures in drinking water, attempts at developing a firmer
empirical base and reevaluation should continue. Chapter 7 recommends
research to facilitate further improvement.

Because there are so many chemicals and so many possible mixtures to
which humans could be exposed, the absence of toxicity data might result in
human exposure to chemicals or mixtures that are not being studied by
regulatory agencies. More research is needed on the scientific basis for
grouping chemicals for testing and regulation. Specific research proposals are
given in Chapters 2-6 and summarized in Chapter 7.
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2

Pharmacokinetics and the Risk Assessment
of Drinking Water Contaminants

This chapter discusses the uses of physiologically based pharmacokinetics
in risk assessment. It considers the extrapolation of data from inhalation studies
for assessing the risk associated with ingesting drinking water contaminants.
Finally, it discusses the pharmacokinetics related to interactions of multiple
chemicals found in drinking water.

Some of the more uncertain aspects of risk assessment are related to the
extrapolation of data from animals to humans, from one route of exposure to
another, from high doses to low doses, and, for carcinogens, from one target
organ to another. The reason that data must be extrapolated is that some
important kinds of experimental work are impossible, impractical, or unethical.
For example, human experiments involving carcinogens are unethical, and
animal experiments to study infrequent or very small responses are impractical.
To extrapolate among species, doses, routes, and exposure times, one must
make assumptions. The assumptions are usually based on scientific facts,
informed guesses, or intuition.

The use of pharmacokinetics in the risk assessment of single-chemical
exposure has been promoted by some scientists for many years (Andersen et al.,
1987a; Clewell and Andersen, 1985; Dedrick, 1985; Gehring et al., 1978; Hoel,
1985; Hoel et al., 1983; Lutz and Dedrick, 1985; NRC, 1986, 1987). Until
recently, however, the examples available in the literature were based on
classical or conventional compartmental pharmacokinetic studies (Curry, 1980;
Gibaldi and Perrier, 1982; O'Flaherty, 1981; Renwick, 1982; Wagner, 1975;
WHO, 1986). For applications to toxicology, the classical pharmacokinetic
studies were intrinsically weak in interspecies extrapolation, because they were
largely mathematical manipulations of experimental data

PHARMACOKINETICS AND THE RISK ASSESSMENT OF DRINKING WATER
CONTAMINANTS

108

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


with limited incorporation of physiologic responses or anatomic entities into the
model. The current approach in pharmacokinetics includes both physiologically
based pharmacokinetics and computer modeling.

The concepts of physiologically based pharmacokinetics and animal
''scaleup" (a term adapted from chemical engineering to express the "allometric"
extrapolation from one animal species to another or from laboratory animals to
humans) originated in the 1920s. They were expanded in the late 1960s and
early 1970s with the development of cancer chemotherapy in laboratory animals
by investigators experienced in chemical engineering process design and
control (Bischoff and Brown, 1966; Bischoff et al., 1970, 1971; Dedrick, 1973a,
b; Dedrick et al., 1970). The scaleup from a mouse to a human, like the scaleup
from a chemical engineering process in the laboratory to a full-scale chemical
plant, is governed by both physical and chemical processes. In mammals, the
physical processes (i. e., mass balances, thermodynamics, transport, and flow)
often vary predictably among species, whereas chemical processes, such as
metabolic reactions, can vary unpredictably. The physical and chemical
processes interact in such a way that the pharmacokinetics of a given compound
in one species might be predicted from observations of its pharmacokinetics in
another species, given the appropriate background information (Dedrick,
1973a,b), but potential problems are numerous, and direct validation of a
pharmacokinetic model is generally not possible.

PHYSIOLOGICALLY BASED PHARMACOKINETICS

A physiologically based pharmacokinetic model uses basic physiologic
and biochemical data to describe the distribution and disposition of xenobiotic
compounds in the body at any given time (NRC, 1987). MacNaughton et al.,
(1983) and Andersen (1987) summarized the approach in a flowchart
(Figure 2-1). Information is categorized into three types: (1) physiologic
constants, including body size, organ and tissue volumes, blood flow, and
ventilation rates; (2) biochemical constants, including metabolic rates and
partition coefficients for blood, tissues, and air; and (3) mechanistic factors,
such as target tissues and metabolic pathways.

For the most-studied compounds, the biochemical constants, such as Km

(the affinity constant of an enzyme for a substrate) and Vmax (the maximal
velocity of a chemical reaction), are often available from the literature.
Physiologic constants, such as organ volumes and blood flow rates for common
laboratory animals, are also available. Therefore, for well-studied chemicals, a
dynamic model can be formulated to describe distribution and disposition with
little or no further laboratory work. A model can be graphically illustrated, as
shown in Figure 2-2, and mathematically represented by many (sometimes 20
or more) simultaneous differential equations to express mass
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balance. These cannot in general be solved explicitly, but computer simulations
can estimate changes in end points over time, as well as steady states (such as
blood concentrations of the parent compound and liver concentrations of a
reactive metabolite), and similar information can be extrapolated for different
species at lower or higher doses, via different routes of exposure, or both.

Figure 2-1
Flowchart illustrating processes involved In physiologically based
pharmacokinetics. From Andersen, 1987.

The simulated data can then be compared with the experimental kinetic
data found in the literature. As Andersen et al., (1987a) emphasized, the
validation of a physiologically based pharmacokinetic model is not an exercise
in curve-fitting, and experimental data for validation should be obtained after
the a priori prediction. A completely validated model is not easily obtainable,
but agreement indicates that simulation results are appropriate, compared with
experimental reality. If the model is adequately validated, it can be used to
extrapolate, directly or by computer simulation, to other animal species (for
further validation) or to humans. Lack of agreement means that the model is
deficient and that the investigator needs more scientific information, which can
be obtained from focused experiments designed to help to refine the model. The
refinement process can be repeated for further improvement.

Physiologically based pharmacokinetic models use a large body of
physiologic and physicochemical data that are not chemical-specific; they allow
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interspecies extrapolation with more confidence; they can be used to predict a
priori the pharmacokinetic behavior of some chemicals from sparse data; their
compartments correspond to anatomic entities, so organ-or tissue-specific
biochemical interactions can be incorporated (Dedrick, 1973a,b); and they are
more complex and versatile than compartmental pharmacokinetic models. In the
past, the application of physiologically based pharmacokinetics was limited to a
few investigators because of the complexity of the mathematics involved, the
large numbers of parameters in the models, and the requirement for
simultaneous solution of many differential equations. In recent years, advances
in computer science and readily available software for personal computers have
overcome most of the computational limitations.

The model illustrated in Figure 2-2 reflects basic mammalian physiology
and anatomy with compartmental entities, such as the liver and kidney,
connected by the circulatory system. In this specific model, the exposure route
of interest is inhalation, with intake and exhalation vapor concentrations
indicated. However, oral or cutaneous exposures can be added to the
gastrointestinal tract compartment or general venous circulation. Some tissues
(e.g., viscera and brain in Figure 2-2) can be lumped together, when there is no
reason to believe that they are kinetically or mechanistically distinct

Figure 2-2
Graphic representation of a physiologically based pharmacokinetic model. C,
concentration of chemical of interest: Q, flow rate; direction of arrow indicates
direction of movement of chemical of interest. From Clewell and Andersen,
1985, with permission
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enough to warrant separate compartments. The arrows in each compartment
depict the partition of the chemical between blood and organ tissues. Some
models might have as few as two compartments; most would have more. They
can be flow-limited, like the example given here, or membrane-limited, as
suggested by Himmelstein and Lutz (1979). The kinetic constants and model
parameters used in pharmacokinetic modeling can be illustrated best with an
actual example, such as methylene chloride, as in Table 2-1 (Andersen et al.,
1987a).

The kinetic constants and model parameters listed in Table 2-1 for humans
and three laboratory species were mainly the results of direct use, estimation or
deduction based on scientific reasoning, or extrapolation from published
information; the investigators had relatively few new laboratory data before
pharmacokinetic modeling. However, the agreement is excellent between the
model predictions (a priori) and the experimental kinetic data, which were
obtained from three laboratories (Andersen et al., 1984; Angelo et al., 1984; R.
H. Reitz, Toxicology Research Laboratory, Dow Chemical Co., Midland,
Michigan, personal communication, 1988) through two routes of administration
(intravenous and inhalation) in four species (B6C3F1 mice, Syrian golden
hamsters, Fischer 344 rats, and humans).

The computer modeling of physiologically based pharmacokinetics is
evolving. It is a powerful tool, and the modeling needs to incorporate some
form of uncertainty analysis, which is not usually done now. With so many
parameters involved, there is no clear relationship between the effects of
parameter errors and predicted errors; nor are there clear tests of adequacy of
the fit of the model when the parameter estimates have multiple sources.
Sensitivity analyses of parameters involved will be important for the improved
understanding of physiologically based pharmacokinetic modeling, the design
of research to improve models, and the interpretation and application of the
results. Cohn (1987) has published a critical discussion on this issue with a
specific example.

EXTRAPOLATION BETWEEN INHALATION AND
DRINKING WATER ROUTES

Pharmacokinetic studies of chemicals in drinking water or feed are often
difficult to conduct. Water and food intakes in rodents, the most commonly
used laboratory animals, are episodic and erratic. In addition, rodents are
nocturnal, and most of their drinking and eating occur at night. Those factors
make sampling of body fluids and tissues difficult. It is not only a problem of
time of day (e.g., multiple sampling in the middle of the night, when animal
facilities are in the dark part of the cycle), but also a problem of informed
guesses about the time of peak blood concentrations (sampling
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points at critical stages can be missed). In addition, many drinking water
contaminants are volatile, lipophilic, organic compounds and are likely to be
unstable in drinking water or feed formulations. If radioactive compounds are to
be used in the study, the potential contamination problems with respect to the
animals, equipment, and facility are difficult to handle. Even in the

TABLE 2-1 Kinetic Constants and Model Parameters Used in the Physiologically
Based Pharmacokinetic Model for Methylene Chloridea

B6C3F1 Miceb F344 Ratsc Hamstersc Humans
Weights
Body (kg) 0.0345 0.233 0.140 70.0
Lung (g) 0.410 2.72 1.64 772.0
Percentage of body weight
Liver 4.0 4.0 4.0 3.14
Rapidly perfused tissue 5.0 5.0 5.0 3.71
Slowly perfused tissue 78.0 75.0 75.0 62.1
Fat 4.0 7.0 7.0 23.1
Flows (liters/hour)
Alveolar ventilation 2.32 5.10 3.50 348 0
Cardiac output 2.32 5.10 3.50 348.0
Percentage of cardiac output
Liver 0.24 0.24 0.20 0.24
Rapidly perfused tissue 0.52 0.52 0.56 0.52
Slowly perfused tissue 0.19 0.19 0.19 0 19
Fat 0.05 0.05 0.05 0.05
Partition coefficients
Blood/air 8.29 19.4 22.5 9.7
Liver/blood 1.71 0.732 0.840 1.46
Lung/blood 1.71 0.732 0.840 1.46
Rapidly perfused tissue
blood

1.71 0.732 0.840 1.46

Slowly perfused tissue
blood

0.960 0.408 1.196 0.82

Fat/blood 14.5 6.19 6.00 12.4
Metabolic constants
Vmax (mg/hour) 1.054 1.50 2.047 118.9
Km (mg/liter) 0.396 0.771 0.649 0.580
KF (hour-1) 4.017 2.21 1.513 0.53
A1d 0.416 0.136 0.0638 0.00143
A2d 0.137 0.0558 0.0774 0.0473

a From Andersen et al., 1987a, with permission. Copyright 1987 by Academic Press.
b Parameters correspond to average body weight of B6C3F1 mice in NTP bioassay (NTP. 1985).
c Parameters correspond to average body weight in gas-uptake studies.
d A1 = ratio of MFO (mixed-function oxidase) activity in lung to MFO activity in liver A2 =
ratio of GST (glutathione S-transferase) activity in lung to GST activity in liver.
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absence of those problems, it is hard to interpret, for example, a blood
concentration-time curve with peaks of different heights and shapes at irregular
intervals.

A National Research Council report (NRC, 1986) suggested an approach
to overcome the above problems. It used pharmacokinetic data on volatile
organic chemicals (VOCs) from inhalation studies for the risk assessment of
exposure to these compounds through the ingestion of drinking water. A brief
summary of an example using trichloroethylene (TCE) is given in Appendix A;
a more detailed discussion appears in the report just mentioned (NRC, 1986).

PHARMACOKINETICS INVOLVING INTERACTIONS

Physiologically based pharmacokinetic modeling of toxic interactions is a
new field, and the only published studies are limited to binary mixtures
(Andersen et al., 1987b; Clewell and Andersen, 1985). Andersen et al., (1987b)
illustrated the use of physiologically based pharmacokinetic modeling of the
metabolic interactions between TCE and 1,1-dichloroethylene (1,1-DCE). A
physiologic model was constructed for each of the two compounds individually,
and the two models were linked via the mass-balance equation for the liver
compartment that had been generalized to account for various mechanisms of
interaction between the two compounds. The generalized scheme was used to
account for inhibitory interactions—including provisions for competitive,
noncompetitive, and uncompetitive mechanisms—as well as for substrate
inhibition. The correspondence between predicted and observed kinetics was
excellent, if it could be assumed that the inhibition was purely competitive and
if 1,1-DCE was considered to be a slightly better substrate for microsomal
oxidation than TCE in the model. Figure 3-3 shows two uptake curves for 1,1-
DCE in gas-uptake experiments; one is for exposure to 1,1-DCE alone at 500
ppm, and the other is for exposure to a vapor mixture of 1,1-DCE at 500 ppm
and TCE at 2,000 ppm. The disappearance of 1,1-DCE (as a result of
metabolism) was markedly retarded when coexposure with TCE was carried
out. When the scientific hypothesis was based on known biology, the a priori
prediction and the experimental kinetic data agreed very well (Figure 2-3).

PHARMACOKINETICS AND TOXIC MECHANISMS OF
MULTIPLE CHEMICAL EXPOSURE

Recent discussion of the role of pharmacokinetics in the study of complex
mixtures (NRC, 1988) has emphasized that little is known about the joint
pharmacokinetics of two or more chemicals. Generation and examination of
such data have been suggested (Yang, 1987a,b), but the application of phar
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macokinetics to the risk assessment of multiple chemical exposures through
contaminated drinking water remains difficult and subject to large uncertainties.
Several toxicologic studies (Chu et al., 1981; Côté et al., 1985; Webster et al.,
1985) have dealt with the health effects of exposures to multiple chemicals at
low doses, including a carcinogenicity study. Thus, some toxicologic
information can be used in the risk assessment of multiple chemicals, although
the mixtures in those studies are of only selected classes of chemicals (e.g.,
halogenated volatile organic chemicals, inorganic chemicals, and pesticides). A
mixture of 25 groundwater contaminants (Table 2-2), selected on the basis of
EPA surveys of groundwater in and around hazardous-waste disposal sites, is
being evaluated toxicologically by the National Toxicology Program (Yang and
Rauckman, 1987), but the results of relatively long-term studies, are not yet
available. Methods for risk assessment of mixtures of chemicals in drinking
water are still based largely on speculation, and no quick relief is in sight.

Figure 2-3
Two uptake curves for 1,1-dichloroethylene (1,1-DCE) from experimental gas-
uptake studies (circles and triangles) and from physiologically based
pharmacokinetic models (smooth curves), assuming strictly competitive
interactions between two chloroethylenes. Lower curve, exposure to 1,1-DCE
alone at 500 ppm. Upper curve, exposure to 1,1-DCE at 500 ppm and
trichloroethylene (TCE) at 2.000 ppm. From Andersen et al., 1987b, with
permission. Copyright 1987 by Academic Press.

Although a small fraction of the U.S. population living close to hazardous-
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waste disposal sites might be consuming groundwater containing one or more
of the chemicals listed at near the average concentrations shown, the
concentrations of contaminants in public drinking water supplies used by most
Americans (see Table 4-1) are much lower than the averages listed in Table 2-2.
Consideration of the hypothetical mixture of 25 chemicals (Table 2-2—a worst
case)—can yield insight into the possible pharmacokinetic and toxic
consequences of consuming drinking water that contains multiple contaminants.

TABLE 2-2 Groundwater Contaminants Selected for Study as a Mixture by the
National Toxicology Programa

Concentrations in Groundwater Samples, ppm
Chemical Average Highest
Acetone 6.9 250
Arochlor 1260 0.21 2.9
Arsenic 30.6 3,670
Benzene 5.0 1,200
Cadmium 0.85 225
Carbon tetrachloride 0.54 20
Chlorobenzene 0.1 13
Chloroform 1.46 220
Chromium 0.69 188
1,1-Dichloroethane 0.31 56.1
1,2-Dichloroethane 6.33 440
1,1-Dichloroethylene (1,1-DCE) 0.24 38.0
1,2-trans-Dichloroethylene 0.73 75.2
Di-(2-ethylhexyl)phthalate (DEHP) 0.13 5.8
Ethylbenzene 0.65 25
Lead 37.0 31,000
Mercury 0.34 50
Methylene chloride 11.2 7,800
Nickel 0.5 95.2
Phenol 34.0 7,713
Tetrachloroethylene 9.68 21,570
Toluene 5.18 1,100
1,1,1-Trichloroethane 1.25 618
Trichloroethylene (TCE) 3.82 790
Xylenes 4.07 150

a Condensed from Yang and Rauckman, 1987, with permission; analytic survey of groundwater
samples in and around 180 hazardous-waste sites covering all 10 EPA regions. Survey
conducted for EPA by Lockheed Engineering and Management Co.

On the basis of the toxicity of the individual chemicals, it is probably safe
to suggest that none of the 25 (Table 2-2) taken singly (for example, in an 8-
ounce glass of water) at the average concentration found in drinking water
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surveys would approach the saturation kinetic level unless a genetic variation
has deprived a person of a pathway. However, under the conditions of acute
exposure at very high concentrations (e.g., the highest listed in Table 2-2, or
even higher) or repeated or chronic exposure at lower concentrations (e.g., the
average in Table 2-2), the situation could be quite different. Given the usual
dose-response relationships, each organic chemical in a sample of contaminated
drinking water probably has little toxic consequence at low concentrations.
Metals, however, tend to accumulate in the body and might therefore pose a
long-term health threat. What about toxic interactions under those
circumstances? For a mixture containing chemicals in the average amounts
found in the published surveys, like the one represented in Table 2-2, it is not
clear what toxicity to expect or how to predict it. We know too little for
informed speculation about the synergistic effects of the components of such a
mixture on toxic end points, such as immunotoxicity, or on such mechanisms as
the promotion stage of carcinogenesis. Recent preliminary findings of the
National Toxicology Program (Germolec et al., in press) suggested that a
mixture of 25 groundwater contaminants, at concentrations close to the
averages listed in Table 2-2, is associated with mild but definite
immunosuppression in B6C3F1 mice. Those findings merit further examination
and suggest that there might be exceptions to the concept of simple response
additivity in mixtures of chemicals, or even that the concept is quite broadly
wrong. In the absence of adequate information, and to anticipate possible
synergism, it might be prudent to incorporate an uncertainty factor in the risk
assessment of mixtures of chemicals in drinking water. The development of
such an uncertainty factor is considered in more detail in Chapter 3.

CONCLUSIONS AND RECOMMENDED RESEARCH

Physiologically based pharmacokinetic models are useful in the risk
assessment of contaminants in drinking water when one or possibly two
materials are to be considered. Unfortunately, we know little about how
pharmacokinetic variables of a single chemical might be affected in multiple-
chemical exposures, nor do we understand the pharmocokinetics of multiple
chemicals under such exposure scenarios. Improved understanding and
modeling of the pharmacokinetics of mixtures should lead to more accurate
estimation of the risks associated with exposure to multiple chemicals in
drinking water. Development of appropriate pharmacokinetic models for
mixtures will require considerable theoretical and experimental work.

The subcommittee recommends the following research:

•   Potential pharmacokinetic changes of individual model chemicals
(those which seem representative of others similar in structure, mode
of action, or
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toxic end point) under the influence of long-term, low-concentration
intake of a mixture of contaminants in drinking water should be
investigated.

•   Several physiologically based pharmacokinetic models of complex
chemical mixtures simulating contaminated drinking water should be
developed and subjected to rigorous validation testing.

•   The physiologically based pharmacokinetics of pesticides and some
other, relatively nonvolatile chemicals should be studied.

•   The frequency of toxic interactions among drinking water
contaminants and the threshold concentrations, if any, for such
interactions should be investigated.

•   A computerized data base on toxic interactions should be built.
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3

Risk Assessment of Mixtures of Systemic
Toxicants in Drinking Water

Even if the resources now devoted to studies of chemical interactions
could be multiplied by 1,000 or more, those studies would provide only a small
portion of the information required to determine precisely the toxicity of
complex mixtures prevailing in the environment. It would still fall to
toxicologists and other scientists to integrate the separate pieces of information
into a form useful for risk assessment. With the goal of providing adequate but
not excessively conservative exposure standards for health protection, this
chapter presents various approaches to using incomplete empirical information
and scientific judgment to assess the health risks associated with exposure to
mixtures in drinking water.

The dominant concern with mixtures, as noted earlier, is unexpected
amplification of toxicity arising from combinations of mixture components. The
extent of the problem increases with the complexity of the mixture. For
example, in a combination of 10 toxicants there are , or 45, possible 2-factor
interactions;1 , or 120, possible 3-factor interactions;  , or 210, possible 4-
factor interactions; , or 252, possible 5-factor interactions;  , or 210,
possible 6-factor interactions; ( ), or 120, possible 7-factor interactions; ,
or 45, possible 8-factor interactions; , or 10, possible 9-factor interactions;
and 1 possible 10-factor interaction. The total number of interactions that must
be considered in a study of combinations of 10 substances is:

1 The notation  refers to the number of two-substance combinations possible from
a group of 10 substances; the general notation, , can be rewritten as m!/c!m-c!, where !
is the symbol for factorial. m! equals m(m-1)(m- 2) . . . (2)(1) i.e., 10! = (10)(9)(8)(7) . . .
(2)(1).
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It is difficult to imagine a procedure developed from consideration of the
effects of 10 separate agents that adequately accounts for each of the 1,013
possible interactions.

To model interaction requires precise definition of the term ''interaction."
As described in the 1988 publication by the Committee on Methods for the In
Vivo Toxicity Testing of Complex Mixtures (NRC, 1988, p. 100):

Interaction [has been] referred to as deviation from . . . additive behavior
expected on the basis of dose-response curves obtained with individual agents.
[But] to a biostatistician, the definition includes information on the underlying
dose-response model and on units of measure. For ordinary linear models,
"interaction" refers to a departure from response additivity. Different measures
of response can lead to different conclusions concerning departure from
additivity. For nonlinear models, such as log-logistic, log-linear, log-probit,
and multistage models, . . . there is additivity for the logarithm of response.
Thus. when the word "interaction" is used, one must make certain of the units
in which toxicity or dose is expressed, as well as the assumptions about the
nature of joint action that was predicted by the model used.

THE PROBLEM OF SYNERGISM

Of greatest concern is the possibility that exposure to mixtures could result
in a much more severe toxic response than that expected on the basis of the
potencies of the individual components. "Synergism" is here defined as a
response greater than additivity.

The mixture problem for drinking water is mainly a problem of relatively
low concentrations of individual agents on which human observational data are
lacking. Demonstrations of synergism come largely from the laboratory and are
usually based on high doses. A limited review of the literature uncovered no
cases in which the potency of a particular agent at high doses had been
multiplied by more than 100 by combination with another agent. Furthermore,
in the extensive literature on drug interactions, novel effects are rarely
observed. Instead, if binary combinations act synergistically, they tend to do so
through an increase in the effects of one of the agents. Assume, then, that 100
represents the maximal enhancement of toxicity due to the addition of a second
agent. That is also the number by which no-observed-adverse-effect levels
(NOAELs)—or their advocated replacement, benchmark doses—are divided to
yield acceptable daily intakes (ADIs), or "reference doses" (the EPA term),
although the uncertainty factor of 100 is usually designed to protect against
uncertainties other than those arising from interactions. The number 100 has
been said to incorporate a species variation of
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10 and a range of individual human susceptibility of 10, though formal
documentation of this view is lacking.

THE CONCEPT OF COMMONALITY

One concept that might be useful in combining numerical estimates of
toxicity of different substances is that of commonality, formulated by Weiss
(1986) in relation to food additives. (Food additives are regulated on the basis
of individual ADIs, no explicit account being taken of the possibility that their
basic actions might not be mutually independent.) Commonality reflects the
extent to which several agents are likely to act on the same target organ and
elicit the same toxic response. For instance, several organophosphorus and
carbamate chemicals have the commonality of inhibiting acetyl-cholinesterase.
Compounds of the heavy metals mercury and cadmium disrupt renal cellular
function and produce renal necrosis.

"Commonality" does not now translate readily into any simple arithmetic
manipulations, but Figure 3-1 is an attempt to illustrate the concept. The ADI,
or acceptable level (AL), is transformed on the z-axis into total toxic burden or
exposure. The x-axis corresponds to the number of chemicals in the mixture to
which there is exposure. The y-axis (commonality) represents the overlap in
biologic effects of various chemicals. It represents the degree to which the
individual constituents of a mixture contribute to a particular process. It
recognizes that most agents have broad biologic actions, so their toxic
contribution depends on the choice of a specific end point. Fewer agents or a
lower commonality would lead to a lower total burden. A higher commonality,
assuming a fixed intake as a proportion of the ADI for each agent, would raise
the total burden. A commonality factor of less than 1 implies less than full
identity of action.

MODIFYING THE HAZARD INDEX

EPA (1986b) has published guidelines for assessing the health risks
associated with chemical mixtures. If data on the toxicity of a specific mixture
as a whole are unavailable, the risks may be estimated on the basis of what is
known about the individual constituents. A hazard index (HI) associated with a
mixture of k toxicants may be defined as:

where Ei is the exposure level of the ith toxicant in the mixture and ALi is
the maximum acceptable concentration of the ith toxicant.

When the HI exceeds 1, it evokes the same concerns about the mixture
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as those evoked when any individual AL is exceeded, which is, in fact, a special
case, with k = 1. This computation of the hazard index is based on the
assumption of adding toxically equivalent doses—i.e., the absence of
interactions among the components of the mixture. However, such dose-
additive models as are implied by the hazard index might not provide the most
biologically plausible approach to describing the effects of a complex mixture
of toxicants if the compounds do not have the same mode of toxic action. EPA
(1986b) has suggested that separate hazard indexes should be developed for
separate end points of concern. It further notes that "dose addition for dissimilar
effects does not have strong scientific support, and,

Figure 3-1
Three-dimensional idealized representation illustrating increasing toxic burden
with the addition of several agents Lower commonality would reduce total
burden, higher commonality would increase it. This illustration applies to only
one system or organ at a time. Total burden would be measured in percent of
ADI.
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if done, should be justified." In addition, EPA recognizes that the biologic
meaning of the index given above is unknown and that much additional
research is required before its utility as a predictor of toxic severity can be
validated.

Other Risk-Oriented Approaches

Identification of risk associated with the consumption of chemical
mixtures in drinking water will come from many sources: laboratory data, such
as those obtained from bioassay-directed fractionation; epidemiologic data,
such as those based on similar exposures; and models based on knowledge of
the toxicity of individual constituents. When models are the primary source, the
assumptions described above and the already available empirical data point to
an empirical policy: adoption of the additivity assumption for low-response
exposures.

Three strategies for protection against the risks associated with exposure to
drinking water contaminants might be defined in this argument. The choice of
strategy is a policy issue based on public concern; the data are clearly
inadequate to dictate a firm choice.

1.  Least adequate. Each agent's ADI is determined independently; hence,
regulations would consider each agent individually. This alternative is
unsatisfactory, because of the low likelihood that each agent can truly act
in biologic isolation of every other agent. Furthermore, individually
acceptable risks might lose their acceptability when there are 50 or 100 of
them.

2.  Usually adequate. A water quality or hazard index similar to the EPA
index would be defined under some assumptions of additivity. Given that
ADIs already incorporate uncertainty factors, usually of 100, and given
that only one study (Murphy et al., 1959) has reported a 100-fold increase
in toxicity through a binary combination (of organophosphates), the
simple dose-additive model should be satisfactory under most
circumstances. For materials that are assumed to have thresholds for
response, special concern must be given to the biologic mechanisms
leading to a toxic response. If the mechanisms of toxicity of two or more
toxicants are the same, combining below-threshold doses (i.e., doses with
zero response) could lead to an above-threshold dose and produce a
nonzero response. This concept is inherent in the consideration of toxic
equivalents and the idea of relative potency, which implies that one
material is (in effect) a dilution of the other material. For these reasons,
dose-additivity must be considered for materials that affect the same toxic
end point.

3.  Most adequate. Although most attempts to examine the joint actions of
binary combinations find that toxic responses are well described by
simple additivity (e.g., Smyth et al., 1969) or that additivity is violated to
only a
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small degree, maximal protection might require an additional margin of
safety beyond that provided by the additivity model. Because of the 100-
fold increase observed by Murphy et al., (1959), adjustments of an index
based on additivity by an equivalent factor should provide a rather robust
safety margin. Such a margin, however, would be excessive in most
cases. That is, just as it seems unreasonable to expect totally independent
actions of the agents identified in a drinking water source, it seems
equally unreasonable to expect complete overlap in toxic targets, so even
the additivity alternative already embodies this additional but
unrecognized safety factor. Later in this chapter, it is suggested that an
uncertainty factor can be considered to compensate for any synergism.

In addition to the EPA hazard index, there are other precedents for
combining the toxic manifestations of individual components of a mixture.
Threshold limit values (TLVs), which are workplace standards, are combined
for simultaneous exposure to more than one agent of the same class of
compounds (ACGIH, 1983; NRC, 1980). For example, the joint action of
several volatile organic solvents, which induce central nervous system
impairment, is estimated by adding the individual ratios of exposure
concentration to TLV. For some combinations, such as n-hexane and
methylethyl ketone, the assumption of additivity might underestimate toxicity,
even though both compounds are organic solvents. The additive model might
seem reasonable only for conditions in which the mode of action of the
constituents is well understood and greater than additive effects can therefore be
excluded on the basis of mechanistic processes. It might be adapted, however,
for situations in which drinking water standards, such as MCLs, are based on
ADIs derived from chronic studies devoid of mechanistic information.

One way to apply the additive model to extract an overall assessment of
drinking water quality is to use the dose-additive procedure adopted by the State
of New York to regulate aldicarb and carbofuran. The prescribed limits are 7
and 15 µg/liter, respectively. The actual concentrations at any site are used in
the following expression:

If , no action is taken. If T > 1, filters are installed, and the cost is
charged to the manufacturer whose product is calculated to give the higher
ratio. The procedure is based on the assumption that both agents act on identical
systems and are totally interchangeable.

A corresponding expression can be based on many more than two agents,
as for workplace TLVs. If dose additivity is assumed, as in the case in New
York, then the sum of the ratios identified for the hazardous constituents can
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be required to be no more than 1.0, on the basis of the sum of quotients
determined as described above in Equation 3.

The hazard index defined by Equation 2 can be modified to take into
account the sensitivity of each toxic end point. As noted earlier, applying the
uncertainty factor incorporated in ALs or ADIs is intended to provide a safe
(nontoxic) exposure of the most sensitive persons for the toxic manifestation or
end point that occurs at the lowest dose if a given material has several
manifestations of toxicity. The operating assumption is that an exposure that is
safe for the most sensitive end point will be safe for any other toxic
manifestation. If sensitivity is defined by the no-observed-adverse-effect level
(NOAEL)—the most sensitive end point being defined as the one with the
lowest NOAEL—then the relative sensitivities of various end points can be
estimated by comparing NOAELs or ratios of NOAELs. That is, sensitivity is
taken to be the inverse of the NOAEL, and relative sensitivity is defined as the
ratio of the NOAEL for the most sensitive end point to the NOAEL for a
specific subsidiary end point. If this relative sensitivity, or ratio of NOAELs, is
used as a weighting factor, called Wy (which will always be less than or equal to
1), then the equation for HI can be modified to read:

where i is the toxic material and j is some specific end point. This
procedure assumes that the AL for each substance is not known for each end
point of concern; if it were, 1/ALij could be substituted for Wij/ALij in the above
equation. The HIj would then be computed by summing HIj across all materials
i. If any of the HIj values exceeded 1, the sum also must exceed 1, and the
actions indicated above for the unmodified HIj would be taken. This method is
sensitive to fractionation by the number of toxicity categories used; thus, it
might be most reasonable to sum across all toxic end points:

where l is the number of toxic end points considered.
Modifying HI by using the weighting factor Wy takes into account the

possibly different toxic spectra of different materials, avoids the lumping
together of unrelated toxicities, and still incorporates all reported toxicities into
a unified measure.

Grouping Agents with Common Toxicities

With a small number of agents, it might be possible to invoke expert
opinion to separate components of toxic mixtures into clusters and to assign
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an average commonality to each cluster. Or, as an upper limit in the dose-
additive model, a commonality of 1.0 could be assumed within each cluster; this
would lead to dose additivity. The concept could also be extended by estimating
commonalities between clusters defined as chemical classes. For example,
clusters as diverse as the heavy metals, organic solvents, and insecticides might
all have a given end point, such as peripheral nerve damage. Clustering could
be on the basis of mechanistic, toxic, or structural properties. Structural
classification, in fact, is the first step by which EPA assesses potential hazards
associated with new chemicals, so the process is not unfamiliar for estimating
commonalities within a group. With larger numbers or a lack of sufficient data
to describe a toxicity profile, such a procedure might prove unwieldy; but
commonalities among clusters could still be considered after commonality
within a cluster is established. The concept of commonality clearly could be
helpful, but more work is needed to develop its application.

Incorporating an Uncertainty Factor for Synergism

The issue of toxic interactions—synergistic or antagonistic—is central in
the development of a risk assessment strategy for chemical mixtures in drinking
water. Even though the concentrations of contaminants in most sources of
drinking water for the general public are likely to be very low, there is
insufficient evidence about the toxicity of chemical mixtures after long-term,
low-dose exposure to support a definite conclusion that toxic interactions are
absent under these conditions. For instance, a combination of chemicals, even at
low concentrations, could conceivably act to modify the immune system,
thereby compromising natural defense systems. Evidence supporting the
existence or absence of such a response process is clearly not available for all
relevant mixtures. The argument for the consideration of greater than response
additive effects is strengthened by the possibility that water sources in heavily
polluted areas (e.g., hazardous-waste sites or point-source accidental spills)
contain much higher concentrations of contaminants. Thus, at least a small
fraction of the population is sometimes exposed to relatively high (parts per
million) concentrations of mixtures of chemicals in drinking water. These types
of concerns could lead to approaches that are more protective than those given
above.

It is important to address the issue of toxic interactions in the risk
assessment of chemical mixtures, but flexibility must be provided to avoid
inappropriate regulation. Therefore, the additive approach represented by
Equation 5 might be modified by incorporating an additional uncertainty factor
(UF), which could be applied to the hazard index defined above to yield:
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The UF could vary from 1 to 100, depending on the amount of information
available and the concentrations of the contaminants. If a great deal of
toxicologic information is available on the individual contaminants, if toxic
interactions are not likely (on the basis of the knowledge available), or if the
concentrations of the contaminants are "low," the UF might be set at 1 (thus
assuming simple additivity). If less is known about the toxicity of individual
components and the concentrations of the contaminants are higher, the UF
might be set at 10. The greater the uncertainty involved (because of the lack of
information) and the higher the concentrations of the contaminants, the higher
the UF would be set.

Other Considerations

In keeping with the NRC report on complex mixtures (1988, p. 8), we have
here defined "low" dose for carcinogens as one associated with a true relative
risk of less than or equal to 1.01. Such a small relative risk is likely to be
unmeasurable, and the "low" dose considered would be one estimated to
produce a relative risk of 1.01 or less. The present subcommittee first
considered tying the previous report's definition of "low'' dose to detection
limits, but decided not to do so, because this concept is related more to the
physicochemical properties of an agent than to its biologic or toxic properties.
Moreover, detection limits are likely to change as measurement technology
improves. Further investigation into the magnitude of synergism as a function
of dose might yield guidance here. Such investigation would involve the
analysis of empirical data, alternative dose-response models, and additional
laboratory experiments.

"Amount of information available" remains unavoidably ambiguous.
Obviously, if perfect information were available about the existence and nature
of any synergism, it could be included in a risk assessment. In the absence of
complete knowledge, information about synergism among similar agents or
about the mechanisms of toxicity of agents would be helpful.

In considering uncertainty factors, we recognize that a different type of
uncertainty factor is already incorporated into the estimation of ADIs and ALs.
Traditionally, this safety margin (usually a factor of 100) was provided to allow
for possible interspecies and interindividual variations. Potential synergistic
effects were not used in this development of safety margins. From a different
perspective, however, the incorporation of a UF is not intended to trigger
regulatory action every time contaminants are detected in drinking water
sources. The hazard index in the new approach must be assessed in actual
situations.

The above approaches apply to mixtures of systemic toxicants. For
carcinogens, models that assume no threshold for response are recommended,
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and indeed they are used; hence, the constructs associated with ALs or ADIs do
not apply. Mixtures of carcinogens are considered in Chapter 7.

For noncancer end points, dose-response models are not widely available
(or accepted), because most toxicity evaluations have described effects in terms
of single numerical values, such as the ED50 or NOAEL. That is reasonable
when a single compound is under consideration, but it is not necessarily
realistic for a combination. When it is known that the compounds interact to
produce dose-additive effects, it might be useful to use the hazard index.

RESPONSE-SURFACE MODELING

Just as knowledge of the concentration-response curve is necessary to
characterize the toxicity of a single agent, knowledge of the concentration-
response surface is required to characterize the toxicity of a combination.
Response-surface methods are mathematical and statistical techniques that have
been developed to aid in the solution of particular types of problems in
scientific and engineering processes (Box and Draper, 1987; Carter et al., 1983;
Cornell, 1981; Khuri and Cornell, 1987; Myers, 1976). The report ASA/EPA
Conferences on the Interpretation of Environmental Data. 1. Current
Assessment of the Combined Toxicant Effects (EPA, 1986a) referred briefly to
the potential applicability of response-surface methods for describing the effects
of combinations of toxicants. The methods include experimental design,
statistical inference, and mathematical techniques that, when combined, enable
an experimenter to explore empirically the process of interest.

One important aspect of this approach is experimental design. It can be
used to guide the generation of data suitable for estimating the parameters of a
statistical model of the dose response relationship (NRC, 1988). Experimental
designs have been developed to estimate the effects of each component of a
mixture and the effects of interactions on the basis of a small number of
experimental points. Such designs could be useful for indicating the presence or
absence of low-order interactions, once an appropriate model has been
determined. One design that permits the estimation of the interactions of interest
and requires only a small number of experimental test groups is the 2h-factorial
experiment. Each of k factors is present at two levels, and each level of each
factor is combined with each level of every other factor. Such a protocol
requires 2h observations. The data from such experiments allow the estimation
of the effect of each of k toxicants and each of the interactions of 2, 3, . . ., k
toxicants (factors). If some interactions are of less interest, more compact
experimental designs (fractional factorial designs), which require fewer groups
of exposed subjects, are available (NRC, 1988).
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The response-surface approach has been used to evaluate combinations of
toxic substances (Kinne, 1972; Schnute and McKinnell, 1984; Voyer and
Heltshe, 1984; Voyer et al., 1982). Its use seems appropriate in this setting and
should be encouraged. The availability of computer graphics has permitted
plotting of observed and fitted data as either the surface or contours of constant
response. Such plots are often informative in assessing interactions among
components. However, their use is limited to combinations of only a few
toxicants. There is some expectation that graphic procedures can be developed
to display the associated surfaces in higher dimensions; these efforts should be
encouraged and supported.

CONCLUSIONS

Given the current availability of information about the presence and
magnitude of synergism among contaminants in drinking water, no single risk-
assessment approach can be justified scientifically for systemic toxicants. The
possibility of synergism cannot be ignored, so approaches that consider only
individual toxic agents are likely to be inadequate. Approaches based on
additivity of response or additivity of doses that produce a given response are
likely to be useful in many situations. In risk assessments of mixtures, these
approaches should be limited to groups of agents that have similar mechanisms
of action and act at the same biologic site.

Nevertheless, the possibility remains that some unexpected and important
synergism (or antagonism) exists and that either additive model could seriously
underestimate risk. Societal and policy concerns about the existence of such
interactions could lead to the introduction of further uncertainty factors in risk
assessment. Uncertainty factors should not be uniform, but should increase with
increasing exposure and decrease with increasing knowledge about the agents in
mixtures.
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4

Assessment of Exposure to
Organophosphorus Compounds,

Carbamates, and Volatile Organic
Chemicals

This chapter reviews methods for assessing exposure to organophosphorus
compounds, carbamates, and volatile organic chemicals. It also provides
orientation on the concentrations that could be encountered in water and on the
resulting human exposures to them, and it indicates the importance of
considering not only ingestion but other routes of exposure, such as skin contact
and inhalation. Later chapters use these compounds to illustrate some
toxicologic considerations of mixtures in drinking water.

Analytic methods for organophosphorus compounds and carbamates in
water are well developed and standardized. An EPA method (EPA, 1984) for
the determination of carbamates uses direct-injection high-performance liquid
chromatography (HPLC). Less than 1 ml of a sample of filtered water is directly
injected onto a reversed-phase HPLC column, and separation is achieved by
gradient elution chromatography. The eluted compounds are hydrolyzed and
then react with o-phthalaldehyde to form a fluorescent derivative, which is
analyzed with a fluorescence detector. Although the detection limits for specific
compounds in water vary, they are typically about 1µg/liter for aldicarb,
propoxur, carbaryl, carbofuran, and methomyl. Failure to detect a pesticide of
the organophosphate or carbamate class known to be a potential contaminant of
a specific water supply might not signify its absence; the pesticide might have
hydrolyzed or undergone other chemical changes to other toxic substances, or
the detection limit used in the analysis might have been too high.

An EPA method (EPA, 1986) for the assay of organophosphorus
insecticides in water involves collection of a water sample, extraction of the
sample with 1 liter of methylene chloride, concentration of the extract, and
analysis
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by gas chromatography with a capillary column and a nitrogen-phosphorus
detector. For the typical organophosphorus insecticides diazinon, disulfoton,
fonofos, and terbufos, the detection limit is about 1 mg/liter. The
organophosphorus and carbamate insecticides hydrolyze at various rates in
water, and in some cases their hydrolysis products are of toxicologic concern.

Maximum contaminant levels (MCLs) ranging from 0.002 to 0.75 mg/
liter, depending on the compound, have been promulgated by EPA for the
following volatile organic chemicals (Voices) and became effective January 9,
1989: benzene, vinyl chloride, carbon tetrachloride, 1,2-dichloroethane,
trichloroethylene, p-dichlorobenzene, 1,1-dichloroethylene, and 1,1,1-
trichloroethane. There was already an MCL of 0.1 mg/liter for total
trihalomethanes (THMs), a class of VOCs that includes chloroform,
bromoform. and the mixed chlorobromomethanes. The THMs and VOCs are
measured by purge-and-trap gas chromatography with estimated method
detection limits (MDLs) of about 0.2-1.9 µg/liter (EPA, 1987a).

OCCURRENCE OF ORGANOPHOSPHORUS COMPOUNDS
AND CARBAMATES IN DRINKING WATER

Several surveys have compiled data on concentrations of
organophosphorus compounds and carbamates in surface waters, groundwaters,
and, in some cases, completely treated ("finished") or well waters. Typically.
their concentrations are 1µg/liter or less (often undetectable), although
substantially higher concentrations have been found in isolated instances.
Kelley et al., (1986) showed that many commonly used pesticides, including
carbamates and organophosphorus compounds, leach into groundwater. Typical
concentrations in groundwater in Iowa were 0.5-2.0 µg/liter, although some
wells had total pesticide concentrations of 20 µg/liter.

Data collected by various regulatory agencies are entered into the EPA
surface-water and groundwater data base, including data on several pesticides.
Such data have been summarized in health advisories prepared by EPA (1987b)
for some of these pesticides. These and other data on various carbamate and
organophosphorus insecticides are presented here to provide perspective on the
concentrations of pesticides encountered in drinking water in several studies.

Aldicarb

In 17 of 106 wells sampled in California, aldicarb was detected at up to 14
parts per billion (ppb, equivalent to µg/1) (NRC, 1986). In the 15 states where
aldicarb was found in groundwater. it was found typically at 1-50 µg/liter
(Cohen et al., 1986).
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Carbaryl

Carbaryl has been found in 61 of 522 surface water samples and 28 of
1,125 groundwater samples in eight states (EPA, 1987b). In samples with
detectable concentrations, the 85th-percentile concentrations were 260 µg/ liter
in surface water and 10 µg/liter in groundwater. The highest concentrations
were 180,000 µg/liter in surface water and 10 µg/liter in groundwater.

Carbofuran

Carbofuran has been found in groundwater in three states, typically at 1-50
µg/liter (Cohen et al., 1986).

Diazinon

Diazinon has been found in 13 wells (total number sampled not available)
in California at up to 9 µg/liter (NRC, 1986, p. 20). It has been found in 7,230
of 23,227 surface-water samples and 115 of 3,339 groundwater samples in 46
states (EPA, 1987c). The 85th percentile of detectable concentrations was 0.2
mg/liter in surface water and 0.25 µg/liter in groundwater. The highest
concentrations were 33,400 µg/liter in surface water and 84 µg/liter in
groundwater.

Fonofos

In Iowa, fonofos was detected in about 2% of the samples at a typical
concentration of 0.4 µg/liter; the maximum was 0.9 µg/liter (Kelley et al., 1986).

It was detected in groundwater in California at 0.01-0.03 µg/liter (EPA,
1987d).

Malathion

Malathion has been detected in five wells (total number sampled not
available) in California at up to 23 µg/liter (NRC, 1986, p. 20).

Methyl parathion

Methyl parathion has been found in 1,402 of 29,002 surface-water samples
and 25 of 2,878 groundwater samples in 22 states (EPA, 1987e). The 85th
percentile of detectable concentrations was 1.2 µg/liter in surface water and
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1µg/liter in groundwater. The highest concentrations were 13 µg/liter in surface
water and 1.6 µg/liter in groundwater.

Terbufos

In one study in Iowa, terbufos was found in 5% of the samples at a typical
concentration of 5.4 µg/liter; the maximum was 12 µg/liter (Kelley et al., 1986).
It has been found in 444 of 2,106 surface-water samples and 9 of 283
groundwater samples in five states (EPA, 1987f). The 85th percentile of
detectable concentrations was 0.1 µg/liter in surface water and 3 µg/liter in
groundwater. The highest concentrations were 2.3 µg/liter in surface water and
3 µg/liter in groundwater.

OCCURRENCE OF VOLATILE ORGANIC COMPOUNDS IN
DRINKING WATER

There have been several surveys of THMs and VOCs in surface waters,
groundwater, and finished water supplies. The straight lines fitted to results of
an early EPA survey for THMs in finished water supplies of 80 U.S. cities are
shown in Figure 4-1 (EPA, 1975). The median total concentration of THMs was
about 20 µg/liter, and chloroform usually dominated the other THMs.

Results of several surveys of VOCs in surface waters and groundwater are
summarized in Tables 4-1, 4-2, and 4-3. Although Table 4-1 shows very high
concentrations of some specific organic chemicals (such as trichloroethylene at
35,000 µg/liter and 1,1,1-trichloroethane at more than 400,000 µg/liter), "more
commonly, contamination is found at less than 10 µg/l with smaller percentages
in the 10-100 µg/l and in the 100-1,000 µg/l range" (EPA, 1982). In one
national survey, the VOCs most frequently found in finished groundwater
supplies (other than the THMs) were trichloroethylene, 1,1,1-trichloroethane,
tetrachloroethylene, cis- and trans-1,2-dichloroethylene, and 1,1-dichloroethane
(Westrick et al., 1984). Table 4-2 summarizes the occurrences of the
compounds detected at 186 randomly sampled sites serving more than 10,000
people each. Differences in median concentrations shown in Figure 4-1 and
Table 4-2 arise largely out of the differences in sampled supplies. Figure 4-1
includes surface-water supplies, some of which are likely to be heavily
chlorinated, whereas the data in Table 4-2 derive from groundwater sources,
which are less likely to be chlorinated. The distribution of the summed
concentrations of these VOCs, shown in Table 4-3, demonstrates that large
systems were likely to exceed a summed concentration of 5.0 µg/liter slightly
more frequently than small systems, as might be expected from purely statistical
considerations. In both their random and nonrandom samplings, the median
concentrations of specific compounds in
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the positive samples ranged from about 0.2 to 9 µg/liter. One can conclude that
VOCs other than THMs are normally found at concentrations of less than 10 µg/
liter—and often less than 1 µg/liter—in finished groundwater supplies.

Figure 4-1
Frequency distribution of trihalomethane concentrations found in the National
Organics Reconnaissance Survey (NORS) of halogenated organic compounds
in drinking water in 80 U.S. cities. From EPA, 1975.

ROUTES OF HUMAN EXPOSURE TO CHEMICALS IN
DRINKING WATER

The usual estimates of exposure to contaminants in drinking water are
based on ingestion and are calculated from the standard of 2-liters/day ingestion
of water by a 70-kg man. Ingestion of 2 liters/day is used to develop MCLs
when the dose-response relationships are known. There has been some
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effort to determine the effects of variability in the quantities of water ingested
(Gillies and Paulin, 1983). Results of studies in Canada, Great Britain, The
Netherlands, and New Zealand indicate that mean daily intakes, including those
of beverages made with tap water, range from 0.96 to 1.34 liters/day. In one of
the New Zealand studies, the mean intake of 960 ml/day had a standard
deviation of 570 ml/day. A more recent study in the United States indicated
higher water intake (Ershow and Cantor, 1986). Thus, in estimating the toxic
effects of ingestion of water that contains pesticides, one should consider both
the mean and the variability in intake in the population of interest. Most
attention should be paid to persons with the highest intake.

TABLE 4-1 Occurrence of Volatile Organic Chemicals in Finished Drinking Watera

Compound Surveyb No.
Samples

No.
Positive

Concentration
Range, µg/liter

Trichloroethylene State
datac

2,894 810 Trace-35,000

NOMSd 113 28 0.2-49.0
NSPd 142 36e Trace-53.0
CWSSd 452 15 0.5-210

Tetrachloroethylene State
datac

1,652 231 Trace-3,000

NOMSd 113 48 0.2-3.1
NSPd 142 24e Trace-3.2
CWSSd 452 22 0.5-30

Carbon tetrachloride State
datac

1,659 166 Trace-170

NOMSd 113 14 0.2-29
NSPd 142 37e Trace-30
CWSSd 452 9 0.5-2.8

1,1,1-Trichloroethane State
datac

1,611 370 Trace-401,300

NOMSd 113 19 0.2-1.3
NSPd 142 32e Trace-21
CWSSd 452 19 0.5-650

1,2-Dichloroethane State
datac

1,212 85 Trace-400

NOMSd 113 2 0.1-1.8
NSPd 142 2e Trace-4.8
CWSSd 451 4 0.5-1.8

Vinyl chloride State
datac

1,033 73 Trace-380

NOMSd 113 2 0.1-0.18
NSPd 142 7e Trace-76
CWSSd f f f

a From EPA. 1982.
b NOMS. National Organics Monitoring Survey. 1976-1977: NSP. National Screening Program.
1977-1981: CWSS. Community Water Supply Survey. 1978 (EPA. 1987g).
c All groundwater sources: aggregated from various state reports on local contamination
problems.
d Surface-water and groundwater sources
e Tentative identification by single-column gas chromatography
f Compound not surveyed.

Attention has recently shifted toward exposure to chemical contaminants
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of tap water by routes other than ingestion, including skin contact with and
inhalation of chemicals that volatilize indoors and can be inhaled at the point of
water use or elsewhere or in moves from room to room. Very few data are
available on cutaneous exposure, although Brown et al., (1984) estimated that
bathing can cause exposures in the same range as those caused by the daily
ingestion of 2 liters of the same water.

Field measurements. experimental studies, and models have measured the
volatilization of chemicals found in water used for various purposes, including
showering and bathing (Andelman, 1985; McKone, 1987). Estimates of the
resulting inhalation exposures vary, but suggest that showering can cause about
as much exposure as ingestion and that exposure due to all water uses can be
substantially higher than that due to direct ingestion, in part because the intake
of air (about 20,000 liters/day) is about 104 times that of water.

How quickly and how completely a pesticide or other contaminant in

TABLE 4-2 Summary of Occurrences of Volatile Organic Chemicals at 186
Randomly Sampled Groundwater Sites Serving More Than 10,000 Persons Eacha

Occurrences
Compound Quantitation

Limit. µg/
liter

No % Median
of
Positives.
µg/liter

Maximum.
µ g/lite r

Vinyl chloride 1.0 1 0.5 1.1 1.1
1,1-Dichloroethylene 0.2 5 2.7 0.28 2.2
1,1-Dichloroethane 0.2 8 4.3 0.54 1.2
cis- and trans-1,2-
Dichloroethylene

0.2 13 7.0 1.1 2.0

1,2-Dichloroethane 0.5 3 1.6 0.57 0.95
1,1,1-Trichloroethane 0.2 15 8.1 1.0 3.1
Carbon tetrachloride 0.2 10 5.4 0.32 2.8
1,2-Dichloropropane 0.2 5 2.7 0.96 21
Trichloroethylene 0.2 21 11.3 1.0 78
Tetrachloroethylene 0.2 21 11.3 0.52 5.9
Benzene 0.5 2 1.1 9.0 15
Toluene 0.5 2 1.1 2.6 2.9
Ethylbenzene 0.5 1 0.5 0.74 0.74
Bromobenzene 0.5 1 0.5 1.7 1.7
m-Xylene 0.2 2 1.1 0.46 0.61
o + p-Xylene 0.2 2 1.1 0.59 0.91
p-Dichlorobenzene 0.5 3 1.6 0.66 1.3
Chloroform 0.2 106 57.0 1.6 300
Bromodichloromethane 0.2 101 54.3 1.6 71
Dibromochloromethane 0.5 96 51.6 2.9 59
Dichloroiodomethane 1.0 3 1.6 1.8 4.1
Bromoform 1.0 57 30.6 3.8 50

a Adapted from Westrick et al., 1984, with permission.
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drinking water will volatilize depends on its physical and chemical properties,
including its solubility in water, its vapor pressure, its Henry's law constant (H),
and its coefficient of diffusion in water at the water-air interface (Andelman,
1985), as well as physical characteristics of the water, such as temperature,
agitation, and spraying. The constant H is equal to the ratio of the equilibrium
concentration in air to the concentration in aqueous solution.

TABLE 4-3 VOC Concentrations in Random Samples of Finished Groundwatera

Water Supplies with Summed Concentrations of VOCs
Exceeding Value Shown at Left
Systems Serving Up to
10,000 Persons

Systems Serving More
Than 10,000 Persons

Summed
Concentrations of
VOCs. mg/liter

No. % No. %

Quantitation limitb 47 16.8 52 28.0
1.0 20 7.1 26 14.0
5.0 8 2.9 12 6.5
10 5 1.8 7 3.8
50 1 0.4 1 0.5
100 0 0 0 0

a Adapted from Westrick et al., 1984, with permission.
b Quantitation limits not same for all compounds In most cases, quantitation limit is either 0.2
mg/l or 0.5 mg/l. This difference in quantitation limits can confuse interpretation of data
somewhat, so results of survey should be viewed with differing quantitation limits in mind
''Occurrence" is any specific finding at, or in excess of, the quantitation limit.

The vapor pressures of carbamates and organophosphorus compounds are
low, as are their H values. Other aqueous insecticides, such as dieldrin and
aldrin, can readily volatilize from water-air interfaces, although probably at
lower rates than compounds (such as benzene and toluene) that have higher H
values (Mackay and Leinonen, 1975). Polychlorinated biphenyls (such as
Arochlor 1242) and chlordane volatilized from water surfaces at about
20%-30% of the rate of oxygen in reaeration studies, but dieldrin, which has a
substantially lower H value, volatilized at only 1%-5% of the oxygen reaeration
rate (Atlas et al., 1982). The H values of specific organophosphorus and
carbamate compounds vary, but many are low. On the basis of their water
solubilities and vapor pressures. one can calculate H values at room temperature
of 2 × 10-6 and 8 × 10-9 atm · m3/mol for aldicarb and carbofuran, respectively.
Comparable values for dieldrin, aldrin, and Arochlor 1242 at room temperature
are 2 × 10-7, 1 × 10-5, and 6 × 10-4 atm · m3/mol (Mackay and Leinonen, 1975).

In contrast to the organophosphorus and carbamate compounds, the typical
VOC or THM has a relatively large H value at room temperature, generally
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in the range of 10-2-10-3 atm · m3/mol (Roberts and Dandliker, 1983). The mass-
transfer rate constants for the VOCs and THMs are also substantially higher
than those for the organophosphorus and carbamate compounds, typically about
60% of that for oxygen reaeration. Thus, one would expect that substantial
fractions of these components would volatilize during typical indoor water uses
and thereby contribute to inhalation exposures, especially of the person at the
point of use, but perhaps of others if the volatile constituents are disseminated
by air movement. As has been shown for trichloroethylene and chloroform,
volatilization from both showers and baths is substantial, usually greater than
50% and sometimes as high as 90%, depending on temperature, air flow, and
the geometry of the water system (Andelman, 1985; Andelman et al., 1986,
1987). For the VOCs and THMs with higher H values, Henry's law equilibrium
is generally not attained, so mass transfer at the water-air interface often limits
the rate and extent of volatilization. A recent attempt to determine whether a
surrogate chemical, sulfur hexafluoride, could be used to estimate the
volatilization of such constituents associated with indoor water uses (Giardino
et al., 1988) was encouraging, but additional research is required.

CONSIDERATIONS OF TOTAL EXPOSURE

The principal focus of this report is the assessment of toxicity associated
with exposure to mixtures of chemicals in drinking water. But other media, such
as food, are also potential sources of exposure. Exposures related to nonwater
sources, such as exposure to polycyclic aromatic hydrocarbons in ambient air,
can be much greater than those related to water. When human toxicity
associated with exposure through water is assessed, combined exposures
through other media have the potential for raising an apparently low exposure
through water to the point where a toxic threshold is exceeded or, in the case of
a carcinogen, a risk is increased.

An early multimedia-exposure analysis for some of the chemicals
considered here addressed the multiple routes and variability of uptake of
chloroform and carbon tetrachloride (NRC, 1978). The exposure data on air,
water, and food in that analysis were often meager and not precise, but the
analysis did use what was known about variability in absorption after ingestion
or inhalation. Table 4-4 shows three hypothetical scenarios for uptake (based on
exposure and absorption) of carbon tetrachloride and chloroform from water,
food, the atmosphere, and the three together. It appears that most exposure to
chloroform at typical levels is by water, whereas air is typically more important
for carbon tetrachloride. However, in any given instance, almost any route can
dominate, so it is essential to consider all sources when one is assessing
individual exposure to a specific chemical and the associated risk.
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TABLE 4-4 Adult Human Male Uptake (Based on Exposure and Intake) of Carbon
Tetrachloride (CCl4) and Chloroform (CHCl3) from Environmental Sourcesa

Uptake, mg/year
Source CCl4 CHCl3
At minimum exposure levelsb

Water and water-based drinks 0.73 0.037
Atmosphere 3.60 0.41
Food 0.21 0.21
Total 4.54 0.66
At typical exposure levelsc

Water and water-based drinks 1.78 14.90
Atmosphere 4.80 5.20
Food 1.12 2.17
Total 7.70 22.3
At maximum exposure levelsd

Water and water-based drinks 4.05 494
Atmosphere 618 474
Food 7.33 16.4
Total 629 984

a Adapted from NRC. 1978. pp. 180-181
b Minimum exposure and minimum stake for all sources.
c Typical conditions assumed For CCl4 water and water-based drinks. exposure at 0.0025 rag'
liter and reference-man intake: atmosphere. average of typical minimum and maximum
absorption: food. average exposure and intake. For CHCl3 water and water-based drinks.
median exposure and reference-man intake; atmosphere. average of typical minimum and
maximum absorption. food. average exposure and intake
d Maximum exposure and maximum intake for all sources.

CONCLUSIONS AND RECOMMENDATIONS

If joint exposure to THMs or to all VOCs with roughly equivalent potency
could be considered to have additive toxic effects, it would be useful to have an
analytic method for monitoring purposes that could be used as a measure of the
total concentration of members of the group. For example, the sum of the
volatile organohalide concentrations could be measured with a single
instrument, even though it would measure a group of compounds—such as
vinyl chloride, carbon tetrachloride, 1,2-dichloroethane, trichloroethylene, p-
dichlorobenzene, 1,1-dichloroethylene, and 1,1,1-trichloroethane—with widely
varied toxic effects. The potential deficiency of such a method is that other,
possibly harmless volatile organohalide compounds in the water sample would
also be detected. In the case of the organophosphorus compounds, it
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is unlikely that a single simple analytic measurement with a gas
chromatographic phosphorus detector can be developed that would depend only
on the presence of organophosphorus insecticides, because other, unidentified
phosphorus compounds could be present. The HPLC method described earlier
might be more successful in this regard, but it would have to be shown that the
derivatization procedure is specific to the hydrolysis products of the carbamates
of interest and that other naturally occurring chemicals and their hydrolysis
products would not introduce serious inaccuracies.

If a simple analytic process could be developed to provide a summary
measure of the concentrations of an entire class of toxicologically similar
constituents in drinking water, it is likely that it would also detect other,
potentially confounding constituents in the water.

In assessing the toxic impacts of individual or mixed constituents of
drinking water, it is essential to consider all forms of exposure to the
constituents, including exposure through water, soil, air, and food. For
contaminated drinking water, exposure by inhalation, skin contact, and
ingestion should be assessed. Whether organophosphorus and carbamate
compounds volatilize to a substantial extent during domestic indoor water uses
should be determined, so that total exposures to these chemicals can be
assessed. For the THMs and VOCs, exposure due to volatilization can be
substantial and should be considered in assessing human toxic impact and risk.
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5

Acetylcholinesterase Inhibitors: Case
Study of Mixtures of Contaminants with

Similar Biologic Effects
Acetylcholine, a neurotransmitter normally present in many parts of the

nervous system, is hydrolyzed by the enzyme acetylcholinesterase. Chemicals
that inhibit the action of acetylcholinesterase at doses or concentrations
substantially lower than those required for other kinds of biologic effects are
pharmacologically classified as anticholinesterases. Anticholinesterases appear
to mimic the stimulation of cholinergic nerves or receptors in the central and
peripheral nervous systems.

This chapter discusses the toxicity and interactions of the two groups of
chemicals most often associated with anticholinesterase activity—the organic
triesters of phosphoric  or phosphorothioic  acid (i.e.,
organophosphorus compounds) and several carbamates (esters of carbamic
acid). Chemicals in both groups are widely used as insecticides. However, not
all organophosphorus triesters or all carbamates are insecticidal, nor can all of
them be classified as anticholinesterases. It is important to keep that in mind to
avoid overgeneralizing when discussing these chemicals (either as
pharmacologic classes or as chemical classes) with respect to their toxic actions
and the regulatory decisions concerning them.

Although organophosphorus compounds and carbamates are often used as
insecticides, the anticholinesterases have other applications as well. The drug
physostigmine, obtained from the calabar bean, is an aromatic carbamate ester
that was first used therapeutically in 1877 in the treatment of glaucoma and still
has some use for this purpose. Other related carbamates (such as neostigmine
and edrophonium) and a few organophosphorus esters (such as diisopropyl
phosphorofluoridate, octamethyl pyrophosphoramide, and echothiophate) have
been used clinically to stimulate the smooth muscles of the
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ileum or the urinary bladder in paralytic ileus and atony of the urinary bladder,
to decrease intraocular tension in glaucoma, and to overcome the muscular
weakness and rapid fatigability of skeletal muscle in myasthenia gravis. Except
for physostigmine and neostigmine, however, the clinical uses of
anticholinesterases are very limited.

Large stocks of organic triesters of phosphoric acid that are potent
anticholinesterases have been stored for potential use as chemical warfare
agents. In fact, the use of the organophosphorus compounds in agriculture, as
well as clinical medicine, was an outgrowth of the chemical-warfare research
during World War II. The agents could become environmental contaminants in
areas where they have been tested in military field operations or as a result of
leakage from disposal sites.

In summary, the anticholinesterases are primarily in two chemical classes:
the organic triesters of phosphoric or phosphorothioic acid and the carbamates.
The chemicals have been developed for use as chemical-warfare agents, as
insecticides, and in clinical medicine; their most probable source as surface-
water and groundwater contaminants is insecticides.

TOXICITY

The known toxic effects of the anticholinesterases are predominantly the
acute effects elicited by single doses (Murphy, 1986). Both the
organophosphorus and carbamate classes of anticholinesterases contain
compounds whose acute lethal dosages range from a few milligrams per
kilogram to greater than a gram per kilogram (Murphy, 1986). The
manifestation of cumulative toxic action is generally the same as that of the
action produced by a large single dose. The effects usually appear in several
organs, because acetylcholine accumulates at the synapses of cholinergic nerves
when acetylcholinesterase is inhibited and has muscarinic, nicotinic, and central
nervous system actions. Some organophosphorus compounds or carbamates
have other toxic actions, such as carcinogenicity or teratogenicity, that are not
associated with the anticholinesterase action. The chronic effects of the
compounds are generally compound-specific and cannot be defined as
characteristic of the class. A possible exception is delayed peripheral
neuropathy, known as organophosphorus-compound-induced delayed
neurotoxicity (OPIDN), which reflects a primary axonal degeneration caused by
some of the organophosphorus triesters. Many, but not all, organophosphorus
triesters that produce OPIDN are also strong inhibitors of acetylcholinesterase.
The inhibition of acetylcholinesterase appears to be unrelated to the mechanism
of production of OPIDN. In fact, in many cases the capacity of a chemical to
produce delayed OPIDN has been discovered only when doses greater than the
dose that would be lethal owing to anticholinesterase or cholinergic action
could be administered to test animals (usually fully grown hens). Such
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testing is possible with the use of atropine, which protects the muscarinic
receptors from accumulating acetylcholine.

The signs and symptoms of acute poisoning by the anticholinesterases
usually reflect the actions of acetylcholine at muscarinic receptors in smooth
muscle, the heart, and exocrine glands. They include tightness in the chest,
wheezing, and increases in bronchial secretion, salivation, lacrimation,
sweating, and gastrointestinal tone and peristalsis, with the consequent
development of nausea, vomiting, abdominal cramps, and diarrhea. There can
be slowing of the heart (which can progress to heart block), infrequent and
involuntary urination, and constriction of the pupils.

The signs of poisoning by anticholinesterases that are associated with
stimulation of nicotinic receptors include contractions of skeletal muscle,
leading first to scattered and then generalized fasciculations and finally to
muscular weakness and ultimately paralysis. The skeletal muscles include the
muscles of respiration, and their paralysis is often the immediate cause of death.
Nicotinic actions also include those at autonomic ganglia; in severe
intoxication, the effects at synapses in the autonomic ganglia can mask the more
usual muscarinic effects.

Accumulation of acetylcholine in the central nervous system can be
responsible for the tension, anxiety, restlessness, insomnia, headaches,
emotional instability and neurosis, excessive dreaming and nightmares, apathy,
confusion, and forgetfulness reported by persons poisoned with
anticholinesterases. Generally, if a person survives an episode of acute
poisoning, recovery is complete. However, chronic sequelae involving the
central nervous system (such as forgetfulness, dreaming, and
electroencephalographic changes) have been reported to persist for a long time.

All the signs and symptoms described above can result from a single dose
of an anticholinesterase agent that passes the blood-brain barrier, gains access to
cells in the central nervous system, and acts at synapses of peripheral nerves.
Smaller doses can be tolerated without these signs, but frequent repetition of the
smaller doses can lead eventually to their onset when the accumulated
inhibition of acetylcholinesterase allows acetylcholine to reach an excessive
concentration. Results of most studies in experimental laboratory animals, as
well as clinical observations and research, have indicated that inhibition of
acetylcholinesterase must be substantial (e.g., 50% before signs typical of acute
poisoning become manifest. However, there is some reason to suspect that
subtle and unrecognized effects in the central nervous system can occur with
smaller degrees of inhibition (Roney et al., 1986).

Mechanisms

The actual manifestation of acetylcholinesterase-related poisoning is
mediated by the accumulation of the endogenous neurotransmitter
acetylcholine, which affects receptors in effector organs and the brain.
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The organophosphorus triesters phosphorylate the chemically active sites
of the enzyme acetylcholinesterase, and the carbamate insecticides carbamylate
the same sites. In a sense, they both act as alternative substrates, with the
normal substrate being acetylcholine. The acetylated site dissociates very
rapidly, the carbamylated site dissociates slowly, and the phosphorylated site
dissociates even more slowly. Hence, cholinesterase inhibition by the phosphate
compounds generally lasts longer than that by the carbamate compounds. With
the carbamate compounds, spontaneous reversal of cholinesterase inhibition
occurs when the excessive inhibitor has been metabolized or otherwise removed
—generally within a few minutes to a few hours. The phosphorylated
acetylcholinesterase of the organophosphorus compounds tends to be much
more stable, and spontaneous dephosphorylation and regeneration of the
uninhibited enzyme can take many hours to several days. On exposure to
organophosphorus compounds, a portion of the inhibited enzyme is never
spontaneously dephosphorylated; hence, some inhibition of cholinesterase can
last for weeks, or until synthesis of new enzyme fully restores normal activity.
This implies that the recovery mechanism is more complex than simple first-
order kinetics.

Knowledge of the primary biochemical lesion associated with poisoning
by the two classes of compounds has resulted in a convenient means for
following the course of poisoning—measurement of the cholinesterase activity
in erythrocytes or plasma. Inhibition of acetylcholinesterase activity in
erythrocytes is thought to reflect the course of inhibition and reversal of
inhibition in nerve tissue. A problem in the assay of carbamate compounds with
cholinesterase inhibition is that rapid spontaneous reversal of inhibition can
occur in vitro after blood has been drawn. It can also occur in vivo. Thus, if a
cholinesterase assay of blood from a severely poisoned person is not conducted
very promptly, it might fail to confirm carbamate poisoning. The slower
reversibility of the inhibition caused by the organophosphorus compounds
lessens this diagnostic problem.

There is substantial evidence from studies in laboratory animals, as well as
some indication from studies in humans, that repeated exposures to sub-acute
doses of organophosphorus compounds or persistent exposures to carbamate
anticholinesterases can cause a form of tolerance to these compounds or a
refractoriness of direct-acting cholinergic agonists. The phenomenon appears to
be due to a reduction in the responsiveness of the cholinergic receptor system—
a reduction in the density of cholinergic receptors—and it has been
demonstrated for both muscarinic and nicotinic cholinergic receptors
(Bombinski and DuBois, 1958; Brodeur and DuBois, 1964; Costa et al.,
1982a,b; Schwab et al., 1981). Induction of such tolerance appears to require a
prolonged inhibition of acetylcholinesterase (which results in a prolonged
increase in acetylcholine at the receptor site) and thus has generally been
reported for only the more persistent anticholinesterase compounds. If mixtures
of anticholinesterases act to prolong inhibition, it is conceivable
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that early additivity or even synergism might give way to tolerance or apparent
antagonism with prolonged exposures. If the manifestation of cholinergic
effects were used as the end point, the tolerance might be interpreted as
apparent antagonism; but if acetylcholinesterase inhibition were the end point,
antagonism would not be apparent.

The preponderance of reported evidence indicates that all whole-organism
signs and symptoms caused by anticholinesterases are preceded or accompanied
by a significant inhibition of acetylcholinesterase. However, there are reports
that some behavioral changes have persisted long after cholinesterase activity
has returned to normal. Furthermore, some (sparse) experimental data (Roney et
al., 1986) indicate that tests of subtle learned behaviors in laboratory animals
can be altered with very little reduction in blood cholinesterase.

Some organophosphorus and carbamate compounds are not strong
inhibitors of acetylcholinesterases and are not properly classed with the
anticholinesterases. Those chemicals have their own cholinesterase-independent
toxic action and cannot be grouped with the anticholinesterases for regulatory
purposes. Examples are the triaryl phosphates, including the classic peripheral
neurotoxic compound tri-o-cresylphosphate, the dithiocarbamate fungicides,
and some of the carbamate herbicides.

Metabolism-Toxicity Relationships

Organophosphorus Compounds

The broad class of organophosphorus anticholinesterases includes several
types of compounds. Some are esters of phosphoric acid, , some
are esters of phosphorothioic acid, , and a few are phosphonates
and phosphoroamidates. The phosphoric acid triesters (  compounds) are
active insecticides and are generally direct inhibitors of acetylcholinesterase.
That is, when added to a solution of purified or partially purified
acetylcholinesterase or to a crude homogenate or extract of tissue containing
acetylcholinesterase, they exhibit potent in vitro anticholinesterase action, often
at concentrations of 10-10-10-7 M. When the derivatives of phosphorothioic
acid (  compounds) are added to a cholinesterase-containing preparation,
they are not strong direct inhibitors of cholinesterase. They are, however, active
in vivo at relatively low doses, and tissues taken from animals poisoned with
low doses of these compounds have greatly reduced concentrations of
acetylcholinesterase.

It is now well established that the  compounds must be activated by
other enzymes in the body to a form that is highly reactive with the
acetylcholinesterase-active center. The most common case with the 
derivatives is conversion to the  (phosphate) form of the triester, which is
a direct
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inhibitor of acetylcholinesterase (I in Figure 5-1). Hence, factors that alter the
rate of metabolism of these indirect inhibitors to their directly inhibiting forms
can alter the toxicity of the compounds.

Figure 5-1
General scheme of metabolism and mechanism of toxic action of dialkyl aryl
phosphorothioates. From Murphy, 1980, with permission.

Furthermore, many of the  compounds can be attacked directly by
hydrolases, sometimes called A-esterases, that split the (RO)2P—O—OAr bond
(V in Figure 5-1) and result in products that do not inhibit acetylcholinesterase.
The  compounds are generally resistant to those hydrolases and are
hydrolyzed only after they are converted to their oxygen analogue (I and V in
Figure 5-1). It is now well established that most of the  compounds can be
oxidatively cleaved to a phosphorothioic diester and an aryl hydroxy group (III
in Figure 5-1). The oxidative cleavage step and the hydrolytic step (V) are
detoxifying, and the products of these pathways do not inhibit
acetylcholinesterase. To complicate the matter, the enzyme that oxidatively
cleaves (III in Figure 5-1) and oxidatively desulfurates (I in Figure 5-1)
phosphorothioates is either the same enzyme or two very closely related
enzymes. They are classed as mixed-function oxidases, which are well known
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to be induced and inhibited by many other compounds (Murphy, 1986). In
addition to the oxidative activation and the oxidative and hydrolytic inactivation
of the phosphorothioate compounds, some of the compounds are also detoxified
via glutathione alkyltransferases that remove an alkyl group from the phosphate
and render it inactive as an anticholinesterase (II and IV in Figure 5-1). In a few
cases, organophosphorus compounds have also been demonstrated to be
dealkylated by oxidative enzymes. That is also a detoxifying step and is
probably another form of a mixed-function oxidase.

In summary, oxidative metabolic pathways can either activate or detoxify
the phosphorothioate insecticides. Such factors as inducers or inhibitors of
mixed-function oxidases and competition by other compounds for the reactive
sites in the mixed-function oxidases can alter the quantity of the active direct
inhibitor of acetylcholinesterase at critical sites in nerve tissue (VIII in
Figure 5-1) that will be present with any given dose at any given time. In
addition, a different set of enzymes, the soluble glutathione alkyltransferases,
might also detoxify some of the compounds. One further means of
detoxification is the reaction of the organophosphorus compounds with other
noncritical enzymes (IX in Figure 5-1) that can serve as a sink to divert the
active phosphates from critical sites and spare acetylcholinesterase.

The complex multiple pathway of metabolism renders it extremely
difficult to predict the possibility or quality of toxic interactions among
mixtures of the organophosphorus compounds. In addition, conditions that
might predict results with one compound or homologues of a compound might
not apply for other, equally closely related compounds. For example, it has been
demonstrated that inhibition of mixed-function oxidases by piperonyl butoxide
or SKF 525A in mice moderately increases the toxicity of ethyl parathion, but
protects strongly against the toxicity of methyl parathion (Levine and Murphy,
1977a,b). The reason appears to be that the alternate pathway for detoxification
through glutathione transferase is effective for methyl parathion, but not for
ethyl parathion.

A few of the organophosphorus compounds have chemical groups that can
be attacked by other enzymes. Notable among them are chemicals that have
carboxyl ester or carboxy amide linkages. The ester linkages can be attacked by
widely distributed carboxyl esterase or carboxy amidase in tissues. The action
of those hydrolases generally leads to a loss of anticholinesterase action by the
phosphate or carbamate that contains the groups. Hence, compounds (including
many insecticidal and noninsecticidal organophosphorus compounds) that
inhibit carboxyl esterases can increase the toxicity of other organophosphorus
compounds whose anticholinesterase activity depends on an intact carboxyl
ester or carboxy amide linkage (DuBois, 1969; Murphy, 1969). The best-known
synergism of this kind is with malathion (Casida et al., 1963; Cohen and
Murphy, 1971; Frawley et al., 1957; Murphy et al., 1959), which is usually
considered a relatively safe insecticide. Many lab
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oratory studies and a field accident (Baker et al., 1978) have demonstrated that
malathion becomes much more toxic under conditions in which carboxyl
esterases are inhibited.

Finally, it has been demonstrated that some organophosphorus triesters that
are not always potent inhibitors of acetylcholinesterase can compete with other
anticholinesterases for a noncritical group of enzymes, sometimes referred to as
aliesterases (IX in Figure 5-1); these include nonspecific carboxyl esterases.
The competition can block a sink of noncritical binding sites that normally act
to spare acetylcholinesterase (the critical binding site) from being inhibited by
the organophosphates. Synergism among some organophosphorus compounds
might depend on such action (Fleisher et al., 1963; Lauwerys and Murphy,
1969; Murphy et al., 1976; Polak and Cohen, 1969).

Carbamates

The carbamate insecticides also have multiple pathways of metabolism,
which are also predominantly oxidative and hydrolytic. Hydrolysis of the
carbamate ester invariably reduces its anticholinesterase activity, but oxidative
reactions that occur on the ring or alkyl portions of the carbamate insecticides
can increase or decrease anticholinesterase activity. For example, in the case of
the carbamate insecticide propoxur. hydrolysis of the carbamate ester linkage
reduces the anticholinesterase potency by a factor of 100. With the carbamate
ester intact, oxidative removal of the isopropoxy group reduces toxicity by a
factor of only about 5-6, hydroxylation of the N-methyl group reduces toxicity
by a factor of only 4, and hydroxylation of the aromatic ring without other
changes actually increases the anticholinesterase potency by a factor of 3
(Oonnithan and Casida, 1968). There is much less information on the
interactions that can occur between carbamates or between carbamates and
phosphate anticholinesterases than there is on interactions between the
phosphate anticholinesterases. However, a recent report (Takahashi et al., 1987)
indicated that the toxicity of N-methyl carbamate compounds in mice can be
increased by organophosphorus insecticides. The extent of synergism varied
widely, from a factor of 2 to a factor of 15, depending on the organophosphorus
compounds tested. The precise mechanism of the synergism is not entirely clear
from the results of the study.

INTERACTIONS

Reported Data

The conceptual model that is usually applied to pesticides is the dose-
additive model, and in the remainder of this chapter when the words syn
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ergism, antagonism. and interaction are used, they imply departures from dose
additivity.

Over 30 years ago, Frawley and coworkers (1957) reported a marked
synergism of two organophosphorus insecticides, ethyl p-nitrophenyl
thionobenzenephosphonate (EPN) and malathion. For several years thereafter.
the Food and Drug Administration required that all safety evaluations on all
anticholinesterase insecticides for which food-residue tolerances were
established include tests of the toxicity of combinations. Most of the tests
conducted in response to the regulation were acute-toxicity tests that used
simultaneous administration of two chemicals (binary mixtures).

DuBois (1961) reported on studies in which various combinations of 13
organophosphorus insecticides were tested for acute toxicity in rats. Toxicities
of 21 pairs showed dose additivity, of 18 pairs were less than additive. and of 4
pairs were synergistic. Administration of half the LD50 of each of the two
compounds in each pair, which should have led to 50% mortality. was followed
by 100% mortality in 4 pairs. Three of the 4 pairs included malathion. A few
more pairs involving newer compounds have since been shown to be synergistic
in acute-toxicity tests. However, combinations of several organophosphorus
insecticides that were incorporated into experimental diets at residue-tolerance
limits did not show greater than additive toxicity in chronic feeding studies. The
regulation requiring tests of anticholinesterase insecticides for synergism was
lifted a few years after it was instituted, when investigators failed to
demonstrate synergism at the residue-tolerance limits.

The likely mechanisms of synergism among organophosphorus
insecticides have been reviewed by DuBois (1969) and Murphy (1969).
Inhibition of detoxification by tissue carboxyl esterases and amidases and
competition for nonvital binding sites that normally act as a buffer system to
spare the vital acetylcholinesterase appeared to be the two major mechanisms
involved in the synergism among organophosphorus compounds. One of the
insecticides most often observed to be synergistic with other organophosphorus
insecticides was malathion. Malathion, normally a relatively safe compound. is
detoxified b v carboxyl esterases that are inhibited by other organophosphorus
insecticides (Murphy et al., 1959).

Clear evidence of the synergistic action of organophosphorus compounds
in humans did not emerge until an incident among spraymen in a mosquito
control program in Pakistan in the late 1970s resulted in several deaths and
thousands of clinical poisonings. The incident was attributed to an increase in
the toxicity of malathion due to interaction with other organophosphorus
compounds that were strong inhibitors of carboxyl esterases and that constituted
impurities in the malathion (Baker et al., 1978).

The other proposed mechanism of synergism is competition for noncritical
binding sites. It has been suggested that the carboxyl esterases might represent
one type of noncritical binding site. Compounds that are more potent inhib
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itors of carboxyl esterases than of cholinesterase might be the most likely to
interact synergistically. The anticholinesterase action appears to be increased by
a factor of 3-4 (i.e., the dose for an equitoxic effect is reduced to one-third or
one-fourth) in acute doses of combinations of this type (DuBois, 1961;
McCollister et al., 1959; Murphy, 1969, 1976).

Although the possibility of interactions among anticholinesterase
compounds has been less studied. Takahashi et al., (1987) recently
demonstrated increases in the toxicity of five N-methyl carbamates by
simultaneous treatments or pretreatments with one-twentieth of the LD50 of
some organophosphorus compounds. The toxicity of 2-sec -butylphenyl N-
methyl carbamate (BPMC) increased by a factor of approximately 15 at the
most sensitive time tested. Because the phosphorothioate  type of
organophosphorus insecticides had a synergistic effect on BPMC and the direct-
acting organophosphorus insecticide dichlorvos (  type) did not, the
investigators suggested that inhibition of mixed-function oxidases, which
occurs only with the  type, is a probable mechanism of this synergism.
However, several additional tests of that hypothesis suggested that some other
mechanism could also be operative for organophosphate synergism with N-
methyl carbamates (Takahashi et al., 1987).

Degrees of Interaction

The greatest departure from dose additivity reported among
anticholinesterase insecticides appears to be an increase in malathion toxicity by
a factor of about 100 achieved with acute doses and rather unrealistic routes of
exposure (Murphy et al., 1959). The first reported example of substantial
synergism among anticholinesterase compounds involved binary mixtures of
malathion and EPN (Frawley et al., 1957). Both chemicals are
anticholinesterase organophosphorothioate insecticides. Tests of the acute
toxicity of an equitoxic mixture of the two in rats revealed about a 10-fold
increase in toxic mortality. DuBois (1961) reviewed similar but less extensive
acute-toxicity tests on dogs that suggested approximately a 50-fold increase. In
addition, early feeding studies with EPN at 3 ppm and malathion at 8 ppm in the
diet (these were the legal tolerance limits for these chemicals in fruits and
vegetables) resulted in increased toxicity, as indicated by erythrocyte
cholinesterase inhibition.

As noted earlier, DuBois (1961) tested a large number of binary mixtures
of organophosphorus insecticides. He applied the principle of dose additivity—
that is, that two compounds with the same mode of action. parallel dose-
mortality curves, and similar time and mechanism of action exhibit dose
additivity (not synergism) if the simultaneous administration of half the LD50 of
each results in 50% mortality. Four pairs (malathion and EPN. malathion and
dipterex, malathion and Co-Ral. and dipterex and Guthion) resulted in
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synergism by the dose-additivity definition, as indicated by 100% mortality.
Further acute-toxicity tests in rats with a range of doses of equitoxic mixtures of
the same pairs resulted in a measure of the degree of synergism when the ratios
of the expected LD50 of the mixture (if additive) to the observed LD50 were
calculated. The ratios (degree of synergism) ranged from 1.5:1 (for dipterex and
Guthion) to 2.4:1 (for malathion and Co-Ral). The comparison technique
probably can be extended to combinations of three or more chemicals, although
this does not yet appear to have been done in a published paper.

Using the dose-additive model, McCollister et al., (1959) reported acute
toxicity of 50-50 mixtures of the organophosphorus insecticide O,O-dimethyl-O-
(2,4,5-trichlorophenyl) phosphorothioate (Ronnel) with each of 10 other
organophosphorus insecticides and calculated the ratios of expected (if additive)
to observed LD50. Tests of Ronnel with each of six chemicals yielded ratios
greater than 1.0:1 (1.3:1 with Systox. 1.4:1 with phosdrin, 1.7:1 with Guthion,
1.8:1 with parathion, 2.1:1 with malathion, and 3.2:1 with EPN): tests with four
other pairs yielded ratios of 1.0:1 or less. Of the compounds cited above. only
malathion contains carboxyl ester moieties, which are vulnerable to attack by
carboxyl esterases, which in turn are known to be sensitive to inhibition by
several organophosphorus compounds (DuBois. 1969; Murphy. 1969).

A few other published studies have revealed a slight to moderate (less than
10 times) degree of synergism of acute toxicity of organophosphorus
insecticides given simultaneously as binary mixtures to laboratory animals. One
criterion that appears to apply to most of the cases of reported synergism is that
at least one of the compounds has a higher potency as a carboxyl esterase
inhibitor than as an anticholinesterase. DuBois (1961) suggested that the
residue-tolerance limits for such compounds should be based on the dosages
that inhibit their detoxification enzymes, rather than on the less sensitive
acetylcholinesterase inhibition. That suggestion has not, to our knowledge. been
adopted as a regulatory rule. From the standpoint of protecting against
synergism among organophosphorus compounds, standards for individual
compounds based on this detoxification principle might not include any special
considerations or extra safety factors (other than the assumption of dose
additivity) required for drinking water standards for mixtures containing this
class of compounds.

If one considers a case of minimally detectable synergism demonstrated in
laboratory animals with a binary mixture of organophosphorus insecticides—
i.e., feeding the maximal acceptable dietary-tolerance limits of malathion at 8
ppm and EPN at 3 ppm (Frawley et al., 1957)—one can draw some conclusions
regarding the relationship of doses carrying some risk to the dose that might be
obtained from drinking water. Assuming ingestion of 1 kg of food all of which
contains maximal food-tolerance limits a human
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would ingest 8 mg of malathion and 3 mg of EPN. There are few data available
regarding measured concentrations of those compounds in groundwater (or
drinking water), but data from California (NRC, 1986) indicate that the highest
concentration of malathion observed in groundwater is 23 parts per billion
(ppb). If an adult consumed 2 liters of this water, the total dose of malathion
would be only 0.046 mg—slightly more than 0.5% of the lowest reported daily
amount of malathion for a detectable synergistic effect in chronic dietary
feeding tests.

The committee could find no groundwater or drinking water concentration
data on EPN. However, for several compounds with similar uses—e.g.,
parathion, diazinon, and Delnav—the maximal groundwater concentrations
reported for California were 4, 9, and 25 ppb, respectively, i.e., no more than
0.050 mg per adult ingesting 2 liters/day, or about 1% or less of the reported
minimal dosage of EPN that produced a detectable synergistic effect in animal
feeding studies. In fact, Moeller and Rider (1960) tested human response to the
dosages that might be obtained at the food-tolerance limits and reported that 3
mg of EPN and 8 mg of malathion in the daily diet of healthy men for 6 weeks
led to no observation of depression of plasma or erythrocyte cholinesterase. On
the basis of that most-studied example of joint action by organophosphorus
insecticides, it appears that no excess risk of cholinesterase inhibition in healthy
men is likely if intake of EPN and malathion does not exceed the maximum that
could result from legal food residues.

No similar data base is available for other combinations of
anticholinesterase organophosphorus or carbamate compounds. There are
apparently no reports of tests on interactions that include the carbamate
insecticide aldicarb, which has been found in many groundwater samples. In
California, maximal concentrations of 47 ppb in groundwater would be
equivalent to a 0.094-mg dose in 2 liters of water ingested by adults.
Contamination at 47 ppb is more than 4 times EPA's health advisory not to
exceed 10 µg/liter (10 ppb) for a 10-kg child. If aldicarb acts in synergy with
other anticholinesterases, as Takahashi et al., (1987) have reported for some
other carbamates, the risk of occurrence of adverse interactions could be
substantially increased.

A related approach based on the dose-additive model is to use the concept
of toxic equivalence (Bellin and Barnes, 1987; Eadon et al., 1986). A possible
toxic-equivalence scheme for regulation could be used for a mixture of aldicarb
and its transformation products aldicarb sulfoxide and aldicarb sulfone. All
those compounds are cholinesterase inhibitors, and their potencies relative to
that of aldicarb (as measured by 1/NOAEL) can be expressed (Table 5-1).
Aldicarb has a lifetime health advisory guideline of 10 peg/liter (EPA, 1987),
and the toxic equivalents of aldicarb can be compared with this value. A liter of
water containing a mixture of aldicarb at 2 µg/liter, aldicarb sulfoxide at 5 µg/
liter, and aldicarb sulfone at 30 µg/liter could be expressed
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in toxic equivalents of aldicarb on the basis of relative potencies. The toxic-
equivalent concentrations for the individual compounds are obtained by
multiplying the concentration by the relative potency. For example. for aldicarb
sulfone, the concentration of toxic equivalence is

TABLE 5-1 Relative Potencies and Toxic-Equivalent Concentrations of Aldicarb
and Its Transformation Products
Compound NOAEL.

mg/kg
Relative
Potency

Concentration.
µg/liter

Toxic-
Equivalent
Concentration.
µg/liter

Aldicarb 0.125 1 2 2
Aldicarb
sulfoxide

0.125 1 5 5

Aldicarb
sulfone

0 6 0.2 30 6

(30 µg of aldicarb sulfone/liter) (0.2) = 6 µg of aldicarb/liter.

It should also be noted that the toxic equivalence of the mixture is 13 µg/
liter—the sum of the concentrations in the last column—which can be
compared with the health advisory guideline of 10 µg/liter (EPA. 1987). This
approach assumes. as explained in an earlier chapter, that these compounds do
not act synergistically.

CONCLUSIONS

The known mechanisms of anticholinesterase synergism depend on
interference with or competition for metabolic mechanisms of detoxification of
the anticholinesterases or their precursors. Therefore, one might predict that
synergism will occur only when the dosage exceeds the theshold where
metabolism becomes a rate-limiting factor in toxicity. Of course, that dosage
becomes smaller as critical pathways of detoxification are inhibited by other
compounds.

Without specific knowledge of the mechanism of synergism and without
quantitative data on response to a range of doses of interactive chemicals, it is
not possible to determine at precisely what concentrations interaction occurs.
From acute-toxicity studies, it appears likely. at least for the compounds
discussed in this chapter. that there are dosages below which interactions do not
occur and that these can be predicted from data on individual compounds.

With regard to the interaction resulting from the existence of
cholinesterase inhibition as a common action, one would anticipate that at most
this interaction would result in additive activity. In fact. DuBois (1961) reported
that the oxygen analogues of EPN and malathion are strictly additive with
respect to their anticholinesterase action in vitro and, in contrast, synergistic in
vivo. If the compounds compete for the same active catalytic sites on the acetyl

ACETYLCHOLINESTERASE INHIBITORS: CASE STUDY OF MIXTURES OF
CONTAMINANTS WITH SIMILAR BIOLOGIC EFFECTS

158

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


cholinesterase molecules, chemicals that are intrinsically less effective as
inhibitors might sometimes occupy these sites at the expense of intrinsically
more active inhibitors. When that happens, the combined action will be
manifested as antagonistic, according to the principles put forward by Veldstra
(1956).

RESEARCH RECOMMENDATIONS FOR MIXTURES OF
ANTICHOLINESTERASES

•   Whether interactions with active inhibitors at a primary biochemical
target (i.e., acetylcholinesterase-active center) produce other than
additive responses on exposure to multiple chemicals is not known and
should be the subject of research. The additivity of multiple
compounds at low doses or concentrations should be tested. The
resulting knowledge would help to validate the usefulness of a
summation or hazard-index approach to recommending quality
standards.

•   The role of inhibition of carboxyl esterases or other noncritical (silent)
receptors in the loss of anticholinesterases, whether or not they involve
carboxyl ester linkage, should be investigated further.

•   The mechanisms of interaction of carbamate and organophosphorous
insecticides recently reported by Takahashi et al., (1987) need better
definition to determine whether new concepts or methods for testing
interaction potential can be developed.
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6

Volatile Organic Compounds (VOCs):
Risk Assessment of Mixtures of Potentially

Carcinogenic Chemicals
Drinking water can contain a wide array of toxic substances, including

substances known to be carcinogenic or potentially carcinogenic to humans,
including benzene, vinyl chloride, carbon tetrachloride, 1,2-dichloroethane,
trichloroethylene, chloroform, and other trihalomethanes and other volatile
organic chemicals (VOCs). In its approach to mixtures of carcinogens at doses
associated with a risk of less than 10-3, EPA (1985) assumes that the upper-
bound risk estimates for each of the carcinogenic chemicals can be added. This
chapter addresses risk assessment methods for mixtures of low concentrations
of carcinogens and draws heavily on a National Research Council (NRC, 1988)
report that discussed ways to test the toxicity of complex mixtures and
concluded that both exposure and pharmacokinetics are important considerations.

For the known and probable human carcinogens, such as those listed in the
paragraph above, maximum contaminant level goals (MCLGs) are set at zero by
EPA. Practical considerations might at times make the attainment of zero levels
impossible, however, so alternative maximum contaminant levels (MCLs) are
set. MCLs are based on technical feasibility and other factors, as well as
toxicity. Risk assessment methods can be applied to the individual contaminants
to estimate the upper bounds of health risk for alternative hypothesized
exposures. The methods used by EPA (1980) apply the linearized multistage
(nonthreshold) model.

Table 6-1 lists the MCLs for several compounds. The table also gives
estimated lower bounds for drinking water concentrations associated with
estimated increases in lifetime risk of developing cancer of 10-6. Exposure at
these concentrations is assumed to be constant throughout a lifetime.
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TABLE 6-1 Maximum Contaminant Levels and ''Virtually Safe Doses" for Selected
Volatile Organic Chemicals (VOCs) Regulated in Drinking Water
Substance MCL. mg/litera VSD mg/literb

Trichloroethylene 0.005 0.0026
Carbon tetrachloride 0.005 0.00027
1,2-Dichloroethane 0.005 0.00038
Vinyl chloride 0.002 0.000015
Benzene 0.005 0.0012

a From EPA, 1987.
b Dose associated with lifetime risk of 10-6 of developing cancer.

Comparison of these sets of numbers with the measured concentrations in
drinking water reported in Table 5-3 shows that the MCL is sometimes
exceeded. If the MCL is satisfied, however, the increase in risk of cancer is
estimated to be less than 10-5 for benzene and trichloroethylene. Because the
dose-response curve is typically assumed to be linear at low doses, the risks
associated with MCL exposures to carbon tetrachloride and 1,2-dichloroethane
are less than 2 × 10-5. For vinyl chloride, the maximum risk would be about 1.3
× 10-4.

RISK ASSESSMENT METHODS

Risk assessment is a means to estimate the probability and possible
magnitude of a health response associated with a given exposure. For
carcinogens, methods of using available data to estimate risk have been
relatively well delineated (EPA, 1984, 1986a,b; OSTP, 1984), although
validation of the estimates (and of the methods generally) is still seriously
incomplete. Animal bioassays are undertaken at rather high doses, where the
response (if any) is assumed to be more frequent than at low doses and hence
more likely to be observed in a small group of animals. It is then necessary to
adopt some mathematical model of the dose-response curve and to extrapolate
the response observed at high doses to an estimated response at exposures of
interest. The linearized multistage model is widely used to estimate cancer risks
associated with environmental exposures (EPA, 1987) and is said to provide an
upper-limit estimate of low-dose response. To some degree, the model's wide
use reflects its mathematical flexibility. However, biologic support for the
assumption of linearity at low doses remains largely inferential and probably
wrong in a high proportion of cases (Bailar et al., 1988).

The NRC report on complex mixtures (1988) concluded that, at doses for
which the relative risk is less than 1.01 and under the assumptions of the
multistage model, the excess risk associated with exposure to several car
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cinogens can be estimated by adding the excess risks associated with each
carcinogen. That report defined a low dose as one associated with an excess risk
no more than 1% and with a small relative risk of cancer in the exposed group
(no more than 1.01). That result was also inferred to hold for several additional
dose-response models used to estimate cancer risks, such as the one-hit,
Moolgavkar-Knudson, linear, and multiplicative models. These inferences are
not, however, validated by direct evidence.

Under most circumstances, one would like to use the dose at the target
organs as the input to dose-response models. That would increase the precision
and could decrease the bias of any risk estimate (Krewski et al., 1987;
Whittemore et al., 1986); however, the lack of validated pharmacokinetic
models to represent mixtures impedes this effort. Further development of
pharmacokinetic models should make possible their application to the
individual components of a mixture. For materials activated, say, in the liver or
detoxified in the kidney, dose at the liver or the kidney might be most important.

The NRC report (1988) also described risk assessment methods for using
data from epidemiologic studies, but noted that the problems presented by
human heterogeneity, the potential for bias, the lack of a uniform study design,
and the variability in data quality lead to a flood of risk assessment methods, as
well as uncertainty about results. Studies based on occupational exposures,
which are rarely of known magnitude but can be significantly higher than those
of the general population, also present some extrapolation problems. The dose-
response models used with these data are often among those for which response
additivity is presumed to hold at low doses.

This chapter is related to EPA's existing guidelines for carcinogen risk
assessment (EPA, 1986a), inasmuch as the methods suggested here could be
applied by EPA in conjuction with those guidelines. Understanding of the
biology underlying carcinogenic mechanisms is rapidly evolving and already
raises some questions about the need to improve models and assumptions or
substitute alternative ones. The adoption of alternative models would
necessarily require reexamination of the conclusions given here.

The MCLs for the VOCs and other carcinogens in drinking water are
generally below those associated with a 10-3 excess risk (see Tables 6-1 and 4-3)
—thus they satisfy the first criterion for defining low dose. For doses associated
with excess risks greater than 10-3 if the NRC approach is correct, synergism
might be important; in such cases, however, the dose of a single carcinogen
itself would also be of concern.

It is more complicated to demonstrate that the second criterion for low dose
—namely. a low relative risk—has been met. For many of the VOCs that have
been studied, evidence of carcinogenicity is largely from animal studies, vinyl
chloride and benzene being exceptions. Except for vinyl chloride, excess tumors
are generally seen for the hematopoietic or lymphatic
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systems. For these lymphomas the background cancer risks for humans are
about 0.018 over a lifetime (Schneiderman et al., 1979). Hence, for the relative
risks to be less than 1.01, the incremental risks associated with exposure to
these VOCs must be less than 1.8 × 10-4 to satisfy the low-dose criterion;
exposure at the MCLs satisfies the criterion. An argument can be made that
there is not necessarily a strict correspondence across sites of cancer for rodents
and humans; hence, total cancer rate should be considered. Alternatively, one
could consider other individual sites or groups of sites in humans that might be
related to sites of observed tumors in rodents. In such an approach, the low-dose
criterion is satisfied, because environmental concentrations of the individual
VOCs need only be such that the risk of cancer associated with individual toxic
compounds is less than 0.003 (0.01 × 0.33, which is the probability of
developing cancer during one's lifetime for all races and both sexes)
(Schneiderman et al., 1979).

Vinyl chloride exposures in humans are associated with an excess of liver
angiosarcoma, a relatively rare cancer. Background incidence rates are not
available for that cancer, but for total liver cancers, the lifetime incidence for
both sexes is 0.0054 (J. Horme, National Cancer Institute, personal
communication, 1988). If total liver cancers are considered, satisfaction of the
low-dose criterion requires that excess risks associated with the chemical in
drinking water be less than 5 × 10-5. If total cancers are considered, however,
the second criterion is much more easily satisfied for vinyl chloride. The
apparent paradox is due to the smallness of the background incidence of liver
angiosarcoma, compared with the total cancer incidence.

The subcommittee recognizes that the assumption of response additivity at
low doses does not have an extensive empirical foundation. Rather, it rests on
theoretical considerations and observations in limited epidemiologic studies.
Regarding higher doses, responses greater than additive occur after human
exposure to some mixtures of agents, such as cigarette smoke and asbestos, at
concentrations that produce a high incidence of effects separately (NRC, 1988).

CONCLUSIONS AND RECOMMENDATIONS

The acceptance of an underlying dose-response model allows estimates of
lifetime cancer risk to be made for individual carcinogens in drinking water.
The kind of models also indicate that the risks associated with simultaneous
exposure to two or more carcinogens can be added when their concentrations
are low, as they are when drinking water standards are satisfied. Hence, in the
models advocated in the current EPA guidelines (EPA, 1986a), any potential for
more than additivity is ignored in risk assessments of carcinogens present at low
doses. Additional research should be conducted to provide a firmer empirical
base for those models, so that the techniques for the risk
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assessment of mixtures can be improved and refined. The present effort is an
early step; periodic reevaluation will be necessary.

Any summation of cancer risk estimates must be made with care, because
different sets of assumptions can lead to different results. Different models, for
example, have been applied to epidemiologic data and animal toxicologic data.
In addition, the exposures in epidemiologic studies, although rarely known with
any accuracy, are a fortiori in the range of past human exposures and often
much closer to environmental exposures of current concern than are those of
animal studies.

If upper-bound risk estimates are used, even more caveats need to be
applied in the summation exercise. It is true that the sum of the upper bounds is
an upper bound of the sum, but the sum of the upper 95% confidence limits is
not such a limit for the sum. Moreover, the calculations of these upper bounds
for the multistage model (EPA, 1986a) are heavily influenced by the linearity of
the underlying dose-response data. Relatively linear data give rise to relatively
tight confidence limits; nonlinear data generally do not, because data at the
higher doses become less and less informative about lower doses as curvature
over the intervening range of doses increases.

For carcinogens, the most important research needs are those associated
with the development of better estimates of dose-response relationships and
risks for individual carcinogens in drinking water. Additional research also
needs to be directed toward a better understanding of the mechanisms of
carcinogenesis and the development of improved risk assessment models that
better reflect the underlying biology. The replacement of existing models with
improved models could alter the conclusions about the assumption of response
additivity at low doses.
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7

Conclusions and Recommendations for
Research

In the course of its deliberations, the Subcommittee on Mixtures concluded
that assessment of the toxic impact of contaminants in drinking water must
include consideration of all routes of exposure to the water, such as inhalation
and skin contact, as well as the totality of other exposures to the same
contaminants through food, air, and soil. The subcommittee also concluded that,
in view of the results shown to date, both response-surface models and
physiologically based pharmacokinetic models have potential in the risk
assessment of mixtures in drinking water when a small number of materials are
to be considered. These techniques offer promise of substantial progress in
experiment design and in describing the dose-response relationships associated
with exposure to multiple chemicals. The possibility of synergism cannot be
ignored; thus. risk assessment approaches that consider only individual toxic
agents are inadequate. and approaches based on (dose) additivity are best
applied to groups of agents that have the same or similar mechanisms of action
at the same biologic sites.

One possible way to incorporate all reported systemic toxicities into a
unified measure would be to combine related toxicities and apply weighting
factors to the hazard index (and other dose-additive models) currently used by
EPA, thus taking into account differences in the toxic spectra of different
materials. Current models of carcinogenesis assume no exposure threshold for
response, but assume response additivity at low doses, ignoring any potential
for synergism. More data are needed to support these models, both to improve
estimates of dose-response relationships and risk associated with individual
carcinogens in drinking water and to improve understanding of the mechanisms
of carcinogenesis.

CONCLUSIONS AND RECOMMENDATIONS FOR RESEARCH 168

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


The subcommittee concluded that it would be useful for monitoring
purposes to have a simple single chemical analytic method that could produce a
measure of the total concentration of members of a group (such as the
trihalomethanes or all the volatile organic chemicals) whose risk might be
assessed jointly. However, it is questionable whether such a method can be
developed to determine the sum of the concentrations of a class of
toxicologically similar contaminants in drinking water without potentially
confounding detection of other constituents in the water.

The subcommittee proposed the following recommendations for research
to improve the assessment of risk associated with exposure to mixtures of
chemical contaminants in drinking water. Because of the lack of necessary
scientific information, these recommendations are offered as only the beginning
of what should be a continuing process. Risk assessment methods related to
exposure to multiple chemicals in drinking water and their underlying models
and assumptions must be evaluated periodically as more data become available.

1.  The usefulness of various indexes used to characterize a mixture of
toxicants needs to be studied. For example, can the hazard index be used
to predict toxic severity? Specifically:

a.  The hazard index used by EPA should be modified to take into account
the sensitivity of each toxic end point. Modifying the hazard index by
using a weighting factor would help to account for differences in the toxic
spectra of different materials and avoid the lumping together of unrelated
toxicities, but would still permit the incorporation of all reported
toxicities into a unified measure.

b.  The additive approach should be modified by incorporating a synergism
factor that would vary with the amount and type of information available
and the concentrations of contaminants.

c.  The "toxic-equivalence" approach that estimates the combined toxicity of
the members of a class of chemicals on the basis of the toxicity of a
representative of the class should be further developed. Toxicities can
then be added according to a weighting procedure.

d.  The usefulness of response-surface methods in describing the relationship
between concentration and response for a variety of toxicant
combinations should be explored. Relevant experimental designs should
be used, and procedures for presenting multidimensional surfaces
graphically should be developed.

2.  The response additivity and dose additivity of multiple compounds at low
doses or low concentrations should be tested. For example, clarification is
needed as to whether interactions with active acetylcholinesterase
inhibitors at a primary biochemical target (e.g., the acetylcholinesterase-
active center) produce truly additive responses when multiple chemicals
are used. The
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resulting knowledge would help to validate the usefulness of summing
responses or doses that produce a given response as an approach to
recommending quality standards.

3.  The role of inhibition of carboxyl esterases and the role of noncritical
(silent) receptors, whether or not they involve carboxyl ester linkage,
should be investigated further.

4.  The mechanisms of interaction of carbamate and organophosphorus
insecticides need better definition to determine whether new concepts or
methods for testing for interaction potential can be developed.

5.  Biologic research is needed to improve understanding of the mechanisms
of cholinesterase inhibition and other actions of the components of
mixtures. The results should be used to develop models of these
mechanisms; the validity of models should be tested repeatedly as new
biologic information becomes available, such as that on the formation and
persistence of DNA adducts.

6.  Potential pharmacokinetic changes of individual representative chemicals
(i.e., chemicals taken to represent classes of chemicals) under the
influence of long-term, low-dose intake of a mixture of contaminants in
drinking water should be studied.

7.  Physiologically based pharmacokinetic models for multiple chemicals in
mixtures that represent drinking water contaminants should be developed.

8.  Toxicity studies that can help to define the health effects of long-term,
low-dose intakes of chemical mixtures in drinking water should be
carried out. The assessment of health effects should include
immunotoxicologic studies and initiation-promotion studies.

9.  The most serious omission in the current literature on mixtures is that of
information on dose-response relationships. Some phenomena that prevail
at high doses might be absent or attenuated at low doses while others are
proportionally strengthened as the statistical models suggest. Some binary
combinations are known to produce synergism. It would be reasonable to
begin testing the effects of dose by turning to those combinations. Later,
observations of the results of largely acute and subchronic exposures
could be amplified usefully with longer treatments, inasmuch as
environmental problems stem from chronic exposure. Fractional factorial
designs could reduce the resource requirements for such tests.

10.  The frequency of occurrence of toxic interactions among drinking water
contaminants and whether threshold concentrations exist for such
interactions should be studied. A computerized data base on toxic
interactions would be a useful first step in conducting the needed studies.
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Appendix A

An Approach for Risk Assessment of
Volatile Organic Chemicals in Drinking

Water That Uses Experimental Inhalation
Data and A Physiologically Based

Pharmacokinetic Model
The toxicity of trichloroethylene appears to be associated with its

metabolites, and not with the compound itself (NRC, 1986). Figure A-1 is a plot
of AMEFF (the effective concentration of reactive metabolite formed in a
compartment of specified volume) against inhalation exposure concentrations
obtained from computer simulation of the physiologically based
pharmacokinetic model for trichloroethylene. The lowest dose reported in the
literature to produce any effect (a hepatic effect) in rats was 56 parts per million
(ppm) (NRC, 1986, p. 187). Under the conditions of the experiments, that
exposure would produce 940 mg of reactive metabolite in the liver per liter of
liver volume (called effective concentration, target concentration, or delivered
dose). Interroute extrapolation with physiologically based pharmacokinetics
results in the information presented in Figure A-2, where four drinking water
consumption patterns are simulated to produce four curves for AMEFF versus
drinking water exposure concentrations. As shown in Figure A-2, it takes
trichloroethylene at 380-594 mg/liter, depending on the drinking water
consumption pattern, to form the AMEFF of 940 mg/liter in the rat liver. Under
the assumption that the effective concentration of the toxic metabolite at the
cellular or molecular level is the same for all species, further interspecies
extrapolation with physiologically based pharmacokinetics yields the
information in Figure A-3 for humans. The predicted results suggest, for
instance, that the toxic AMEFF would result if a human drank 2 liters of water
that contained trichloroethylene at 1,528 mg/liter in six equal portions every day
for a lifetime.
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Other important applications are possible for interroute simulation by
physiologically based pharmacokinetic modeling, as described above. For
instance, Chapter 2 discussed the issue of exposure to chemicals in
contaminated drinking water via multiple routes. In addition to ingestion,
inhalation exposures to compounds that volatilize indoors from various uses and
cutaneous exposures from bathing and washing are important. Physiologically
based pharmacokinetic modeling can be used to estimate the intake of one or
more compounds under these circumstances.

Figure A-1
AMEFF (effective concentration of reactive metabolite formed m compartment
of specified volume) vs. inhalation-exposure concentration of trichloroethylene
in rat. Computer simulation from physiologically based pharmacokinetic
model. From NRC. 1986.
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Figure A-2
Dose-route extrapolation for trichloroethylene from inhalation exposure of rats
to drinking water exposure with four patterns of drinking water intake.
Computer simulation from same physiologically based pharmacokinetic model
as in Figure A-1. Numbers at ends of drinking water curves are numbers of
equal doses (drinking water patterns) taken by test animal. From NRC. 1986.
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Figure A-3
Interspecies (rats to humans) extrapolation for trichloroethylene, based on
physiologically based pharmacokinetic model of equivalent target-tissue doses
(AMEFF, 940 mg/liter). Numbers at ends of drinking water curves are
numbers of equal doses (drinking water patterns) taken by human. From NRC.
1986.
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Appendix B

A Model Illustrating Synergism

The practical significance of synergism might be considered in a simple
mathematical function based on exposure and magnitude of effect.

Nearly all the data available on interactions come from observations based
on high experimental or therapeutic doses. Drinking water standards are
predicated on low-dose exposures, conditions under which the synergism data
might not be duplicated. Although empirical data are lacking, some formal
statistical models of the impact of joint exposure suggest that, as the dose (and
the consequent effect) is reduced, the contribution of interaction to total toxicity
or action is disproportionately attenuated.

A simple mathematical model should help to make clear how this might
happen. This model is intended solely to be illustrative. The subcommittee does
not advocate the unquestioned use of this model, nor does it suggest that it
necessarily reflects the type of response to exposure to a mixture.

Suppose that the magnitudes of toxicity can be described by Equation 1:

where T is average toxicity, B0 is background, B1 is relative effect of agent
1, B2 is relative effect of agent 2, B12 is ''interaction" effect, and x1 and x2 are
concentrations of agents 1 and 2, respectively.

Consider the following two exposure patterns:

High: x1 = 5, x2 = 10
Low: x1 = 0.5, x2 = 1.0
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Assume that B0 = 10, B1 = 7, B2 = 5, and B12 = 0.3. Then, the total effect at
a high dose with an interaction would be 110 and without an interaction would
be 95. At a lower dose, total toxicity with an interaction would be 18.65 and
without an interaction would be 18.5.

Thus, at high doses, the interaction makes an important contribution (about
15%) to the toxicity. At low doses, the interaction contribution is only 0.8%.

APPENDIX B 176

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


Appendix C

Models of Response: Dose Additivity and
Response Additivity

Two definitions of synergy have attained considerable currency, although
they are based on distinct and largely incompatible statistical concepts and
relate to different biologic views of interaction. This brief discussion is intended
only to clarify ideas. It is not a rigorous treatment.

For simplicity, assume that:

a.  Only two agents need be considered.
b.  Only a single response (yes-no or quantitative) is of interest.
c.  The dose-response relationship is monotonic in both agents; that is, an

increase in dose of one or the other (or both) is never associated with a
decrease in response.

d.  Study samples are big enough to ignore random variation.

The relations among the two agents and the single response can be charted
like a topographic map. Figure C-1 refers to the proportion (or probability) of
animals dead in a yes-no response, but could just as well show (for example)
average creatinine clearance or average weight loss.

Note that the response at the origin, where both doses are zero, is what we
usually consider "background" and that responses along the two axes (where
one or the other dose is zero) yield the usual single-agent dose-response curves:
10% dead at this dose, 20% dead at that dose, etc.

To simplify notation, let r(a,b) designate the response when agent A is
given at dose a, and agent B at dose b. Thus, r(0,0) indicates zero dose of both
agents and hence designates the background level of response, and r(a,0) and r
(0,b) indicate zero doses of one or the other agent and hence the single-agent
dose-response curves.
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Figure C-1
Probability of response (i.e, death) at joint exposure to two materials.

DOSE ADDITIVITY

Pick some point (a,b) in the figure where we are interested in determining
whether there is synergy. The response there is r(a,b), and r(a,b) falls on some
"topographic contour." Find the ends of the contour and connect them by a
straight line. The line can go through r(a,b), or it can be higher or lower
(Figures C-2, C-3, and C-4).

If the line goes through r(a,b), as in Figure C-3, the agents are said to
exhibit dose additivity at that point. For concreteness, if half the LD10 of A plus
half the LD10 of B causes 10% (another LD10) of mortality, A and B are said to
exhibit dose additivity in that specific combination.

Note that A and B exhibit dose additivity for all combinations that produce
LD10 (or whatever) if and only if that dose contour is a straight line.
Furthermore, A and B show dose additivity over the whole range of responses
(e.g., all the LDx) if and only if every contour is a straight line. The straight
lines need not be parallel, nor need they be equally spaced in any sense, but this
is still a very tight restriction.

Examples of departure from simple dose additivity upon exposure to two
materials. Figure C-2 shows synergism. Figure C-3 shows mixed synergism/
antagonism. Figure C-4 shows antagonism.
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RESPONSE ADDITIVITY

Another definition of additivity is much closer to that used in other sectors
of statistics and mathematics: response at dose a,b is additive if it equals the
sum of the separate responses at a and b; r(a,b) = r(a,0) + r (0,b). This
definition is often modified for use with dichotomous responses, such as cancer
or no cancer and birth defects or no birth defects, in a way that reflects concepts
of statistical independence. For these responses, in the notation here and with no
allowance for a nonzero background, dose additivity is defined as:

or

Allowing for background, r(0,0), by redefining r(a,0), etc., as r'(a,0) = r
(a,0)-r(0,0)/1-r(0,0) gives:

Of course, if the background rate is nil, r(0,0) drops out, and 1-r(0.0) = 1.0,
and r'(a,b) = r(a,b) for all a and b.

In the contour graph, draw horizontal and vertical lines from r(a,b) to the
two axes, examine the four indicated points, and determine whether the
equation above is satisfied:

If r(a,b) is too big, A and B are said to be synergistic at that point; if r(a,b)
is too small, A and B are antagonistic. It is clear from this graph that the
definition of synergy has been profoundly altered. Additivity is now defined in
terms of the corners of a rectangle, rather than in terms of an isocontour plus the
straight line connecting its endpoints. Response additivity seems to be more
tractable in the laboratory (as well as more tractable mathematically), and it is
somewhat less restrictive than dose additivity, but these apparent benefits need
to be specified more precisely and examined analytically.

Can we integrate the definitions? A and B can be additive in both senses
under some limited circumstances, which might be so restrictive as to be of no
practical value. In practice, we must choose one or the other.

APPENDIX C 179

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


The model, or definition, that one uses for additivity and for departures
from additivity affects the interpretation of experimental data. For example,
exposure to two materials from a dose-additive point of view, each at a dose of
LD50/2, would yield a 50% mortality response. The slope of the dose-response
curves is of no consequence in this definition.

Now consider the same mixture from a response-additive point of view. If
the actions of the two materials are independent, writing P(d1) for r(a,0), P(d2)
for r(0,b), and P(d1,d2) for r(a,b), the expected result of the combination would be

or

where P(d1) is the probability of response at dose d1 (i = 1,2). Say further
that the two materials have a dose-response curve that is convex upward, with
d1 = LD50/2 = 0.4. Then response additivity would produce

rather than the 0.5 expected from a dose-additive model.
By way of contrast, consider two materials with dose-response curves that

are concave upward, so that P(LD50/2) = 0.1. Response additivity would require
that:

a result that would be considered much lower than the 0.5 anticipated from
a dose-additive point of view.

For example, chemicals A and B are tested in various combinations with
results as shown below:

Cancer Incidence Percent at Dose of A, µg/kg
0 10 20

Dose of B. µg/kg 0 5% 19% 22%
100 17% 27% 39%
200 25% 42% 61%

Are the effects of A and B additive, synergistic, or antagonistic with A at
10 g/kg and B at 100 µg/kg?

Response additivity is easily tested in as much as 0.22/0.95 = 0.232 is less
than 0.14/0.95 + 0.12/0.95-(0.14/0.95)(0.12/0.95) = 0.254. A and B are
antagonistic at these doses.
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To check dose additivity, note that a 27% incidence does not occur on
either axis, but (by our assumptions) occurs at some dose higher than 20 g/kg
for A and higher than 200 g/kg for B. Thus, the straight line connecting the ends
of the 27% contour would be outside (on the far side of the origin from) the
point of interest, as in Figure C-2, and A and B are synergistic at these doses.

Which definition should be used? Each has substantial and valid uses, and
one should not want to proscribe either. What is needed, however, is to make
clear which definition is being used in each particular context. As Kodell (1986)
points out, "to the pharmacologist and toxicologist, the concept of addition or
'additivity' can imply something about either the doses (concentrations) or the
responses (effects) of toxicants acting together. To the biostatistician, addition
of doses is in line with the concept of 'similar action,' whereas addition of
responses is related to the 'independence' of action. The epidemiologist includes
the concept of 'multiplication' of responses . . . that . . . can be interpreted as a
type of independence of action."

REFERENCE

Kodell. R., 1986. Modeling the joint action of toxicants: Basic concepts and approaches. EPA
230-03-87-027 ASA/EPA Conferences on the Interpretation of Environmental Data:
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Cumulative Index

A

AADI (adjusted acceptable daily intake),
(6)171

2-AAF (2-acetylaminofluorene), (6)145
Abbreviations, definitions of, (6)218-219
Abortions, spontaneous, (see spontaneous

abortions), (6)
ABS, (see acrylonitrile-butadiene-

styrene), (4)
Absorption, (1), (4), (6), (8), (9)

of chemical agents, (1)29
extrapolation of, (8)139-140
gastrointestinal, (8)122
measurement by DNA adducts, (9)7
process in GI tract, (6)210-211
rate of, (8)121
rates, differences between species, (1)

32, 53
skin, (8)122-123
systemic, (6)257
(see metabolism), (4)

Acanthamoeba species, (1)113
Acceptable daily intake (ADI), (3)2, 25(5);

(6)171, 254, 257, 296, 410-411
aldicarb, (5)12; (6)309
arsenic, (5)123
carcinogens, considerations of, (3)36-37
chronic exposure, (3)29-37
di(2-ethylhexyl)phthalate, (6)358, 410
dose-response methodology, (3)31-37
retrofen, (6)379
no-adverse-effect level, (3)31

p-dichlorobenzene, (5)27
trichlorfon, (6)408
uncertainty factors, (3)36

Acceptable risk, (1)24
Acculturation and hypertension, (1)

407-409
Acetaldehyde, (1)686-687;(6)50, (7)

152-153
effects on animals, (1)687
effects on man, (1)686

Acetic acid (AA), (7)134-135
Acetone, chloroform precursors, (2)158
Acetonitrile, (4)202-206;(7)43

health effects, (4)204-205
metabolism, (4)203-204
SNARL, (4)205-206
TWA standard, (4)203
(see also nitriles), (4)

2-acetylammofluorene (2-AAF), (6)145;(9)
26, 27

Acetylcholinesterase, (6)306, (9)
inhibitors, (9)146-159, 170

Acetylsalicylic acid toxicity, (1)37
ACGIH, (see American Conference of

Governmental Industrial Hygienists),
(1);(3); (6)105

Acicular crystals, (1)144-147, 158-159
Acidity, high pH conditions, (2)86
Acinetobacter, (2)309
Acneiform skin eruptions, iodine effects,

(3)306
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A/C pipe, (see asbestos-cement pipe), (4)
Acrocyanosis, (1)324
Acrolein, (1)553, 554-556, 798; (7)152

toxicity, (1)554-555
Acroosteolysis, (1)784
Acrylaldehyde, (see acrolein), (1)
Acrylamide, (6)118, 297-303; (9)26-27,

61-63
ADI, (6)410
carcinogenic risk estimate, (6)301-302,

410
carcinogenicity, (6)300
developmental effects, (6)302
health aspects in humans, (6)298-299
health aspects in other species, (6)

299-302
lifetime cancer risk estimate, (6)410
metabolism, (6)298
mutagenicity, (6)300
SNARL, (6)410
studies needed, (6)409
tumor Incidence, (6)301

Acrylonitrile toxicity, (3)71-76
Acrylonitrile-butadiene-styrene pipe, (4)4,

13
ACSL language, (8)232-233
Actinomyces, (2)309
Action potential, (6)111
Activated carbon, (see granular activated

carbon), (2)
Activated charcoal, (2)319
Acute diseases, waterborne, (4)5

bacteria, protozoa, and viruses impli-
cated in, (4)137

defined, (4)138
outbreaks of, (4)140-149

Acute effects, (7)
of chlorophenols, (7)170-172
of chloropicrin, (7)165-166
of haloacetonitriles, (7)159
of haloacids, (7)138-139
of haloaldehydes, (7)146-147
of haloketones, (7)155
of monochloramine, (7)93-94, 95
of trihalomethanes, (7)117-118

Acute exposure, (3), (9)58
risk estimation, (3)26-28

A D ratio (ratio of adult to developmental
toxicity), (6)28, 273

Additive, (3), (6)
effects in drinking water, (3)27
risk, (6)242

Additives, food, (1)15; (9)123

Adenine arabinoside model, (8)58
Adenomas, hepatocellular, (8)459
Adenoviruses, (1)3, 88, 90, 96, 108
Adequate and safe intake, (3)372

chromium, (3)366, 372
copper, (3)313, 372
fluoride, (3)280, 372
manganese, (3)334, 372
molybdenum, (3)361, 372
potassium, (3)294, 372
selenium, (3)325, 372
sodium, (3)287, 372

ADI (acceptable dally intake), (1)15-16,
492, 701, (3); (6)

factors in calculating, (1)15
toxicological evaluation standard, (1)15
(see acceptable daily intake), (3); (6)

Adjusted acceptable daily intake (AADI),
(6)171

Administered and delivered doses, (8)330,
447-455

Administered dose, (6)261, 262
Adrenal glands, (1)

degeneration, (1)724
necrosis, (1)724

ADSIM language, (8)232
Adsorbed compounds, chemical changes,

(2)323-324
Adsorbents, (2)

adsorption efficiency, (2)337-356
chemical degradation, (2)340
physical degradation, (2)340
water treatment, analytical methods, (2)

356-365
Adsorption, (1); (2)

activated carbon, (2)262
adsorbents efficiency, (2)337-356
catalysis, on clays, (1)141
competition extent, (2)267
equilibrium models, (2)267
humic acid, by anion exchange resins,

(2)342
humic substances, (2)277
isotherms, (2)260-267, 342-343, 348
microbial activity reactions, (2)294-299
microorganisms, (2)9
organic compounds on resin adsorbents,

(2)350
pathogenic transport, (1)13
percent removal data, (2)347
polymenc adsorbents efficiency, (2)

347-353
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water treatment, (2)256
Adult to developmental toxicity, ratio of

(A D ratio), (6)28, 273
Adverse dose response, defined, (1)802
Aerobacter, (4)29
Aerosols, (1)140
Afferent nerve fibers, (6)107
Aflatoxin, (9)22, 25, 27
Aflatoxin B1, (6)76
AFP (α-fetoprotein), (6)47
Aged nervous system, (6)124-125, 126-127
Aggregates, disinfection effects, (2)9-11
Aggressiveness Index, (4)19

A/C pipe and, (4)20-21, 49-57, 61
A/C pipe degradation and, (4)44-45, 58
adjustment, (4)58
applications of, (4)20-23

Agonists, (6)121
AHH (aryl hydrocarbon hydroxylase), (6)

318
Air, (6), (8)

excretion into, (8)142-143
exposure through, (6)260
PCP concentrations in, (6)384

Air pollution, (1)373; (2)
control, (2)270-271, 332-336
interaction with cigarette smoking, (1)50

Alachlor, (1)525, 527-530
dose effects, (1)527-528, 796
toxicity data, (1)529

Alcaligenes, (2)309
Alcohol, (1); (3)

ethyl, (see acetaldehyde), (1)
interactive effects, (1)50
magnesium depletion effects, (3)274

Aldehydes, (1)553; (2)
chlorite reactions, (2)195

Aldicarb, (1)635, 637-643; (5)9, 10-12, (6)
303-309; (9)133, 134, 157-158

acute effects, (5)11
ADI, (5)12; (6)309, 410
anticholinesterase activity, (5)10-12
carcinogenic risk estimate, (6)410
carcinogenicity, (1)641; (5)11; (6)305
chronic effects, (5)11
developmental effects, (6)305
effects in animals, (1)639-640
effects in man, (1)638-639
health aspects in humans, (5)10-11; (6)

303-304
health aspects in other species, (6)

304-305
metabolism, (5)10
mutagenicity, (5)11, 99; (6)305

SNARL, (5)12, 98; (6)410
studies needed, (6)409
teratogenicity, (5)11
toxicity data, (1)643

Aldosteronism, magnesium malabsorp-
tion, (3)273

Aldrin, (see cyclodienes), (1)
Algae, (1)63; (4)

growth in reservoirs, (4)98-99, 124, 141
polysaccharides produced by, (4)113
removal, (1)185

Alicyclics, (4)247, 251
Aliphatlc compounds, (2)222-226; (9)

65-67
Alkaline earth, (1)

elements, isotopes of, (1)868
metabolism, (1)868

Alkalinity, (2); (4)
A/C pipe effect on, (4)51
high pH conditions, (2)86

Alkalosis potassium deficiency, (3)295
Alkanes, (4)247, 251
Alkylation, (9)9, 11, 14-15

cross-linking, (9)16-17
hemoglobin, (9)25, 26, 42
protamine, (9)26-27

O6-alkylguanine, (9)16, 20-21
Alkylmercury compounds, (1)274-275, 278
Allometric, (6); (8)

equations, (8)66-67
relationships, (6)193-194

Allometry, (8)65-78
valid and invalid extrapolations of, (8)

141
Allyl chloride, (8)176-179
Alpha activity, gross, (1)870
Aluminum, (1)210-212, 218, (3), (4)95,

155-167
chloride, (4)164
daily intake, (4)156
fluoride interaction, (3)282
health effects, (4)158-166
metabolism, (4)157-158
nitrate, (4)164
phosphorus interaction, (3)278
salts, (4)156, 163
SNARL, (4)166
sources in human diet, (4)156
sulfate, (1)106, (4)156, 164
uses, (4)156, 158

Alveolar, (6); (8)
macrophages, (6)207
sacs, (6)205
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space mass-balance equation, (8)262
Alveolar Type I cells, (6)205-206
Alveolar Type II cells, (6)205, 206, 207
Alzheimer senile dementia, (4)160, 167;

(6)126
Amberhte polymeric adsorbents, (2)340,

343
Amebiasis, (1)113, 120-121; (4)5, 138
Amebic cysts, (1)113, 185
AMEFF (effective concentration of

metabolite), (6)188, 189
Amercide, (see captan), (1)
American Chemical Society, (9)101
American Conference of Governmental

Industrial Hygienists (ACGIH), (1)
230-231; (3)101, (6)105

American Water Works Association, (1)
206, (4)

on chlorination, (4)130
specifications for A/C pipe, (4)46
study of asbestos in drinking water, (4)43

Ames salmonella assay, (7)47-49
Amiben, (1)519-521

ADI, (1)520, 796
Amides, (1)525-533

(see also alachlor, butachlor,
propachlor, propanil), (1)

Amino acids, (7)42-45; (9)25
4-aminobiphenyl, (9)26
Aremorea, (2), (7)14

breakpoint chlorination, (2)20-24,
170-171, (7)28-42

bromine reaction, (2)74, 76, 77
chlorine interaction with, (4)96-97, (7)

60-66
chlorine reaction, (2)18-20, (7)28-42
chlorine water treatment process, (2)167
hypochlorous acid reaction, (2)19-20
ozone reaction, (2)42

Amosire, (1)144, 151-152, 162, 165
Amperometric methods, (2)23, 54
Amphiboles, (1)145-150, 184
Amsterdam, Netherlands, pilot plants, (2)

300
Analytical methods, (2)7

(see also individual disinfection meth-
ods), (2)

Anatomical models, lower respiratory
tract, (8)305-307

Ancylostoma duodenale, (1)115
Androgen-binding protein, (6)56
Androgens, (6)46-48
Anemia, (1)238, 249; (3)

aplastic, (1)586
hemolytic, (1)682
iron deficiency, (3)309
manganese interaction, (3)336
myelocytic, (1)688

Anesthetic gases, (6)72
Aneuploidy, (6)142-143
Angiosarcoma, (1); (8)456-457

hepatic, (1)784
Animal(s), (8), (9)

adduct concentration in target tissues, (9)
52

anticholinesterases, (9)149-151, 170
carcinogenic risk bioassays and esti-

mates, (9)7-8, 9, 27, 99-100, 163, 164
chronic exposure, (9)21-22, 170
DNA adducts as dosimeters, (9)6, 27
DNA adducts, specific, (9)61-77
extrapolation to humans, (9)109, 110,

112-114
no-observable-effect levels (NOELs)

for, (8)4-5
pharmacokinetic studies in, (8)407-408
polymorphisms in, (8)146
single-dose exposure, (9)21
tumorigenesis, (9)4, 19-21

Animal data, (6)36
bioassays, (6)5, 151-152
concordance of results from human stud-

ies and, (6)20-22
dose-response patterns in, (6)15-18
extrapolation of, to humans, (6)18-22
health aspects in, (see health aspects m

other species), (6)
interpretation of, (6)22-28
interspecies extrapolation, (6)133, 177,

193-201, 264-266
intraspecies extrapolation, (6)264-266
male reproductive toxicity in, (6)57-59
mouse liver model, (6)145-147
mouse skin model, (6)143-145
neurotoxicity in, (6)131-133
quality and quantity of, (6)22-25
rat liver model, (6)145-147
rat physiological constants, (6)169
rat pup, vaginal opening time in, (6)88-89
rat sperm production rates, (6)89-90
using, to predict human risk, (6)

143-148, 254-255
Animal effects, application to humans, (1)

15, 19, 22, 27-39, 52-54, 55-56,
165-168, 490, 791-792

absorption rates, (1)33-34
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cellular barriers, (1)34
correlating, (1)15, 22
distribution rates, (1)33
excretion rates, (1)33
metabolic differences, (1)30

Animal tests, (1); (3)
acrylonitrile, (3)73-76
antimony, (3)78-80
benzene, (3)83-84
benzene hexachloride, (3)87-88
bromodichloromethane, (3)189
bromoform, (3)189
cadmium, (3)93-95
carbon tetrachloride, (3)96-97
catechol, (3)191-192
chlorite, (3)194
bis(2-chloroethyl)ether, (3)89
chloroform, (3)203-204
bis(2-chloropropyl)ether, (3)90
design of laboratory experiments, (1)

34-37, 56-57
dibromochloromethane, (3)205
dichlorodifluoromethane, (3)102-103
1,2-dichloroethane, (3)105-110
epichlorohydrin, (3)114-122
ethylene dibromide, (3)99-100
glyoxylic acid, (3)209-210
hexachlorobenzene, (3)211-214
homogeneity of, (1)30-31
iodine, (3)221-224
lifetime feeding studies, (1)19
lindane, (3)87-88
nonanal, (3)226
number, (1)32
PCB, (3)131-133
PCP in, (6)384
resorcinol, (3)229-230
selecting, (1)34-35
size, (1)31
1,1,1-trichloroethane, (3)148-152
trichloroethylene, (3)158-164
trichlorofluoromethane, (3)167
uranium, (3)176-177

Anton exchange resins, (2)337, 342
regeneration, (2)345-346
THM studies, (2)344
THMFP studies, (2)344

Anions, inorganic, (1)138-140
Anisole, (1)142
Antabuse (disulfiram), (6)364
Antagonistic, (1); (3)

effects in drinking water, (3)27

interactions of water solutes, (1)15
Antagonists, (6)121
Anthophyllite, (1)144-151, 152
Anthracene, (4)4, 99
Antibodies, (9)

immunoassays and, (9)41
monoclonal, (9)23, 40, 41
polyclonal, (9)40, 41, 42

Anticancer therapy, prospective, (8)
predictions and validations in, (8)431-440

Anticarie, (see HCB), (1)
Anticholinesterase(s), (1); (5); (9)104,

146-159, 170
compounds, (see aldicarb, carbofuran,

methomyl), (5)
effects, (1)605

Anticonvulsants, magnesium use, (3)274
Antigens, (9)

BαP-DNA, (9)23, 24
Antimony toxicity, (3)77-80
Antineoplastic agents, (6)3, 44-45
Antiserum, (9)41
Antofagasta, Chile, arsenic In drinking

water, (3)338
Aphelenchus species, (1)116
Apparent volume of distribution, (8)31
Aqueous chloramine, (2)174-181

(see also chloramines), (2)
Aqueous chlorine, (2)145-149

(see also chlorine), (2)
Aqueous chlorine dioxide, (2)

hydrocarbons reactions, (2)198
properties, (2)190-194
(see also chlorine dioxide), (2)

Area under the rate-of-metabolism curve
(AURMC), (6)175

Area under the target-tissue metabolite-
concentration curve (AUTMC), (6)
176

Area under the tissue-concentration curve
(AUTC), (6)174-175, (8)11

Areas under concentration-time curves
(AUCs), (8)256, 471-472

Argyria, (1)290-291
Armitage-Doll multistage model, (6)251,

(8)443
Arochlor, (3)131-133
Aromatic amines, (9)22, 25, 38, 42, 49
Aromatic hydrocarbons in petroleum, (4)

247, 248, 249, 252
Arrhythmias, cardiac, (1)782, (5)75
Arsenic, (1)28, 54, 212, 316-344, 428-430,
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(3), (4)95, 167; (5)viii, 1, 7, 118-123, (6); (9)
74-75

absorption, (1)319
beneficial effects, (1)340-341
biotransformations, (1)320
carcinogenic risk estimate, (5)122
carcinogencity, (1)326-331, 336, 339,

429-430
chemical interactions, (1)340
essentiality, (5)121, 123
lung cancer, (5)118
maximum contaminant level, (5)121
mutagenicity, (1)331-333, 339, 429
poisoning, (6)230
teratogenicity, (1)339-340, 429
toxicity, (1)320-326, 333-336, 429
trioxide toxicity, (3)342

Arsenic compounds, (1)
arsenates, (1)319-320
arsenic trioxide, (1)319, 328
arsenites, (1)319-321
arsines, (1)321
arsonium, (1)321

Arsenic nutrition, (3)337-345, 374-377
cadmium interaction, (3)344

Arterial blood, (6), (8)
blood concentration, (6)183
mass-balance equation, (8)262

Arteriosclerotic stroke, risk estimate stud-
ies, (3)22

(see also cardiovascular disease), (3)
Aryl hydrocarbon hydroxylase (AHH), (6)

318
Asbestiform, (1)144
Asbestos, (1)13, 144-168; (3), (4)6; (5)

viii, 1, 7, 123-144
amosite, (5)127, 130-131, 142
analysis, (1)155-159
animal experiments, (5)141-143
aspect ratio, (5)125
carcinogenic risk estimate, (5)126-144
chrysotile, (5)130-131, 137, 141, 142
concentrations in water and air, (1)

152-153, 189
Connecticut, (5)135-136
Duluth, (5)124, 134-135
dust and cancer deaths, (1)160-163
emission factors, (1)153
endometrial cancer, (5)137
exposures, (5)123, 124-125
gastrointestinal cancer, (5)7, 123,

126-138, 140-141, 144
health effects including cancer, (1)

160-168, 189-1; (4)3-4, 43, 150

laryngeal cancer, (5)127
lung cancer, (5)123, 126-127, 129, 137
lung problems, (3)356
mesothelioma, (5)123, 125, 127,

140-141, 143-144
mineralogy, (1)145-150
minerals, (1)135
occurrence, (1)151-155, 189
oral cancer, (5)127
Puget Sound area, (5)137-139
redistribution, (1)152-155
renal cancer, (5)127
San Francisco Bay area, (5)125, 136-137
serpentine rock, (5)125, 136
solubility, (1)150-151
UICC reference samples, (1)147, 150,

151
Asbestos fibers, (1)

experimental studies, (1)163-168
sampling and analysis, (1)155-159

Asbestos-cement pipe, (4)2, 42-61
advantages of, (4)45
city water supplies with asbestos concen-

tration from, (4)54
composition, (4)45-46
corrosion, (4)3, 22-23
deterioration control, (4)58-60
dissolution reactions in, (4)23
EPA tests of, (4)48, 52
field tests on, (4)49-58
laboratory tests on, (4)47-79
mechamsms of deterioration of, (4)49
types of, (4)46
uses, (4)32, 44
vinyl-lined, (4)3-4
water quality and, (4)22, 46-47, 49
water quality indexes and, (4)22, 23, 49

Asbestosis, (1)160; (5)127
Ascaris lumbricoides, (1)115; (2)97
Aspergillus niger, (2)97
Asphalt, (4)12

linings of, (4)74-75
Astrocytes, (6)111-112
Atherosclerosis, (1)244
Atomic-absorption, (1); (9)

analytical method, (1)226, 227, 235
spectometry, (9)39

Atrazine, (see triazines), (1)
Atropine, (5)

treatment for aldicarb toxicity, (5)11
treatment for carbofuran toxicity, (5)13
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Attapulgite, (1)137
Attributable risk, (6)241-242
AUCs (areas under concentration-time

curves), (8)256, 471-472
Aureobasidium pullulalans, (1)177
AURMC (area under the rate-of-

metabolism curve), (6)175
Australia, hypertension-salt intake effects,

(3)290
AUTC (area under the tissue-

concentration curve), (6)174-175, (8)
11

AUTMC (area tinder the target-tissue
metabolite-concentration curve), (6)
176

Availability, systemic, (8)453
Average concentration, (8)97
AWWA, (see American Water Works

Association), (4)
Axial dispersion number, (8)87
Axons, (6)107, 110, 111

degeneration of, (6)122
Azinphosmethyl, (1)604-608

carcinogenicity, (1)606
effects, (1)605-606
toxicity data, (1)608

B

Bacillus species, (1)67, 85, (2)93, 309; (7)
20

Bacillus anthracis, (2)56-57
Bacillus cereus, (2)45, 84
Bacillus megaterium, (2)45
Bacillus mesentericus, (2)56
Bacillus metiens, (2)76
Bacillus subtilis, (2)75-78, 96, 110; (3)

120
Back-flow, (4)1

health risk from, (4)16
prevention of, (4)15

Background response, (see risk estima-
tion), (3)

Back-siphonage and back-flushing, (1)
117; (4)1

biological material from, (4)126, 131
health risk from (4)16, 147
occurrence, (4)15

Bacteria, (1)13, 63-64, 66-88, 119-120,
179-181, 186; (2); (4); (7)

biofilms and, (4)112
colilform count, (1)75-76, 119
controlling in water supplies, (1)119-120
correlations with viruses, (1)110-111

disease potential estimation, (1)69-70
disinfection, (2)12-17; (7)14
dose required for infection, (1)67-69
enteric, (1)67-68
GAC, (2)309
gastrointestinal tract, (1)33
Gram-negative, (2)15-16
Gram-positive, (2)15
iron, (4)14, 29, 122-123
microbial activity, (2)306-308
Netherlands, effluent, (2)309
nitrate-reducing, (1)417
observed in water distribution system,

(4)122-123
polysaccharide compounds produced

by, (4)113
resistance to disinfectants, (2)17
sensitivity to disinfectants, (2)15
species in effluents, (2)308-310
standard plate count, (1)120
sulfate-reducing, (4)14, 28
sulfur-oxidizing, (4)29, 122-123
wastewater treatment, (2)309,
(see also biocidal activity), (2)
waterborne disease outbreak and, (4)

137; (7)15
Bakery goods, potassium additives, (3)

293-294
Balan (benefin), (see dinitroanilines), (1)
Bank filtration, (2)271
B(α)P (benzo(α)pyrene), (6)149
Barbiturates, (3), (6)49

dturetic effects, (3)290
Baritosis, (1)230
Barium, (1)207-208, 210-212, 218,

220-221, 229-231, 302-305; (4)95,
167-170

health effects, (4)168-169
maximum allowable concentration

reevaluated, (4)167-168
recommendation pertaining to, (4)168
SNARL, (4)170

Base exchange capacity, humic sub-
stances, (1)170

Base mispairing, (9)15-16
BASIC language, (8)231-232
Bayesian methods, (8)190
BDPF, (see bile duct-pancreatic fluid

flow), (3)
Beer, (1); (3)

cobalt additive in, (1)248
diet, sodium effects, (3)291
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Beggiatoa, (see sulfur-oxidizing bacteria),
(4)

Behavioral teratogens, (6)106
Behavioral toxicology, (6)131
Beidellite, (1)142
Benerin, (see dinitroanilines), (1)
Bennington, Vermont, corrosion field

study, (4)39
Benzene (BEN), (1)28, 54, 142, 688-691,

(2); (3); (4)250, 252; (6)186, 188,
190-193; (9)134, 164

airborne, (6)209
carcinogenic risk estimates, (1)690, 794
effects on animals, (1)689
effects on man, (1)688-689
health effects, (4)253-254
homoloos (2)205
metabolism, (4)253
recornmendations relating to, (4)254
SNARL, (4)203, 254-255
toxtcity, (3)80-86

Benzene hexachloride, (see BHC), (1); (6)
230, 232

Benzidine, (1)731; (9)21
Benzo(a)pyrene (B(a)P), (1)691-694, (4);

(6)149, (9)17, 21, 23-25, 52, 63-64
carcinogenic risk estimates, (1)692, 794
effects in animals, (1)691
effects in man, (1)691
toxicity data, (1)694
(see also polynuclear aromatic hydrocar-

bons), (1)
Benzoics, (1)519-525

(see also amiben, dicamba), (1)
Beryllium, (1)211-212, 218, 220,

231-235, 302-303, 305
beryllosis, (1)234
cancers, (1)234
pulmonary sarcoidosis, (1)234

Beta activity, gross, (1)870
BHC (benzene hexachloride), (1)583,

585-594, (3)
carcinogenic risk estimates, (1)591, 794
carcinogenicity, (1)588-590
effects in animals, (1)587-588
effects in man, (1)586
toxicity, (3)86-88
toxicity data, (1)593-594

BHT (butylated hydroxytoluene), (6)148,
207

Biases, (6)238
Bifidobacterium species, (1)75

Bile, (3); (8)
duct mass-balance equation, (8)53
duct-pancreatic fluid flow, (3)97
excretion, (8)116, 122, 142-143

Binding, (8), (9)3, 27-28, 47
affinity, (8)14
alkylation and, (9)15, 26
B(a)P and tumorigenesis, (9)21, 23-25
covalent binding, (9)9, 13, 25-26
cytotoxicity, mutation frequency, BPDE

I and, (9)17
drug, (8)88-89
genotoxicity and, (9)18, 49
glycosyl bonds, (9)16
plasma, (8)90
tissue, (8)90

Bioassays, (1)10, 15, 48, 55, 791; (9)
17-18, 125

animal carcinogenesis, (9)7-8, 9, 27,
99-100, 163

DNA adducts, (9)38-42
exposure levels measured, (9)5
in vitro short-term, (9)17-18
protein adducts, (9)38, 42
sensitivity and specificity, (9)43-47, 50
(see also immunoassays), (9)

Bioavailability, (8)
fraction of dose absorbed and, (8)122
gastrointestinal absorption and, (8)122
skin absorption and, (8)122-123

Biochemical interactions, toxicity from
chemicals, (3)45-56

Biocidal activities, (2)7-17, 112-119; (7)
14-26

bacteria, (see individual agents), (2)
bromine, (2)75-81
chloramines, (see chlorine), (2)
chlorine, (2)24-36, 40-41
chlorine dioxide, (2)56-61
dichloramine, (see chlorine), (2)
disinfection properties, (2)11, 24-25
efficacy, (2)7
ferrate, (2)84-85
high pH conditions, (2)87-90
hydrogen peroxide, (2)92-94
iodine, (2)61-71
ionizing radiation, (2)95-97
mechanism of action, (see individual

agents), (2)
monochloramine, (see chlorine), (2)
organic chloramines, (see chlorine), (2)
ozone, (2)44-48, 50
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parasites, (see individual agents), (2)
potassium permanganate, (2)99-101
silver, (2)103-105
UV light, (2)110-111
viruses, (see individual agents), (2)

Biocidal dose, UV light, (2)109
Biofilms, (4)5, 109-123

chemical composition of, (4)118
chemical properties of, (4)115-117, 118
detachment of, (4)117, 129
fluid frictional resistance affected by, (4)

119
fluid shear forces removal of, (4)129
formation, (4)112-114
fouling of, (4)109, 117, 118, 126-127
physical properties of, (4)115
reactions with chlorine, (4)126, 128
thermal conductivity of, (4)115
transport properties of, (4)115
water quality changes from, (4)112

Biogenic substances, aquatic organic com-
pounds, (1)29; (2)164

Biologic dosimeters, (see dosages and
dosimetry), (9)

Biological, (1), (4); (6)
action, mechanisms of, (6)240-241
biofilm processes and, (4)109-112
contamination control from, (4)126-131
dispersal growth of, (4)129-131
material in water distribution system, (4)

109
quality of water, (4)4-5
receptors, (1)29
sources of, (4)124-126
toxins, (6)129

Biologically effective dose, (6)228
Biosorption, (2)295
Bipyridl, (1)543, 544-546
Birth, (1); (6), (8)

defects, (1)389-395; (6)36-37
rate for cells, (8)380

Black water, (4)5, 112, 122
Blackfoot disease, (1)325; (5)119, 121
Bladder, (7)2; (9)102, 147

cancer, national study, (7)57-58, 196-197
Blastocyst formation, (6)13
Blood, (4), (5); (7); (8); (9)

carboxyhemoglobin, (8)169
carcinogenesis, (9)164-165
cells, (9)22, 52, 69
hemoglobin, (9)25-26, 42, 58
lead concentration in, (4)179
plasma, (9)26

pool mass balance, (8)46-47
urea nitrogen (BUN), (5)35, 47-48; (7)

85-86
(see also methemoglobinemia), (4)

Blood pressure, (3); (4); (9)77
barium exposure and, (4)169, 170
sodium effects, (3)288-289
(see also cardiovascular disease), (3)

Bloom's syndrome and cancer incidence,
(1)43

Blue Plains, Washington, D.C., sewage
effluents, (2)157

Body, (8)
clearance, total, (8)108, 115
mass dependent metric, (8)70-73
regions, (8)39-44
size, in pharmacokinetic models, (8)

65-78
weight (BW), (8)18-19, 209

Bolus administration, (8)43
Bone cancer, (1), (3)

disease, (1)282
and radium, (1)17, 894-896, 898
(see also cancer), (3)

Boonton, N.J., chlorine gas equipment, (2)
18

Boston, Mass., trace metal concentration
in water supply, (4)40-41

BPDE (benzo[α]pyrene-diolepoxide), (9)
17-18

Brain, (1); (6)108; (9)
disorders, (1)784
tumors, (9)20

Brainstem, (6)108
Breakpoint chlorination, (2)20-23,

170-171, (7)82
Rhine River water, (2)159
(see also chlorination), (2)

Breakpoint, defined, (7)82
Breast cancer, (1)50-51
Bromacil, (1)537, 540-543

ADI, (1)541-542, 796
dose levels, (1)540-541, 543, 796
toxicity, (1)543

Bromamine, (1)109; (2)
formation, (2)183

Bromate toxicity, (3)181-187
Bromide, (2)42, 73; (3)

toxicity, (3)181-187
Bromination, (1), (2)

model compounds, (2)189
water, (1)109
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Bromine, (1)119, 171, (2), (3); (7)
ammonia effects, (2)77
analytical methods, (2)75
biocidal activity, (2)75-81
by-products of disinfection, (2)182,

184-189
chemistry, (2)72-74, 182-189
chloride, (2)72-75, 182-183
comparative efficacy, (7)12
c-t products, (2)70, 76-80
determination, (2)75
disinfection, (2)36, 72-82
in drinking water disinfection, (7)13
efficacy against bacteria, (2)75-77
efficacy in demand-free system, (7)11
efficacy against parasites, (2)79-81
efficacy against virus, (2)77-79
mechanism of action, (2)81
notpotable waters, (2)187-189
productton and application, (2)74-75
properties, (2)182-184
temperature effects, (2)78
THM formation, (2)185
toxicity, (3)181-187
UV spectroscopy, (2)75

Bromism, chloride interaction, (3)301
Bromobenzene, (1)693, 694-695, 793
Bromochloroacetonitrile, (see haloacetoni-

triles), (7)
Bromochlorobenzenes, (1)799
Bromochloromethanes, (2)151-152
Bromodichloromethane, (1)799; (2)151,

185; (3)
toxicity, (3)887-888

Bromoform, (1)695-697, (2)185, 205; (3),
(9)134

toxicity, (3)189
Bromophenols, (2)185
Bronchi, constriction of, (1)782
Bronchial diseases, (1)

bronchitis, (1)238
(see also respiratory diseases), (3)

Bronchiolar cells, (6)207
Brucite-gibbsite materials, (1)139
Buccal cavity, (6)211
Burns, chemical, (1)699
Butachlor, (1)525, 527-530

dose effects, (1)527-528, 796
toxicity data, (1)529

1-butanol, (see butylalcohol, tert-), (1)
Butyl rubber, (4)12
tert-butylalcohol, (1)697-698

Butylated hydroxytoluene (BHT), (6)148,
207

C

C language, (8)231
Cadmium, (1)207-208, 211-213, 218,

220-221, 236-241, 302-303,
305-306; (3); (4)95, 170-174; (6)

absorption, calcium effects on, (3)271
arsenic interaction, (3)344
chloride, (6)74
corrosion and, (4)2, 32, 35
1,25-dihydroxycholecalciferol, synthesis

inhibition, (3)271
health effects, (1)238-239, (4)150,

171-172
Itai-Itai disease, (1)237-239
poisoning, (1)237-239
selenium interaction, (3)328-329
SNARL, (4)172-174
toxicity, (3)91-96
zinc interaction, (3)317

Calcitonin, magnesium interaction, (3)
274-275

Calcium, (1); (2); (3); (4)
A/C pipe release of, (4)22
hardness, (4)51
hypochlorite, (1)4,
water treatment, (2)35
phosphate, manganese interaction, (3)336

Calcium carbonate, (3); (4)
dissolution, (4)33, 43
saturation, (4)23-24, 30, 60-61
water hardness measure, (3)21

Calcium nutrition, (3)268-271, 374-375
fluoride interaction, (3)282
lead poisoning susceptibility, (3)270
water hardness relationship, (3)272
zinc interaction, (3)317

California, (9)134, 135, 157
California Department of Health Services,

PVC pipe testing, (4)65
Canada, (3), (9)138

magnesium in water, (3)272
myocardial infarction, accidental death

comparisons, (3)22
Canadian asbestos workers and GI cancer,

(5)128
Cancer, (1)20, 160, (3); (4), (5); (6); (7),

(8), (9)
arsenic effects, (3)343
from asbestos, (1)13
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bladder and chloroform risk studies, (3)
6-7,

(see bladder cancer), (7)
bone, (1)17, 894-896, 898
bone, magnesium malabsorption, (3)273
chemotherapy, (3)29 (9)22
chloroform relationship, (3)5, 7
dose-response models, (1)47-48
endometrium, (5)137
from fluoridated water, (1)381-389
frequency, (3)5-21
gastric, (1)422, 438
gastrointestinal tract, (1)162, 165-167,

(5)7, 123, 126-144
hepatic system, (9)8, 9, 20, 21, 22, 25, 27
kidney, (5)127
larynx, (5)127
liver and kidney studies, (3)10
lung, (1)288 (5)118, 123, 126-127, 129,

137 (9)23, 38
mechanisms causing radiation-induced,

(1)885-889
mesothelioma, (5)123, 125, 127,

140-141, 143-144
model, two-stage, (6)268-271 (8)21
mortality rates and THM relationship,

(3)13-18
Ohio River Valley Basin water quality

studies, (3)11
oral cavity, (5)127
ovaries, (9)22-23
radiation and, (6)238
risk estimates, lifetime, (6)250-293,

410-411
safety factor approach, (3)38-39
skin, (1)43 (5)118-122
specific, estimating, (1)889-894
stomach, (1)387, 422
theories, statistical models, (1)39-47
(see also carcinogenesis, carcinogenic,

carcogenicity, carcinogens, dose-
response, and individual herbicides,
insecticides, metals, and somatic
effects), (1)

(see also carcinogens), (3)
(see also carcinogenicity), (4)
(see also carcinogenic risk estimates,

carcinogenicity, and individual com-
pounds), (5)

(see also carcinogenic, carcinogenic risk
estimates), (9)

Cancer in humans, (3); (6)
epidemiological studies, (3)1-2, 5-21

skin, Taiwan, arsenic in well water, (3)
343-344 (6)226-249

THM and bladder, relationship, (3)1, 8-9
Cancer incidence, (1)13, 55, (6)230-237

asbestos, (1)13-14
fibers, (1)161, 189
radionuclides, (1)16-17, 894-896, 898
rates, (1)40, 49, 55

Candida parapsilosts, (2)14, 45
e-caprolactam, (1)698-700
Captan, (1)657, 660-666, 793; (6)75

ADI, (1)796
dose levels, (1)796
effects in animals, (1)662-663
effects in man, (1)661
toxicity data, (1)665-666

Carbamates, (1)635-649, (9)70, 96,
133-136, 140-141, 146-147,
149-150, 170

pesticides, (6)303-314
(see also aldicarb, carbaryl, methomyl),

(1)
(see also aldicarb, diallate, sulfallate), (6)

Carbaryl, (1)642, 644-649, 793; (6)74; (9)
133, 135

ADI, (1)796
carcinogenicity, (1)647
dose levels, (1)796
effects in animals, (1)645-646
effects in man, (1)645
toxicity data, (1)649

Carbofuran, (5)9, 12-15 (9)135
acute effects, (5)14
anticholinesterase activity, (5)12-14
carcinogenicity, (5)15
chronic effects, (5)14
human health effects, (5)13-14
metabolism, (5)13
mutagenicity, (5)14-15, 99
SNARL, (5)15
teratogenicity, (5)15

Carbon, (1); (2), (4); (6), (7); (8)
activated, (1)186, 224-224
biofilm, (4)118
catalytic activity, product release, (2)

324-325
catalytic surface, (2)316-320
chloroform extracts, (2)165, 252
dioxide, elevated, (6)75
dioxide mass-balance equation, (8)263
filters, (1)107
fines, (2)325
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inorganic reactions, (2)322-323
monoxide mass-balance equation, (8)263
powdered, in water treatment, (1)186
regeneration, pollution control, (2)

332-336
total organic (TOC), (7)39-41
water treatment, (2)251-380

Carbon disulfide, (1)700-703 (6)72, 76
effects in animals, (1)701-702
effects in man, (1)701

Carbon tetrachloride, (1)703-707; (3); (4);
(5)9, 15-18; (6)76, 206, 207, 208;
(8); (9)134, 141, 163

acute effects, (5)16-17
carcinogenic risk estimates, (1)705-706.

794
carcinogenicity, (5)17
chronic effects, (5)17
effects in animals, (1) 704
effects in man, (1)703-704
human health effects, (5)16
metabolism, (5)16
model for, (8)312-324
mutagenicity, (5)17, 99
in PVC pipe, (4)66
teratogenicity, (5)17-18
toxicity, (3)96-98
toxicity data, (1)707

Carbon-14, (1)858-859, 862
Carbonization, activated carbon, (2)254
Carboxyhemoglobin, blood, (8)169
Carcass mass-balance equation, (8)262
Carcinogenesis, (1)25, (3), (5); (6)4-6,

266-271, 282
animal bioassays, (6)151-152
arsenic, (3)344
assays, (1)20, 22
cocarcinogenesis, (6)141-142
dose-response models, (3)58-60
effects, (6)253
evaluation, (6)151-156
factors in predicting, (1)22
genetic toxicity, (6)148-149
immune system in, (6)149-151
initiation, (6)140
ionizing radiation, (1)38, 885-892,

894-896, 897-898
latency periods, (1)42, 189
mechanisms of, (6)139-157
model systems, (6)143-148
multistage model, (3)53, 59
multistage theory of, (6)139-142, 147
oncogenes in, (6)142-143

possible thresholds, (1)38
progression, (6)141
promotion, (6)140
risk assessment for, (6)156-157, 253
short-term tests, (6)152-155
somatic mutation theory, (5)5
synergistic effects and, (1)32
teratogenesis and, (6)15
tests to predict, (1)22
theories of, (1)39-47
unit risk of, (6)255

Carcinogenic, (1), (9)3
animal models, (9)19-21
DNA adducts as dosimeters, (9)6-8,

27-28, 40
DNA adducts, site relevance, (9)13-17
DNA adducts, specific, (9)61-77
effects, (1)25
initiators, (1)15
interactions, (1)15
mechanisms, (1)15
modifiers, (1)15
nitrosamines, (1)33
pollutants, nonthreshold approach, (1)21
promoters, (1)15
sensitivity of tests to detect effects, (1)27

Carcinogenic risk estimates, (5)vii, 2; (6)
301-302, 313, 314, 324, 336, 337,
348-349, 372, 373, 410-411, (9)106,
141, 168

acrylamide, (9)62
arsenic, (5)122; (9)75
asbestos, (5)126-145
BaP, (9)64
chlorinated surface water, (9)102
chlorobenzene, (5)21-22, 98
chloroform, (9)103
chloropropanes and chloropropenes, (9)

72
chromium, (9)65
cisplatin, (9)22-23
diallate, (9)70
dibromochloropropane, (9)66
di(2-ethylhexyl)phthalate, (9)73
DNA adducts as dosimeters, (9)6-8,

27-28, 40
DNA adducts, specific, (9)61-77
EPA, (9)99-100, 106
ethylene dibromide, (9)67
hexachlorobenzene, (5)55-56, 98
liver, (9)8, 9, 20, 21, 22, 25, 26, 27, 67,

70, 71, 72, 164, 165
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low-dose defined, (9)129
mixtures of toxins, (9)97, 99-100, 104
N-hydroxy-2-acetylaminofluorene, (9)8
nitrofen, (9)75-76
pentachlorophenol, (9)77
sulfallate, (9)71
synergism, (9)99
tobacco, (9)9, 24-25
1,1,1,-trichloroethane, (5)77-78, 98
trichloroethylene, (5)83-84, 98
trichlorfon, (9)69
vinyl chloride, (5)89-90
volatile organic compounds, (9)162-166
(see also cancer, carcinogenicity), (5)

Carcinogenicity, (1), (4); (5); (6)1; (7)
acetonitrile, (4)205
acrylamide, (6)300
acrylonitrile, (4)205
aldicarb, (5)11
aluminum compounds, (4)165
animal related to human, (1)53
arsenic, (4)167; (5)118-123
asbestos, (5)125-141
cadmium, (4)172
carbofuran, (5)15
carbon tetrachloride, (5)17
and chemical structure, (1)791
of chlorate, (7)108
of chlorite, (7)108
chlorobenzene, (5)20-21
chloroform, (4)207-209
of chlorophenols, (7)172
of chloropicrin, (7)167
chloropropanes and chloropropenes, (6)

335-336
correlation with mutagenicity, (1)20, 22,

37-38
DBCP, (4)210, 212-213
diallate, (6) 311
dibromochloropropane, (6)323-324
o-dichlorobenzene, (5)24
p-dichlorobenzene, (5)27
1,2-dichloroethane, (5)31
1,1-dichloroethylene, (5)37-39
1,2-dichloroethylene, (5)43
dichloromethane, (5)45
di(2-ethylhexyl)phthalate, (6)344-348,

410
dinitrophenol, (4)243
dinoseb, (5)48
ethylene dibromide, (6)365-367
of haloacetonitriles, (7)161

of haloacids, (7)141
of haloaldehydes, (7)150-151
hexachlorobenzene, (5)54-56
lead, (4)182
methomyl, (5)59
of monochloramine, (7)97
mononitrophenols, (4)243
nitrobenzene, (4)227
nitrofen, (6)371-372
PAHs, (4)4, 257-258, 259-260, 261,

262-263
pentachlorophenol, (6)391-392
picloram, (5)62
pipe and lining materials, (4)4, 72
risk assessment procedures, (5)4
rotenone, (5)68-69
silver, (4)186-187
sufficient evidence for, (5)3-4
sulfallate, (6)313
tetrachloroethylene, (5)73
1,1,1-trichloroethane, (5)76-77
trichloroethylene, (5)82-83
trichlorfon, (6)405-406
2,4,6-trichlorophenol, (4)267
of trihalomethanes, (7)122-129
uranium, (5)94-95
vinyl chloride, (4)4, 63, 70, (5)88-89
water treatment chemical compounds,

(4)98
(see also cancer, carcinogenic risk esti-

mates; models, mathematical; tumor
incidence data), (5)

Carcinogens, (1)15, 19, 54, (3); (7)80-81,
(8)

additive effects, (1)49-50
ADI theoretical data, (3)36-37
asbestos, (1)13
chemical in drinking water, (1)793
chemical, quantitative risk assessment

for, (8)6
definition, (1)800-802
dietary components, (3)52
direct-acting, dose-response relation-

ship, (1)39
DNA adducts and, (8)221-226
epigenetic, (8)16, 20-22
ethylenedibromide risk estimation, (3)

100
exposure and cancer development, (1)

21, 30
fibers, (1)166-167
genotoxic, (8)16
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groundwater and surface water contami-
nation studies, (3)6-7

ingested, (1)15
inhibitors of, (8)222
listing of, (1)794
models of, (8)443
multistage model of, (8)463, 467-468
nitrosamines, (1)416, 438
oral administration of test, (1)48-49
positive controls, (1)56
risk assessment, (8)441-445
(see also cancer), (3)
(see also carcinogenesis), (8)

Carcinoma(s), (1); (3); (8)
bronchogenic, (1)160
hepatocellular, (8)371, 459
(see cancer, carcinogens), (3)

Cardiac, (1); (3); (5)
arrhythmias, (5)75
glycosides, potassium depletion effects,

(3)296
sensitization, (1)781

Cardiovascular disease, (3); (4)
arsenic relationship, (3)343
barium and, (4)169, 170
drinking water hardness relationship, (3)

1-2
risk estimation studies, (3)22
water hardness relationship, (3)22

Cardiovascular dysfunctions, (5)119
Case-comparison studies, (6)232-233; (9)

acetylcholinesterase, (9)146-159
nested, (6)233

Case-control, (7)
sampling strategy, (7)198-199
studies using personal interview, (7)

55-58
Cast iron, (4)

corrosion, (4)15-16
mains of, (4)12
pipes of, (4)13

Catalysis by clays, or organic species, (1)
140-143

Catalytic alterations, (1)141-142
Cataracts, (see eyes and eye disease), (4)
Catechol, (3); (6)144

toxicity, (3)190-192
Catecholamines, (6)48
Cathartics, magnesium use, (3)274
Cathodic protection, (4)27
Cation exchange capacity (CEC), (1)
and binding of organisms to particles, (1)

181
of soils, (1)171

Cations, inorganic, (1)138-140
Cattle, iodine intake, (3)222
Caulobacter, (2)309
CCE, (see carbon-chloroform extracts), (2)
CCSL IV language, (8)232
CDC (National Center for Disease Con-

trol), (1)12, 63, 64, 65, 66, 118; (4)5,
137

Cell(s), (1); (6); (8)
birth versus mutation accumulation, (8)

277
culture, short-term, (6)5-6
culture systems, to detect viruses, (1)

95-97
divisions in germ cells, (6)78
mutation, (6)140
transformation assays, (6)153

Center for Study of Responsive Law, (9)
101-102

Central nervous system (CNS), (1), (3); (6)
108, (9)

depressants, (1)693, 710, 724, 761, 777
tetrachloroethylene effects, (3)136
1,1,1-trichloroethane effects, (3)146, 149
(see nervous system), (9)

Central-peripheral distal axonopathy, (6)
122

Cerebral, (6)
cortex, (6)108-109, 125
hemispheres, (6)108, 110

Cerebrospinal fluid (CSF), (6)112
Cesium-137, (1)862, 871
Cestodes, (1)115
Chattanooga, Tenn, chlordane concentra-

tion in water system, (4)146-147
CHE. (see cholinesterase), (3)
Cheilobus species, (1)116
Chemical(s), (1); (2), (3); (4); (6), (7), (9)

actinometry, UV light, (2)108-109
ADI values, (1)15-16; (6)171, 154, 257,

296, 410-411
carcinogens, (6)261
compounds in effluent, (2)357
contaminants, (4)6-8
contaminants, developmental effects of,

(6)11-31
effects of injuries, (1)23
equilibrium models, (4)24, 61
evaluation of toxicity, (3)67-70; (6)36,

83-92
intoxication, (1)736, 747
safety and risk assessment, (1)19-62
structure and carcinogenicity, (1)791; (6)

139-156
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toxic effects, (1)23; (6)250-293
toxicity, biochemical interactions, (3)

45-56; (6)171-173
warfare, (9)147
(see also inorganic chemical contami-

nants, organic chemical contami-
nants), (4)

Chemical Abstracts Service, (9)101
Chemical agents, (1)

additive effects, (1)49-50
animal testing of, (1)29-37
and cell interactions, (1)23
distribution by circulatory system, (1)33
excretion, (1)29
interactions, (1)15
metabolism, (1)29
radioactive, (1)16-17
radionuclides, (1)858-865
reabsorption, (1)29
reaction with biological receptor, (1)29
reaction, variation with nutrition and

physical environment, (1)32
reactions, (1)29
(see also arsenic, fluoride, nitrates, sele-

nium, sulfate, and individual herbi-
cides, insecticides, and metals), (1)

Chemical quality of water, (4)
control, (4)16
factors influencing, (4)2-3
water treatment chemicals and, (4)3-4,

95-99
Chemisorption removing trace metals, (1)

220
Chemistry of disinfectants, reactions and

products, (2)139-249
Chemotherapy, (9)22, 68
Chicago, Ill., corrosion field study, (4)35,

36
Childhood tumors, (6)14
China, (9)23-24, 25
Chlamydomonas, (4)99
Chloracne, (1)502
Chloral, (1)708-709
Chloral hydrate, (7)144,

(see also haloaldehydes), (7)
Chloramben, (see amiben), (1)
Chloramide by-products, (2)173-182
Chloramination, (2), (7)2, 9, 13-14

chemistry and toxicity of disinfection,
(7)60-66

(see also combined residual chlorina-
tion), (2)166

Chloramine(s), (2); (4)130, (7)7,90-99

analysis, (7)61-62
by-products of disinfection, (2)167-173
chemistry, (2)166-182
comparative efficacy, (7)12
dichloramine, (2)166, 168
disinfection, (2)17-42, 112-119
in drinking water disinfection, (7)13
efficacy in demand-free system, (7)11
health effects, (4)174-175
inactivation of Giardia muris cysts, (7)19
mechanism of action, (2)38
monochloramine production, (2)166, 168
organic, (7)92
properties, drinking water treatment, (2)

167-171
reaction products, (2)173-182
SNARL, (4)177-178
THM formation, (2)171-172
(see also dichloramine, monochlo-

ramine), (7)
Chloramine B and chloramine T, (7)91
Chloramine formation, (2)18-20, 169

breakpoint chlorination, (2)20-23,
170-171

dichloramine, (2)20
inorganic chloramines, (2)18-20
monochloramine, (2)20
organic amines, (2)19
organic chloramines, (2)19

Chloramine process. (see combined resid-
ual chlorination), (2)

Chlorammoniation process, (4)130
Chloramphenicol, (6)17
Chlorate, (3)198-200, (4); (7)99-111

carcinogenicity, (7)108
chronic effects, (7)107-108
developmental effects, (7)108-109
health effects, (4)174, 175
health effects in humans, (7)101-104
health effects in other species, (7)104-110
metabolism, (7)100-101
mutagenicity, (7)108
NOEL, (7)110
reproductive toxicity, (7)109-110
SNARL, (4)177, 178; (7)110-111
subchronic effects, (7)104-107

Chlordane, (see cyclodienes), (1), (4); (9)
140

back-siphonage of, (4)147
Chlordecone. (see kepone), (1), (6)74
Chlorella, (4)99
Chloride nutrition, (3)298-302, 374-375
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bromide interaction, (3)301
Chloride-36, (7)93
Chlorinated, (1); (2); (5)

ethylenes, (see 1,1-dichloroethylene,
tetrachloroethylene, trichloroethy-
lene), (5)

hydrocarbons, (1)21, 556-604
organic compounds, water treatments,

(2)352
seawater, (2)188
(see also BHC, cyclodienes, DDT,

kepone, lindane, methoxychlor,
toxaphene), (1)

Chlorinated disinfectants, (4)174-178
health effects, (4)174-177
metabolism, (4)174
SNARL, (4)177-178
(see also chloramines, chlorate, chlorine

dioxide, chlorite), (4)
Chlorinated polyvinyl chloride pipe, (4)4,

62
laboratory tests on, (4)65
(see also plastic pipe), (4)

Chlorination, (2); (7)1-2, 6-8
biogenic substances, (2)164-165
breakpoint, (2)18-20, 170-171, (7)82
by-products, (7)1-2
by-products, polynuclear aromatic
hydrocarbons, (2)163-164
chloroform production, (2)8, 144-166
halogenated hydrocarbons formation, (2)

5, 144-160
humic substances-chloroform formation,

(2)142-144
marginal, (7)82
mechanism of action, (2)36-39
model compounds, (2)173
Niagara Falls, N.Y., (2)18
Ohio River, (2)172
PAH, (2)163-164
products other than THM, (2)163
reactions and by-products, (7)27-50
THM formation, (2)5, 8
toxicity, (7)45-50
water supply disinfection, (2)5
(see also breakpoint chlorination, chlo-

rine), (2)
Chlorination, water, (1)4-6, 21, 65, 86, 87,

93, 105, 108-110, 112, 117, 119,
185, 186

effect on bacteria, (1)119
effect on viruses, (1)108-9
history, (1)4-6

protozoa resistance, (1)120-121
Chlorine, (1); (2); (3); (4)3; (7)7, 81-83; (9)

102
ammonia reaction, (2)18-20
ammonia water treatment process, (2)167
aqueous properties, (2)145-149
biocidal activity, (2)24-36
breakpoint chlorination, (2)20-23,

170-171
by-products of disinfection, (2)144-146
cell wall penetration, (2)37
chemistry, (2)144-146
control of biofilm fouling by, (4)126
c t, (2)70
cyanide, (see cyanogen chloride), (1)
demand, (2)20, 26, (7)7
disinfectants. reactivation of selected

viruses, (7)23
disinfection, (2)17-42, 112-119
disinfection process and, (4)109
distribution m water systems, (4)127
in drinking water supplies disinfection,

(2)17; (7)13
efficacy in demand-free system, (7)10
free, (see free chlorine), (7)
free available chlorine, (2)18
health effects in humans, (7)82
health effects in other species, (7)82-83
hypochlorite ion, (2)18
hypochlorous acid, (2)18
interaction with nitrogen compounds, (4)

96-97
Norwalk agent and, (7)23-24
oxides, uses, (3)193
reactions in distribution systems, (4)

96-98
reducing agents reaction, (2)21-22
residual, (4)12, 129, 130
sewage effluents, (2)155
surface waters, (2)155-157
transport of, (4)126, 128-131
trihalomethane reactions, (4)96

Chlorine dioxide (CIO2), (1)109, 119; (2);
(3); (4); (7)9, 66, 83-90

analytical methods, (2)54-55
bacteria, (2)56
biocidal activity, (2)56, 59-60
by-products of disinfection, (2)190-200
chemistry, (2)52, 190-200
comparative efficacy of, (7)12
c t, (2)60
DPD method, (2)54
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in drinking water disinfection, (2)51-61,
112-119; (7)13

efficacy m demand-free system, (7)10
efficacy against viruses, (2)58-59
Escherichia coli inactivation, (2)58
health aspects in humans, (7)84-87
health aspects in other species, (7)87-89
health effects, (4)174-176
humic substances reactions, (2)199
inactivation of Giardia muris cysts, (7)22
inorganic reactants, (2)193-194
mechanism of action, (2)60-61
metabolism, (4)174; (7)84
microorganisms inactivation, (2)55
model organic compounds, (2)194-199
mutagenicity, (7)88
NOEL, (7)90
olefinic double bond reactions, (2)

197-198
oxidizing agent, (2)193
parasites, (2)59
phenol reactions, (2)196
production and application, (2)51-54
pulp and paper industry, (2)191
reproductive effects, (7)88
SNARL, (4)177, 178; (7)90
subchronic effects, (7)87-88
teratogenicity, (7)88-89
trihalomethane reactions, (4)96
toxicity, (3)193-196
use pattern, (7)66-67
virucidal efficacy, (2)58-59

Chlorine-to-carbon (Cl/C) ratio, (7)
191-192

Chlorite, (2); (3)197; (4); (7)58, 99-111
aldehydes reactions, (2)195
carcinogenicity, (7)108
chronic effects, (7)107-108
developmental effects, (7)108-109
health effects, (4)175
health effects in humans, (7)101-110
health effects in other species, (7)104-110
metabolism, (7)100-101
mutagenicity, (7)108
NOEL, (7)110
reproductive toxicity, (7)109-110
SNARL, (4)177, 178; (7)110-111
subchronic effects, (7)104-107

Chloroacetaldehyde, (see haloaldehydes),
(7)

Chloroamines toxicity, (3)200-203
amino acids toxicity, (3)202-203

Chlorobenzene, (1)709-710; (5)9, 18-22

acute effects, (5)19-20
carcinogenic risk estimates, (5)21-22, 98
carcinogenicity, (5)20-21
chronic effects, (5)20
human health effects, (5)19
metabolism, (5)18-19
mutagenicity, (5)20-99
SNARL, (5)22, 98
teratogenicity, (5)22
TLV, (5)20
tumor incidence, (5)21

Chlorobromomethanes, (9)134
Chlorodibromomethane, (1)799
1-chloro-2,4-dinitrobenzene (DNCB), (7)

134-135
Chloroethene, (see vinyl chloride), (1)
1,2-bis(chloroethoxy)ethane, (1)799
bis(2-chloroethyl)ether, (1)710-712; (3)

in animals, (3)89
carcinogenic risk estimates, (1)712, 794
toxicity data, (1)714

Chloroethyl methyl ether, (1)799
Chloroform, (1)21, 185, 713, 715-718; (2)

140, 151, 185; (3); (4)206-209; (6)
208-209; (7)1, 111; (9)103, 134, 141

acetone precursors, (2)158
carcinogenic risk estimates, (1)716, 794
carcinogenic risk for, (7)131-132
carcinogenicity, (1)715-716
2-chlorophenol, (see chlorophenols), (7)
in competition, (2)277
concentration in CPVC pipe water, (4)66
epidemiological studies, (3)5-7
generation of, (7)29
health effects, (4)206-209
humic model compounds, (2)162
humic substances and chlorine reac-

tions, (2)8
precursors of, (7)37, 38
product of chlorination water treatment,

(1)21, 179
production in humic materials, (4)97
from resorcinol, (2)161
SNARL, (4)209
toxicity, (3)203-204
toxicity data, (1)718
tumor incidence with, (7)131-133
(see also trihalomethanes), (7)

Chlorohydroxybenzophenone, (1)799
bis(2-chloroisopropyl)ether, (1)799
Chloromethane. (see methyl chloride). (1)
Chloromethyl ethyl ether, (1)799
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Chlorophenols, (7)169-173
acute effects, (7)170-172
carcinogenicity, (7)172
health effects in other species, (7)170-172
mutagenicity, (7)172
NOEL, (7)173
reproductive effects, (7)170-172
SNARL, (7)173
subchronic effects, (7)170

Chlorophenoxys, (1)493-519
(see also 2,4D, 2,4,5-T. TCDD; 2,4,5-

TP; MCPA), (1)
Chlorophyll, THM production, (2)164
Chloropicrin, (7)44, 162-168

acute effects, (7)165-166
carcinogenicity, (7)167
chemistry and environmental fate, (7)

163-164
chronic effects, (7)166
health effects in humans, (7)165
health effects in other species, (7)165-168
metabolism, (7)164
mutagenicity, (7)167-168
subchronic effects, (7)166

Chloroprene, (1)799
Chloropropanes and chloropropenes

(CPs), (6)72, 77, 326-337; (9)71-73
ADI, (6)410
carcinogenic risk estimate, (6)336, 337,

410
carcinogenicity, (6)335-336
developmental effects, (6)337
health aspects in humans, (6)328
health aspects in other species, (6)

328-337
lifetime cancer risk estimate, (6)410
metabolism, (6)327
mutagenicity, (6)334-335
neurotoxicity, (6)334
reproductive effects, (6)337
SNARL, (6)410
studies needed, (6)409
tumor incidence, (6)336

2-chloropropionate (2-CP), (7)140
bis(2-chloropropyl) ether toxicity, (3)90-91
Cholera, (1)1-3, 7, 78; (7)4
Cholesterol levels, (1)442
Cholinergic nervous system, (6)121; (9)

146-159
Cholinesterase, (1)26, 610, 630, 638, 646,

(3)31; (6), (7)
activity, (7)121

erythrocyte, (6)306-308
serum, (6)306
trichlorfon and, (6)402

Chromatography, (9)
gas, (9)40, 44, 46, 134, 143
liquid, (9)39, 40, 44, 46, 133, 143
thin-layer, (9)42

Chromium, (1)171, 207, 210-214, 218,
220-221, 241-246, 302-303,
306-307, (4)95; (9)64-65

atherosclerosis, (1)244
health effects, (4)150
lung cancer, (1)246

Chromium nutrition, (3)266, 364-368,
374-375

vanadium interaction, (3)368
Chromosomes, (1), (6)38

aberrations, (1)875-877, 882; (6)65
abnormalities, (6)35
changes in number of (ploidy), (1)

876-877, 882-883
damage, (6)3
macrolesions in germ cells, (6)69
sperm complement, (6)64-66

Chronic bioassay(s), (8)6, (9)
animal, (9)9, 21-22

Chronic effects, (1); (7)
of chlorate, (7)107-108
of chlorite, (7)107-108
of chloropicrin, (7)166
defined, (1)22
of monochloramine, (7)96
of trihalomethanes, (7)120-122

Chronic exposure, (3)
ADI, (3)29-37
dose-response methodology, (3)31-37
safety factor approach, (3)30

Chronic toxicity, (5)97-98, (9)21-22, 27,
170

aldicarb, (5)12
DNA repair at low vs high exposure, (9)

11-13
o-dichlorobenzene, (5)24
p-dichlorobenzene, (5)26-27
1,1-dichloroethylene, (5)39-40
dinoseb, (5)49
hypothetical cases, (9)9-10
methomyl, (5)59-60
picloram, (5)62-63
rotenone, (5)70
uranium, (5)96-97

Chronological time, (8)69, 73
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Chrysotile, (1)144-152, 164, 165, 184; (4)
in A/C pipe, (4)46, 51, 60

Cigarette, (1); (6)
smoke condensate (CSC), (6)144
smoking, (6)44, 72, 148, 155, 238
smoking, effect on dose-response, (1)50

Circulation time, mean, (8)41
Circulatory systems, differences between

species, (1)33
Cirrhosis, (1)26, 330
Cisplatin, (9)22
Clara cells, (6)205, 206
Clarification process, (2)268-271
Classical pharmacokinetics, (8)34-35, 37
Classification, (9)

anticholinesterases, (9)146-147
EPA hazard index, (9)96, 123-129, 159,

168, 169
mixtures of toxins, groups, (9)96-97,

104-105, 127-128, 169
Clays, (1)135-143

adsorption on, (1)137-145
classification, (1)137
minerals in soil, (1)169
removal, (1)184-185

Clearance, (6); (8)17
hepatic, (8)125-126
interface between PB-PK models and,

(8)104-107
intrinsic, (6)216-217
liver, (6)216
metabolic, (8)102
mucociliary, (8)329
organ-specific, (6)210
renal, (8)128-131
total, (6)209
total body, (8)108, 115
value, (8)81

Cleft palate, (6)26
Cleveland, Ohio, water treatment, (2)305
Clinical observations, (6)226-227
Clitoris, (9)63
Closed-chamber kinetics, (8)170-172
Clostridium, (2)93, 97
Clostridium perfringens, (1)75, 120
CNS (central nervous system), (6)108
Coagulation, (1); (2); (4); (7)67

chemical, to remove trace metals, (1)
217-223

process, (4)108
raw water precursors, (2)9
water treatment, (1)106, 185-186; (2)

268-271

Coal tar compounds, (4)
PAHs in, (4)74, 78-79

pipe linings, (4)4, 72, 73-74
Coatings, (see linings), (4)
Cobalt, (1)139, 208, 211-213, 218,

220-221, 246-250, 302-303,
307-308; (3)

beer additive, (1)248
nutritional value, (3)266
thyroid impairment, (1)249

Cobalt-60, (2)95-96
Cocarcinogenesis, (3)51, 53; (6)141-142
Coccidomycosis, disseminated, (1)495
Cofactor depletion, dose-dependent, (8)

135-137
Cohort studies, (6)233
Colchicine, (6)116
Coliform counts, (1)75-84
Coliform organisms, (1)67, 71-84; (4)108,

131
counting, (1)75-78
health significance of, (1)80-84
as indicators, (1)71-74
MF technique, (1)72
MPN technique, (1)72
standards, (1)78-79, 84, 119-120

Colon, (6)212
Color, water, (1)183
Colorimetric methods, (2)

chlorine, (2)23
chlorine dioxide, (2)54, 55
ozone, (2)47

Columbus, Ohio, heavy metal concentra-
tion in distribution system, (4)94-95

Combined chlorine, (2)33-35
Combined residual chlorination, (2)166
Cometabolism, (2)311
Commonality, (9)123
Community fluorosis (mottling) index, (1)

395
Community Water Supply Survey,

USEPA, (1)77
Compartment(s), (8)

choice of, (8)39-44
deep, (8)195
linear models of, (8)104, 105
multicompartments, (see multicompart-

ment model), (8)
one, (see one-compartment model), (8)
three, (see three-compartment model), (8)
two, (see two-compartment model), (8)
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Competitive adsorption studies, (2)
286-290, 353

Competitive equilibrium studies, (2)
278-283

Complexes, rates of formation of, (8)98-99
Components competition, (2)284, 286
Compounds, combinations, joint action,

(3)27
Computational, (8)

equipment needs, (8)233-234
resources, sharing, (8)246

Computer-assisted techniques, (8); (9)42,
98

databases, (9)4, 27, 59, 118, 134, 157,
170

graphics of dose response, (9)131, 169
languages used in pharmacokinetic

model, (8)230-232
pharmacokinetic models, (9)109-110,

112, 171-174
(see also specific languages), (8)

Concentration, (2); (4); (6); (8)
cell, (4)27
dependent metabolite elimination, (8)

134-135
effective, of metabolite (AMEFF), (6)

188, 189
gradient, (8)27
models, versus experimental, (8)268-270
-time curves, areas under (AUCs), (8)

256, 471-472
-time data, (8)185
-time products for disinfection, (2)31,

60, 66, 68-71, 76-80
Condiments, (3)

sodium, dietary source, (3)284
Confidence limits, (6)237
Confidence regions, (8)190-191

linear, (8)200, 202
Congenital malformations and dose, (1)25
Connecticut, (4); (5)

A/C pipe effect on water supply, (4)51, 55
GI cancers and asbestos exposure, (5)

135-136
Consumers and consumption, (9)

Center for Study of Responsive Law, (9)
101-102

of water, (9)137-138, 171-174
Contaminant level, maximum (MCL), (7)

13
Contaminants in drinking water, (1); (6)

criteria for selection, (1)9-11, 13
organic solutes, criteria for determining,

(1)14-15

particulate, where found, (1)13
problems in assessing, (1)10-11
radioactive, (1)16, 858, 870-872
selected, toxicity of, (6)294-412
varied susceptibility, (1)17
(see also chemical agents, pollutants,

and individual items), (1)
Contour plots, (8)200-202
Contraceptives, oral, (6)72
Control groups, (1)28
Copper, (1)139, 171, 207-208, 210-212,

214-215, 218, 220-221, 250-254,
302-303, 308-309; (4)95

concentration in Boston, Mass, area
water, (4)40

corrosion and, (4)33, 35
gastrointestinal tract irritant, (1)252
glucose-6-phosphate dyhydrogenase, (1)

253
health effects, (4)150
leaching of, (4)5
pipes, (4)13, 32-33
pipes, soft water reactions, (3)312
Wilson's disease, (1)252

Copper nutrition, (3)312-315, 318-319,
374-375

iron interaction, (3)311
molybdenum interaction, (3)314
sulfur interaction, (3)314
zinc interaction, (3)314

Coproantibodies, (1)68
Corpus luteum, (6)45
Correlational studies, (6)226-249, (7)51-52
Corrosion, (1); (4)

A/C pipe, (4)3, 22-23, 43
control, (4)27, 44
dezincification reaction, (4)27
electrochemical, (4)26-27
erosion, (4)27
field studies of, (4)35-41
groundwater and surface water, (4)10
health effects of, (4)26, 35
inhibitors, (4)31-32, 34
microbial processes and, (4)5, 28-29
monitoring, (4)33-34
piping, in water systems, (1)206
pitting, (4)27
prevention, (4)4
products, (4)16, 35
tubercularion from, (4)13-14, 28
uniform, (4)27
water quality effect on, (4)29-31
water quality indexes to predict, (4)2
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Cortical atrophy, (6)124-125
Corynebacterium, (2)309
Cost assessments, (9)

immunoassays, (9)44-46
mixtures of toxins, testing of effects, (9)

95-96
Council of Europe, octanal reviw, (3)227
Covalent binding, (8)11; (9)9, 13

hemoglobin, (9)25-26
Coxsackie viruses, (1)89-90, 100, 101

virus A, (1)95, 96, 100
virus A2, 108
virus B, (1)96, 100
virus Bs, (1)103-104

CPs, (see chloropropanes and chloro-
propenes), (6)

CPVC, (see chlorinated polyvinyl chlo-
ride), (4)

Crib deaths, (1)409
Critical, (1); (8)

dose, (1)23
exposure time, (8)435
toxicity reference (CTR) system, (8)

354-357, 363-365
Crocidolite, (1)144-152, 164, 165
Cross-connections, (4)1

biological material from, (4)126, 131
control, (4)17
direct and indirect, (4)5, 146
health risk from, (4)16, 140
water quality and, (4)15

Cross-linking, (9)16-17
Crotonaldehyde, (1)799
Crude oils, (see petroleum products), (4)
CSC (cigarette smoke condensate), (6)144
CSF (cerebrospinal fluid), (6)112
c-t, (see concentration-time products for

disinfection), (2)
Cubé powder, (5)66-67, 69
Cummingtonite, (1)149

grunerite mineral series, (1)144-149, 154
Cumulative effects, (1)25
Curie, (1)899
Curvilinear dose response, (8)448-450
CVD, (see cardiovascular disease), (3)
Cyanazine, (see triazines), (1)
Cyanide, (4)203-204
Cyanoethylene, (see acrylonitrile), (3)
Cyanogen chloride, (1)717, 719-720
Cyanomethane, (see acetonitrile), (4)
Cyanosis, (1)418
Cyclodienes, (1)556-573

carcinogenic risk estimate, (1)567-568,
794

effects in animals, (1)564
effects in man, (1)563
food, residues in, (1)559-561
milk, residues in, (1)559, 561
occurrence, (1)557-558
standards, (1)558
toxicity data, (1)569-573

Cyclohexanine, (4)64, 66
Cyclops, (1)115
Cyclosiloxanes, (6)76
Cytochrome P-450, (3); (5), (6)214, 215;

(7)112-113, (8)
chlorobenzene, (5)20
1,2-dichloroethane, (5)29
1,2-dichloroethylene, (5)41
dichloromethane, (5)44
hexachlorobenzene, (5)52
interspecies microsomes content, (3)50
isozymes, (8)148
role in metabolism of carbon tetrachlo-

ride, (5)16, 17
trichloroethylene, (5)79, 82
1,1,1-trichloroethylene, (5)75-76
vinyl chloride, (5)86

Cytopathic (liquid overlay)method, (1)95
Cytopathology, (1)96
Cytosine arabinoside pharmacokinetic

model, (8)57-58
Cytotoxic agents, (6)16-17
Cytotoxicity, (6)153; (8), (9)68

hepatic, (8)275
modeling of, (8)273-279
mutation accumulation and, (8)273-283
mutation frequency, BPDE binding and,

(9)17

D

2,4-D (2,4-dichlorophenoxyacetic acid),
(1)493-499

carcinogenicity, (1)496-497
dose, no adverse affect, (1)496, 498, 796
mutagenicity, (1)496
teratogenicity, (1)497-498
toxicity, (1)495-496, 499

DAI, (see direct aqueous injections), (2)
Dallas, Tex, corrosion field study, (4)35
Damage, fractional, (1)24
Databases, (6); (9)

exposure risk, (9)4, 27, 134, 157
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inhalation models, (6)178-179
toxic interaction, (9)118, 170

DBCP, (see 1,2-dibromo-3-
chloropropane), (4);

dibromochloropropane, (6)
DBP (di-n-butylphthalate), (1)720-723

toxicity data, (1)723
DCE, (see 1,2-dichloroethane), (3)
DCM (dichloromethane) (methylene chlo-

ride), (8)171-172, 217-219, 254-264,
392-408, 458-462

1,2-DCP(1,2-dichloropropane), (see
chloropropanes and chloropropenes),
(6)

DDE (dichlorodiphenyldichloroethylene),
(see DDT), (1); (6)230, 231

DDT (2,2-bis-(p-chlorophenyl)-1,1,1-
trichloroethane), (1)178, 568, 574-580

carcinogenic risk estimates, (1)578-579,
794

carcinogenicity, (1)577-578
and diet, (1)575
dose effects, (1)576-577
in milk, (1)575
toxicity data, (1)580
(see also dichlorodiphenyl-

trichloroethane), (6)75, 230, 231,
282, 283

DDT-T, (see DDT), (1)
DDVP (dichlorvos), (6)75
De minimus value, (8)155
Death, (6); (8)

embryo, (6)25
postimplantation, (6)87
preimplantation, (6)87
rate for cells, (8)380
rates, embryonic, (6)35
(see also lethality, mortality), (6)

Debris, organic, (1)177
Dedrick plot, (8)74-75
Deep compartment, (8)195
Deficiency interactions of chemical

agents, (1)51-52
Definitions of symbols and abbreviations,

(6)218-219
Degeneration, (6)

of axons, (6)122
of germ cells, (6)38

DEHA (di[2-ethylhexy]adipate), (6)346
DEHP (di[2-ethylhexyl]phthalate), (1)

726-729; (6)
toxicity data, (1)729
(see di[2-ethylhexyl]phthalate), (6)

Delaware River, treatment plant, (2)153

Deletions, gene, (1)876-877
Delivered and administered doses, (8)330,

447-455
Demand-free systems, (2)117
Demineralization, by reverse osmosis, (1)

225
Demyelination, (6)112
DEN (diethylnitrosamine), (6)145, 146
Dental caries, fluoride requirements, (3)280
Dental health, (3)280-281
Denver, Colo., corrosion field study, (4)35
Deoxyribonucleic acid (DNA), (5), (7)20

damage and mutagenicity, (5)5, 15
Depletion, (8)11

cofactor, dose-dependent, (8)135-137
glutathione, (8)175-177, 178, 179

Deposits, in distribution system, (4)3
encrustations in, (4)117, 120-121
iron and manganese, (4)93-94

Dermatitis, (1), (3)
acute, (1)535
chronic, (1)288
contact, (1)244, 699
nickel toxicity, (3)348-349
selenium relationship, (3)327
subacute, (1)535

Dermatology (see skin), (9)
Derris root, (see rotenone), (5)
DES (diethylstilbestrol), (6)15, 47, 48,

149, 282, 283
Desalination, by reverse osmosis, (1)225
Desulfovibrio desulfuricans, (see sulfate-

reducing bacteria), (4)
Detoxification, (8)452-453, (9)57

DNA adducts as dosimeters, (9)7, 28
rates across species, sexes, and tissues, (9)

8-9
synergism and, (9)103, 153, 159

Developmental effects, (1)16, (6); (7)
acrylamide, (6)302
chemical contaminants, (6)11-31
of chlorate and chlorite, (7)108-109
dibromochloropropane, (6)324
di(2-ethylhexyl)phthalate, (6)349-352
nitrofen, (6)373-376
pentachlorophenol, (6)392
trichlorfon, (6)406

Developmental risk estimate. nitrofen, (6)
376-380

Developmental toxicity, (6)2, 271-272
defined, (6)11-12
PCP and, (6)393-394
quantitative assessment of, (6)28-30
ratio of adult to (A D ratio), (6)28, 273
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relationship between maternal toxicity,
(6)25-27

Developmental toxicology, (9)74, 77
Dezincification, (4)27
DHEP (di[2-ethylhexyl]phthalate), (9)

73-74
Diabetes mellitus, (3), (5)

carbon tetrachloride toxicity, (5)17
magnesium malabsorption, (3)273
uranium treatment effects, (5)93

Diallate, (6); (9)69-70
ADI, (6)410
carcinogenic risk estimate, (6)410
carcinogenicity, (6)311
developmental effects, (6)312
health aspects in humans, (6)310
health aspects in other species, (6)

310-311
metabolism, (6)310
mutagenicity, (6)311
neurotoxicity, (6)311
SNARL, (6)410
studies needed, (6)409
tumor incidence, (6)311

Dialysis, aluminum effects in water for,
(4)163, 167

Diarrhea, (1)66, 90, 112, 282; (4)
diarrheal disease, (4)124-125, 141, 147

Diatomaceous earth filters, (1)107
Diatomic iodine, (2)62-63, 183
Diazinon, (1)607, 609-614; (3)31; (9)135

toxicity data, (1)614
Dibromamine, (2)74, 79
Dibromoacetonitrile, (see haloacetoni-

triles), (7)
Dibromobenzene, (1)799
Dibromochloromethane, (2)185; (3); (7)

111-112
carcinogenic risk, (7)133
toxicity, (3)205-206
(see also trihalomethanes), (7)

Dibromochloropropane (DBCP), (6)72,
74, 314-326; (9)65-67

ADI, (6)410
carcinogenic risk estimate, (6)324, 410
carcinogenicity, (6)323-324
developmental effects, (6)324
epidemiological studies of, (6)243
health aspects in humans, (6)315-316
health aspects in other species, (6)

316-325
lifetime cancer risk estimate, (6)410
LOEL, (6)320, 325

mutagenicity, (6)322-323
NOEL, (6)320, 325
reproductive effects, (6)324-325
SNARL, (6)410
spermatogenesis and, (6)315-316
studies needed, (6)409
tumor incidence, (6)324

1,2-dibromo-3-chloropropane, (4)209-214
exposure standards, (4)210
health effects, (4)210-214
recommendations relating to, (4)214
SNARL, (4)214
uses, (4)209

Dibromodichloroethane, (1)799
1,2-dibromoethane, (see ethylene dibro-

mide), (3)
Dibromomethane concentration, (8)168
Dibutyl phthalate, (6)76, 77
Dicamba, (1)521-525, 526

dose levels, (1)522-524, 796
toxicity, (1)526

Dichloroacetaldehyde, (see haloaldehy-
des), (7)

Dichloroacetic acid (DCA), (5)41, 80; (7)
34-35, 37, 39, 40, 133

(see also haloacids), (7)
Dichloroacetonitrile, (7)43-44

(see also haloacetonitriles), (7)
Dichloramine, (2)20. 22, 27-28, 166-168;

(7)
comparative efficacy of, (7)12
(see also chloramines), (7)

Dichloramine T, (7)91
3,4-dichloraniline, (1)173
o-dichlorobenzene, (5)9, 22-27; (9)134

acute effects, (5)23-24
carcinogenicity, (5)24
chronic effects, (5)24
human health effects, (5)23
metabolism (5)23
mutagenicity, (5)24, 99
SNARL, (5)24-25, 98
teratogenicity, (5)24

p-dichlorobenzene, (see PDB), (1); (5)9,
25-27

acute effects, (5)26
ADI, (5)27
carcinogenicity, (5)27
chronic effects, (5)26-27
human health effects, (5)26
metabolism, (5)25-26
mutagenicity, (5)27, 99
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SNARL, (5)27, 98
teratogenicity, (5)27

1,3-dichlorobenzene, (1)799
Dichlorodifluoromethane, (1)799; (3)

toxicity, (3)101-104
Dichlorodiphenyldichloroethylene (DDE),

(6)230, 231
Dichlorodiphenyltrichloroethane (DDT),

(6)75, 230, 231, 282, 283
Dichloroethane, (2)287
1,2-dichloroethane, (1)723; (2)287; (3); (5)

9, 28-32; (9)134, 163
carcinogenicity, (5)31
effects in animals, (1)724
effects in man, (1)724
human health effects, (5)30
metabolism, (5)28-30
mutagenicity, (5)30-31, 99
teratogenicity, (5)31
toxicity, (3)104-111
1,1,1-trichloroethane and, (5)28
vinyl chloride, (5)28

Dichloroethanol, (5)41
1,1-dichloroethylene, (5)9, 32-40, (9)134

acute effects, (5)34-35
carcinogenicity, (5)37-39
chronic effects, (5)35-36
hepatotoxicity, (5)34-35, 40
human health effects, (5)33-34
mean daily consumption, (5)40
metabolism, (5)32-33
mutagenicity, (5)36-37, 99
SNARL, (5)39-40, 98
teratogenicity, (5)39
TLV, (5)32

1,2-dichloroethylene, (5)9, 40-43
acute effects, (5)41-42
carcinogenicity, (5)43
chronic effects, (5)42
human health effects, (5)41
metabolism, (5)40-41
mutagenicity, (5)42-43, 99
SNARL, (5)98
teratogenicity, (5)43

Dichloroiodomethane, (1)799
Dichloromethane (DCM, methylene chlo-

ride), (1), (5)9, 43-46; (8)171-172,
217-219, 254-264, 392-408, 458-462

carcinogenicity, (5)45
human health effects, (5)44
metabolism, (5)43-44
mutagenicity, (5)44-45, 99

teratogenicity, (5)45-46
TLV, (5)44
(see methylene chloride), (1)

2,4-dichlorophenol, (1)725-726; (3)
toxicity, (3)206-207

Dichlorophenols, (see chlorophenols), (7)
1,2-dichloropropane (1,2-DCP), (1)799; (6)

(see chloropropanes and chloro-
propenes), (6)

1,3-dichloropropene, (1)799; (6)
(see chloropropanes and chloro-

propenes), (6)
Dichotomous response models, (1); (3)

of carcinogenesis, (1)48
low-dose carcinogenic risk estimation,

(3)37
risk estimation, (3)2

Dieldrin, (see cyclodienes), (1)
Diencephalon, (6)108, 113
Dietary retake, daily, and radionuclides,

(1)859-861
Dietary intake, human, (3)374-375

arsenic, (3)337-341
calcium, (3)268, 269
chloride, (3)298-299
chromium, (3)364-366
copper, (3)312-313, 318-319
fluoride, (3)279-280
iodine, (3)302-304
Iron, (3)309-310, 318-319
magnesium, (3)272
manganese, (3)331-334
molybdenum, (3)357-359
nickel, (3)345-347
phosphorus, (3)276-277
potassium, (3)293-294
selenium, (3)321-323
silicon, (3)355
sodium, (3)283-287
vanadium, (3)350-351
zinc, (3)316, 318-319

Diethyladipate, (6)76
Di(2-ethylhexyl)adipate (DEHA), (6)346
Di(2-ethylhexyl)phthlate (DEHP), (6)

338-359
ADI, (6)358, 410
carcinogenic risk estimate, (6)348-349,

410
carcinogenicity, (6)344-348
developmental effects, (6)349-352
health aspects in humans, (6)340
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health aspects in other species, (6)
340-356

lifetime cancer risk estimate, (6)410
liver function and, (6)357
LOEL, (6)357-358
metabolism, (6)339-340
mutagenicity, (6)341-344
NOEL, (6)357-358
peroxisome proliferation and, (6)344-346
reproductive effects, (6)352-356
SNARL, (6)410
studies needed, (6)409
tumor incidence, (6)349

Diethylnitrosamine (DEN), (6)145, 146;
(7)128-129

Diethyl-p-phenylenediamine method, (2)
45, 47

Diethylstilbestrol (DES), (6)15, 47, 48,
149, 282, 283

Differential thermal analysis of asbestos,
(1)159

Diffusion, (8)28
barriers, (8)99-102
index, (8)100
through thick membranes, (8)122-123

Diffusion-limited models, (6)181
Digestive system, (see gastrointestinal

system), (9)
cancer of, (9)23-24, 67, 71
toxic effects, (9)25, 75

Digitalis, potassium depletion effects, (3)
296

1,25-dihydroxycholecalciferol, (3)271,
274-275

1,2-dimethoxybenzene, (1)799
4-dimethylaminostilbene, (9)26
Dimethylbenzene, (see xylenes), (1)
Dimethylformamide, (4)214-222

health effects, (4)218-222
metabolism, (4)215-218
SNARL, (4)222
uses, (4)214-215

Dimethylnitrosamine, (6)65
2,4-dimethylphenol, (1)730-731
Dimethyl sulfoxide (DMSO), (7)156
4,6-dinitro-2-aminophenol, (1)799
Dinitroanilines, (1)547-553

ADI, (1)552, 796
dose effects, (1)549-550, 796
toxicity, (1)551-553

Dinitrophenols, (4)
health effects, (4)236, 237-238, 240,

241-242, 245

isomeric forms of, (4)230-231, 234
metabolism, (4)233-235
SNARL, (4)203, 245
uses, (4)230-231

Dinitrotoluene (DNT), (6)154-155
Dinoseb, (5)9, 46-49

acute effects, (5)47
carcinogenicity, (5)48
chronic effects, (5)47-48
human health effects, (5)47
metabolism (5)46-47
mutagenicity, (5)48, 99
SNARL, (5)49, 98
teratogenicity, (5)49, 98

Dioctylapidate, (1)799
Dioxins, (1)493
Diphenylhydrazine, (1)731-733

risk estimate, (1)794
toxicity data, (1)733

N. N'-Diphenyl-p-phenylenediamine
(DPPD), (7)113

Diplogaster species, (1)116
Diquat, (1)140; (6)75
Direct aqueous injections, (2)154
Direct decoupled method, (8)189
Diseases, (1); (6)

chronic, (1)20
irreversible, (1)20
neurological, (see neurological dis-

eases), (6)
progressive, (1)20
transmission of, (1)63

Diseases, waterborne, (4)
control measures, (4)146, 147, 179
defined, (4)138
limitations of data on, (4)138-140
municipal systems, (4)140, 142-144,

146, 147
nonmunicipal (semipublic and individ-

ual) systems, (4)140, 145
number of (4)140, 148
recommendations for handling, (4)151
(see also acute diseases), (4)

Disinfectant by-products, effect of, in con-
junction with other risk factors for
disease, (7)199-200

Disinfectants, (2); (7)
approaches to assessment of human

health risks, (7)197-198
biocidal efficacy, (2)11, 114-117
bromine disinfection by-products, (2)

182-189
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carbon reactions, (2)320-323
chemistry, reactions and products, (2)

139-249
chloramine reactions and by-products,

(2)166-182
chlorine dioxide reactions and by-

products, (2) 190-200
chlorine, inactivation of selected

viruses, (7)23
chlorine reactions and by-products, (2)

144-166
demand, (2)8
drinking water disinfection, (2)5-137
iodine reactions and by-products, (2)

182-189
life-cycle studies, (7) 191
ozone reactions and by-products, (2)

200-229
resistance to, (2)17
selected, chemistry and toxicity, (7)

80-189
sensitivity to, (2)15
(see also disinfection), (2)

Disinfection, (1); (2); (4); (7)
adsorption of microorganism, (2)9
aesthetic quality of treated water, (2)6
analytical methods, (see individual disin-

fection agents), (2)
application of disinfectants, (2)11
biocidal activity, (2)7-17, 112-119
bromine, (2)72-82
chemical dosage, (2)11
chemistry and toxicity, (7)27-79
chloramines, (see chlorine), (2)
chlorine, (2)17-42
chlorine dioxide, (2)51-61
disinfectant demand, (2)8
efficacy, (2)7
ferrate, (2)82-85
GAC pretreatment, (2)271-272
general considerations, (2)7-17
high pH conditions, (2)86-91
hydrogen peroxide, (2)91-94
indicator organisms, (2)12-13
iodine, (2)61-72
ionizing radiation, (2)94-98
methods, (1)5, 10, 107-111, 119, 121,
(see also chlorination), (1)
methods for drinking water, summary

tables, (2)114-116, 118
methods and efficacy, (7)4-26
microbiological considerations, (2)11-17

microorganisms adsorption, (2)9
model systems for assessment, (2)12-15
ozone, (2)42-51
particulates and aggregates, (2)9-11
potassium permanganate, (2)98
process, chlorine and, (4)5, 12, 109, 130
protection against disinfection, (2)9
public water supplies, (2)5
raw water quality, (2)7-9
report organization and scope, (2)6-7
residuals, (2)10-11
residuals measurement, (2)10-11
sensitivity to, (1)73, 118
silver, (2)102-106
ultraviolet light, (2)106-112
water treatment effects on, (2)8-9
water treatment plants, (2)255
waterborne diseases reduction, (2)5-137

Dispersion number, axial, (8)87
Displacement, GAC efficiency, (2)275
Dissolved organic carbon, (2)269, 271,

301, 305
Distribution, (1); (6); (8)

of chemical agents, (1)29
intraorgan extrapolation of, (8)140-141
rate constants, (8)141-142
volume of, (see volume of distribution),

(8)
Distribution system, (4); (6)

biological effects on, (4)4-6
chemical effects on, (4)2-4
contamination sources for, (4)1
description of, (4)9
education program to preserve integrity

of, (4)6
flow, (4)11
heavy metal concentration in, (4)94-95
mares, (4)12
maintenance, (4)16
metal concentration in, (4)35-41
microorganisms in, (4)4-5, 28-29, 113,

117, 119
municipal, (4)138, 142-144, 146, 147
PAHs in, (4)74, 76-77
PAHs leaching in, (4)82, 84-85, 91
pipes, (4)3-4, 13, 110-111
private, (4)138, 140, 145
semiprivate, (4)138, 140, 145
study approach to, (4)15-17
valves, (4)12
waste treatment chemicals, (4)3-4

Disulfiram (antabuse), (6)364
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Disulfoton, (see phorate), (1)
Dithane M-45, (1)655, 657
Dithiocarbamates, (1)650-660

carcinogenic risk estimates, (1)656-657
no-adverse effect levels, data, (1)655, 796
toxicity data, (1)655, 658-660

Diuretics, (3)290, 296
Di-Syston R, (see phorate), (1)
DMF, (see dimethylformamide), (4)
DNA (deoxyribonucleic acid), (1)19, 27,

37, 38, 51, 88; (5); (6)139, 148-149,
282, 283, 361-362; (8)

and 2,4-D, (1)497
xeroderma pigmentosum and ultraviolet

induced skin cancer, (1)43, 51
(see deoxyribonucleic acid), (5)

DNA adducts, (8)221-223;
general, (9)
carcinogens and mutagens, DNA site

relevance, (9)13-17
defined, (9)3-4
detection technology, (9)4-5, 9, 38-52,

57-58, 59
as dosimeters, (9)6-7, 27-28, 47, 57
formation and removal, (9)6-25, 27-28,

59
phosphate, (9)16
research recommendations for EPA, (9)

58-59
specific adducts, (9)62-77

DNA adducts, specific, (9)
acetylcholinesterase, (9)146-159, 170
acrylamide, (9)26-27, 61-62
aflatoxin, (9)22, 25, 27
aldicarb, (9)133, 134, 157-158
4-aminobiphenyl, (9)26
aromatic amines, (9)22, 25, 38, 42, 49
arsenic, (9)74-75
benzene, (9)134, 164
benzidene, (9)21
benzo[α]pyrene (BaP), (9)17, 21, 23-25,

52, 63-64
BPDE (benzo[α]pyrene diol epoxide), (9)

17-18
bromoform, (9)134
carbamates, (9)70, 96, 133-136,

140-141, 146-147, 149-150, 170
carbaryl, (9)133, 135
carbofuran, (9)135
carbon tetrachloride, (9)134, 141, 163
chloropropanes and chloropropenes, (9)

71-73
chromium, (9)64-65
cisplatin, (9)22-23

DHEP, (9)73-74
diallate, (9)69-70
diazinon, (9)135
dibromochloropropane (DBCP), (9)

65-67
1,2-dichloroethan, (9)134, 163
di(2-ethylhexyl)phthalate, (9)73
4-dimethylaminostilbene, (9)26
ethoxyquin, (9)25
ethyl methanesulfonate, (9)26
ethylene dibromide (EDB), (9)67-68
ethylene oxide, (9)26
fonofos, (9)134, 135
guanines, (9)14-18, 65
hydrocarbons, (9)17, 21, 23-25, 42, 49,

52, 63-65, 105, 141
malathion, (9)103, 135, 152-157
methomyl, (9)133
methyl methanesulfonate, (9)26-27
methyl parathion, (9)135-136
methylating agents, (9)10, 20, 42
MHEP, (9)73-74
mono(2-ethylhexyl)phthalate (MHEP),

(9)73-74
N-hydroxy-2-acetylaminofluorene, (9)8
N-3-(2-hydroxyethyl)histidine, (9)25-26
nitrofen, (9)75-76
N7-MG (N7-methylguanine), (9)10
organophosphorus compounds, (9)69,

96, 103, 125, 133-136, 140-141,
146-159, 170

O6-alkylguanine, (9)16, 20-21
O6-ethylguanine, (9)16
O6-MG (O6-methyldeoxyguanosine), (9)

23
pentachlorophenol, (9)76-77
phosphate, (9)16
polyvinyl chloride, (9)73, 134, 164, 165
protamine, (9)5, 26-27, 58
sulfallate, (9)70-71
terbufos, (9)136
trichlorfon, (9)68-69

DNA repair
adduct accumulation, effect on, (9)9,

11-13, 52, 57, 59
base mispairing, (9)15
mutation and, (9)19, 66
phosphate adducts, (9)16
single-vs chronic-dose exposure, (9)

21-22, 27
DNT (dinitrotoluene), (6)154-155
DOC, (see dissolved organic carbon), (2)
Dominant lethal test, (6)73, 78-79
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Dosages and dosimetry, (9)4-5, 104
animal carcinogenesis, (9)7-8
animal exposure, single dose, (9)21
carbamates, (9)133-136
chronic dosages, (9)9-13, 21-22, 27, 170
computer graphics, (9)131, 169
DNA adducts as dosimeters, (9)6-7,

27-28, 47, 57
exposure assessment, (9)98-99
grouping toxic agents, (9)96-97,

104-105, 108-118, 127-128
hazard index, EPA, (9)96, 123-129, 159,

168, 169
human exposure, (9)22-25
large-scale studies, (9)4
maximum contaminant level goals, (9)

103, 138, 162-165
mixtures of toxins, testing effects, (9)

95-96
models, (9)9;

dose additivity, (9)102-103, 153-154,
156, 157-158

molecular dosimetry, (9)4, 14, 18, 38,
42-47, 50

organophosphorus compounds, (9)
133-136

protein adducts as dosimeters, (9)58
response-vs dose-additivity models, (9)

102-103, 122, 169, 170, 177-181
Dose/dosage, (1); (6); (8)471

administered, (6)261, 262
administered and delivered, (8)160-330,

447-455
animal related to human, (1)31
annual, estimated from natural radiation

in U.S., (1)858
biologically effective, (6)228
choice of, (6)268
critical, (1)23
dependencies, (8)120-139
duration, (1)36-37
effective, (1)41; (6)261
equivalence, (6)177
escalation, (8)433
estimation for heterogeneous popula-

tions, (1)25
exponential model of retention of

radionuclides, (1)866
extrapolations, (8)120-125, 170, 172-173
fraction of, absorbed, (8)122
high, of carcinogens, extrapolation to

low, (1)47-49

high, relevant to human carcinogenesis
studies, (1)55

incidence of response curve, (8)150-151
interactive effects, (1)49-52
internal, (6)173, 228
log, versus percentage response, (8)4
low, effects of chronic exposure, (1)21
low, risks at, (8)327-328, 444-445
magnitude of response curve, (8)150-151
maximum tolerated (MTD), (1)54,

56-57, (6)152; (8)6, 432-433, 449, 450
no effect, (1)24, 43
no-observed-adverse-effect, (1)15, 24,

25, 28, 54, 490
power function model of retention of

radionuclides, (1)866
principle of fraction of, (8)128-131
rate of inhalation, (6)169
response, (8)3-4, 221, 225-226,

375-376, 448-450
route extrapolation, (8)165-167, 168,

216-219
safe, (1)24, 27, 53, 54, 54-57
safe starting, (8)433
scaling, (8)416-419
scheduling, (8)420-425
selecting for experiment, (1)34-35
surrogates, (8)293-295
target-tissue, (see target-tissue dose), (6)
teratogenic, (6)29
threshold, (1)15, 25
time-dependent, (8)467-468
time-weighted average, (8)454
tissue, scaleup, (6)194-196
virtually safe (VSD), (8)296-298

Dose rates, (1)
evaluation of high animal, extrapolated

to low human, (1)15, 55-56
and mutations, (1)877-889, 894

Dose-response (1); (3); (6)284
adverse, defined, (1)802-804
in animal studies, (6)15-18
curves, (1)24, 26, 37-39, 51
log-probit, (6)29, 273-274
model, multistage, (6)268-269
models, (1)47-48, 51, 59, 879-896; (3)

31-37, 58-60
relationship(s), (1)15, 35, 37-49, 51, 58,

802, 872, 886; (6)280
VOCs, (6)172-173

Dose-route extrapolations, (6)6-7, 168-219
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examples of, (6)186-193
Dosimetric models, (1)866; (8)230

comparisons, interspecies, (8)361-363
hazard assessment using, (8)353-367
lower respiratory tract mathematical, (8)

357-363
physiologically based, (8)354-357

Dowicide 2S, (see chlorophenols), (7)
DPD, (see diethyl-p-phenylenediamine

method), (2)
Dracunculus medinesis, (1)115
Drinking water, (1); (7); (8); (9)

DNA adduct analytic techniques, (9)
47-49, 58

DNA adducts, specific, occurrence, (9)
61-77

epidemiology of contaminants, (9)49-52
European standards, (1)78-79
evaluating epidemiological information

from health authorities, (1 )12-13
exposures, modeling, (8)401-406
inorganic solutes, (1)14
microbiology of, (1)63-134
organic solutes, criteria for selection, (1)

14-16
origin of constituents, (1)11
per capita consumption daily, (1)11
pollutants, effects of, (1)20
radionuclide content, (1)859-862
selecting for study, (1)10
standards, purpose of, (1)22
toxic compounds, specific, (9)61-77
U.S. standards, (1)6-9
(see also chemical agents, contaminants,

water systems, water treatment), (1)
(see water entries), (7)

Drinking water contribution to mineral
nutrition, (3)369, 374-375

arsenic, (3)345
calcium, (3)271
chloride, (3)301-302
chromium, (3)369
copper, (3)314-315
fluoride, (3)282
iodine, (3)307
iron, (3)311
magnesium, (3)275
manganese, (3)337
molybdenum, (3)364
nickel, (3)349
phosphorus, (3)278

potassium, (3)297
selenium, (3)330
silicon, (3)357
sodium, (3)292
vanadium, (3)354
zinc, (3)317

Drug(s), (3); (8)
binding, (8)88-89
development, (8)432-433
disposition, (8)43
iodine content, (3)305
solubility, (8)89-90
transport, (8)89-90

Duluth, Minn., asbestos in water supply,
(4)43; (5)124, 134-135

Dysentery, (1); (7)4
amebic, (1)112
bacillary, (1)69

E

EAI Pacer 500 analog-digital hybrid com-
puter, (8)335, 336

ECH, (see epichlorohydrin), (3)
Echoviruses, (1)90, 100-101; (2)7, 90, 97
ECP, (see extracellular products), (2)
EDB, (see ethylene dibromide), (6)
EDC (ethylene dichloride), (8)288-300
Edema, myelin, (1)737, 739
EDTA, (see ethylenediaminetetraacetic

acid), (3); (4)
Edwardsiella species, (1)67
Effective concentration of metabolite

(AMEFF), (6)188, 189
Effects in animals, application to humans,

(1)15, 19, 22, 27-39, 52-54, 55-56,
165-168, 791-792

Effects, types of health, (1)24-27,
(see also irreversible, reversible, self-

propagating), (1)
Efferent nerve fibers, (6)107
Efficiency number, (8)87
Effluents, (1); (2)

bacteria, (2)308-310
chemical compounds, (2)357
concentration, (2)289
GAC, (2)308-309
medical, (1)862-865
nuclear fuel, (1)865

2-EH, (6)338,
(see also di[2-ethylhexyl]phthalate), (6)
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Electrochemical processes in corrosion, (4)
26-27

Electromagnetic radiation, (2)106-108
Electron microscopy, asbestos fibers, (1)

156-158
Elemental arsenic, toxicity, (3)342
Elements in drinking water, (3)373-375
Elimination, (6); (8)

by excretion, (8)142-143
half-life of, (8)30
location of organs of, (8)116-117
by metabolism, (8)143-148
organs, (8)83-86, 109, 112-114
presystemic, (6)212-214
pulmonary, (8)385-387
rate constant, (8)28
species differences in, (8)142-148

Embryo(s), (1); (6)
death, (6)24-25
lethality, (6)11, 24
preimplantation, (6)12
toxicity, (1)873, 874, (6)11, 25, 88
(see also developmental toxicity, fetus),

(6)
Embryolethality, (1)872
Embryonic organ susceptibility to terato-

gens, (6)13, 14, 116
Emphysema, (1)238; (8)354
Encephalitides, (1)118
End points, (6)11, 153

historical variability, (6)24-25
spectrum of, (6)18-20

Endocrinology, reproductive, alterations
in, (6)45-50

CNS-mediated, in adult, (6)48-50
in perinatal period, (6)46-48

Endogenous precursors, (8)136
Endotoxins, (2)312-313
Endrin, (see cyclodienes), (1)
Energetics of muscle, (8)68-69
England, chlorine as disinfectant, (2)17
Entamoeba histolytica, (1)112-113, 117;

(2)15, 35-36, 48, 67, 69-70, 81, 104
Enteric cytopathic human orphan (ECHO)

viruses, (1)90
Enterobacter aerogenes, (1)72; (2)25, 27,

88, 96
Enterobacter agglomerans, (2)309
Enterobacteriaceae, (1)67, 71-84
Enterococci species, (1)73
Enteroviruses, (1)88-108, 120

detecting, (1)95-96, 100
epidemiology, (1)91-94

groups, (1)88
health effects, (1)101-104
history, (1)89-91
identifying, (1)94-101
recovery from water, (1)96-97
removal from water, (1)104-110

ENU (ethylnitrosourea), (6)14-15, 270
Environmental contaminants, (3)27
Environmental Protection Agency (EPA),

(1)v-vi, 9, 12, 63, 75-78, (2)144-145,
(3); (4); (5); (9)47, 49, 99-11, 101

aldicarbs, dose-additivity model, (9)
157-158

Ambient Water Quality Criteria Docu-
ment, (5)139

arsenic drinking water standard, (5)
120-122

asbestos in drinking water survey, (5)124
carbamates, (9)133
Carcinogen Assessment Group, (5)122
carcinogens, (9)106, 162-163, 164-166
chemicals m water supplies, (3)5
contaminants for review selected by, (4)6
corrosion control for A/C pipe, (4)44
criteria for evaluating contaminants, (4)

155
database, (9)134, 157
groundwater toxins, mixtures, (9)

115-117
hazard index, (9)96, 123-129, 159, 168,

169
laboratory tests on A/C pipe, (4)47, 48
maximum contaminant level goals, (9)

103, 138, 162-165
National Statistical Assessment of Rural

Water Conditions, (3)373
NOMS, (2)145, 150-151, 156, (3)81
noncarcinogenic substances, risk estima-

tion, (9)106
NORS, (2)144-145, 150-151, 165-166,

172-173; (3)13, 17
organophosphorous, (9)133-134
PAH concentration studies, (4)83
research on linings, (4)72
research recommendations, (9)58-59
response-surface modeling, (9), 130,

168, 169
Safe Drinking Water Act, (5)vii
survey of water systems with A/C pipe,

(4)51, 52, 56
THM concentrations survey, (3)13-18
THM studies, (3)5-6
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Tolt River study, (4)36-37
(see also Health Effects Research Labo-

ratory, Municipal Environmental
Research Laboratory), (4)

Environmental risk assessment, (8)431
Enzyme staining, (9)41-42
Enzyme-linked immunosorbent assay

(ELISA), (9)23, 24, 41
Enzymes, (3); (6); (8)

activity, (6)264-265
idealized distribution of, (8)127
inhibition, suicide, (8)173-175
intraorgan localization of, (8)126-128
molybdenum content, (3)361

EPA, (see Environmental Protection
Agency), (1); (2); (3); (4); (5)

Epichlorohydrin, (3); (4)210, 212, 213
toxicity, (3)111-124

Epidemiological observational studies,
potential contributions, (7)200

Epidemiological observations, (6)228-234
of human neurobehavioral disorders, (6)

130-131
risk assessment, (6)7, 241-245

Epidemiological studies, (1); (3)1-2
case-control studies, (3)17-19
cohort studies, (3)19
epidemiology, risk assessment, (3)54-56
human factors, (1)28-29
limitations of data, (1)13
of water, (1)12, 13, 19, 20, 83, 87, 90

Epidemiological studies of contaminants,
(3); (5); (7)50-60

arsenic, (5)1, 7, 118-123
asbestos and GI cancer, (5)123, 126-141
case-control studies using personal inter-

view, (7)55-58
correlational studies, (7)51-52
drinking water-cancer incidence rela-

tionship, (3)5-21, 55-56
groups at increased risk in, (7)58-60
mortality case-control studies, (7)52-55
(see also human health effects under

individual chemicals), (5)
Epidemiology, (1)2, 19, 24-29, 58-59,

63-66, 91-94, 112, 118-119,
160-163, 795; (6); (7); (9)49, 51-52,
104, 125, 164

analytical, (6)230-232
asbestos, (1)13-14
beginning of, (6)229
descriptive, (6)229-230
improvement, (7)196-200

infectious hepatitis, (1)90, 91
principals, problems, and limitations of,

(6)243
Epididymal sperm numbers, (6)90
Epigenetic, (6), (8)

carcinogens, (6)153; (8)16, 20-22
term, (6)282

Epilepsy, aluminum and, (4)164
Epitheliomas, (1)327
EPN, (9)155-158
Epoxides, formation, (2)227
Equilibrium, (2); (8)

adsorption, competitive studies, (2)
176-284

constants, (8)99
models, (2)267

Erie County, N.Y., (3); (7)
cancer and chlorinated water studies, (3)

10
correlational study, (7)51

Erosion corrosion, (4)27-28
Error analysis in model building, (8)

188-193
Erythema, (1)697
Erythrocyte cholinesterase, (6)306-308
Erythromelalgia, (1)325
Erythrosine, iodine dietary content, (3)303
Escherichia coli (E Coli), (1)66, 67,

71-73, 75, 80, 81, 93, 108; (2)13,
25-28, 30, 37, 40-41, 44-45, 48-50,
56-59, 65-66, 75, 78, 84-85, 87-89,
92-93, 96-97, 99-100, 104, 110, 308;
(3)161; (7)16, 21

enteropathogenic, (1)67-68, 93
enterotoxigenic, (1)66

Esophagus, (6)211
cancer of, (9)23-24

Estes Park, Colo., wastewater effluent
ozonization, (2)203

Estrogens, (6)46-48; (9)42
Estrous syndrome, persistent, (6)46
Ethanenitrile, (see acetonitrile), (4)
Ethanol, (4); (6)50

DMH and, (4)218
Ethical considerations, (8)431
Ethoxyethanol, (6)77
Ethoxyquin, (9)25
Ethyl methanesulfonate, (9)26
Ethylating agents, (9)20-21
Ethylene dibromide (EDB), (3)98-100, (6)

237, 359-368; (9)67-68
ADI, (6)411
carcinogenic risk estimate, (6)411
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carcinogenicity, (6)365-367
epidemiological studies on, (6)244
health aspects in humans, (6)359-360
health aspects in other species, (6)

360-367
lifetime cancer risk estimate, (6)411
mutagenicity, (6)364-365
reproductive effects, (6)367
SNARL, (6)411
studies needed, (6)409

Ethylene dichloride (EDC), (see 1,2-
dichloroethane), (1); (8)288-300

Ethylene oxide, (6)77; (9)26
Ethylenediaminetetraacetic acid, (3)353;

(4)
biofilm detachment and, (4)117

Ethylenethiourea (ETU), (see dithiocar-
bamates), (1)

O6-ethylguanine, (9)16
2-Ethylhexanol, (6)338,

(see also di[2-ethylhexyl]phthalate), (6)
Ethylmercuric chloride, (1)275
Ethylnitrosourea (ENU), (6)14-15, 270, (7)

126
Etiology, disease, (1)64-66, 120
ETU (ethylenethiourea), (see dithiocarba-

mates), (1)
Euchlorine, (see chlorine dioxide), (2)
Europe, (9)63, 138
European standards, for drinking water, (1)

78-79
Exact method, (8)190
Excess lifetime cancer risks, (8)6
Excitotoxicants, (6)113
Excretion, (1); (8)

biliary, (8)116, 122
elimination by, (8)42-143
rates, differences between species, (1)

33-34, 53
Exencephaly, (6)26
Exercise, ozone uptake and, (8)308-310
Exhalation, pulmonary, (6)172
Experimental, (6), (8)

error, (8)191-193
studies, (6)233-234

Exponential model, of radionuclide reten-
tion, (1)866

Exposure(s), (1)24, 27, 28; (4), (6)228; (8)
471, (9)

acute, (9)58
acute vs chronic, (4)153-154
adducts of DNA vs proteins, (9)52
through air, (6)260

animal, single dose, (9)21;
chronic, (9)9-10, 21-22, 27
assessment, (6)230; (8)8-9, (9)98-99
carbamates, (9)134-136
chronic, (1)21, 22, 52
combined, (6)255-256
consumption levels, water and, (9)

137-138, 171-174
databases, (9)4, 27, 134, 157
DMF, (4)215
DNA repair at low vs high exposure, (9)

11-13
dose rate and effects, (1)53-57
drinking water, modeling, (8)401-406
effects, (1)29
estimates of, from different sources and

various routes, (6)257-260
through food, (6)259
free recovery periods, (1)24
groundwater, (9)102, 115-117, 134, 136,

139-140
through household, (6)260
human, routes of, (9)137-141, 143, 168
intravenous injection, modeling, (8)406
lead, (4)179
nitrile, (4)203, 204
noningestion, (6)295
occupational, (1)160
organophosphorous, (9)134-136
plateau period, (1)899
procedures, (1)35-37, 47-49
scenario, extrapolation, (8)161,

167-168, 169
standards, (9)96, 103, 121
synergism of toxin mixtures, (9)98-100,

102-103, 122-123, 128-129, 175-176
time of, (6)12-15, 35
time, critical, (8)435
time-dependent, (see time-dependent

exposure), (8)
total, (9)141-142, 168, 172
volatile organic compounds, (9)96, 126,

134, 136-140, 162-166
through water, (6)258-259
through workplace, (6)260
(see also suggested no-adverse-response

level), (4)
(see also dosages and dosimetry, occupa-

tional exposure, risk estimation,
synergism), (9)

Extracellular products, haloform yields,
(2)164-165
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Extraction ratio, (6)216; (8)82, 85, 105
hepatic, (8)84
mathematical solution for, (8)87

Extrapolation, (8)312, 441-442
in absorption of substances, (8)139-140
of allometric methods, (8)141
dose, (8)120-125, 170, 172-173
dose-route, (8)165-167, 168, 216-219
exposure scenario, (8)161, 167-168, 169
four types of, (8)159
general aspects of, (8)96-155
from in vitro systems, (8)80-93
of interorgan distribution of substances,

(8)140-141
interspecies, (8)212-216, 441-442
low-dose risk, (8)327-328, 444-445
pharmacokinetic, (8)161-162
physiologically based models for, (8)

159-180
route-to-route, (8)114-119
species-to-species, (8)139-142, 168-170,

171, 396-401
Extrapyramidal pathways, (6)109
Eyes and eye disease, (4); (9)146-147

dinitrophenol and cataracts of, (4)238,
240

mononitrophenols and cataracts of, (4)
241

silver effect on, (4)185-186

F

2F bodies test, (6)61, 64
Fabro index, (6)274
FACB, (see Fertility Assessment by Con-

tinuous Breeding), (6)
Fairbanks, Alaska, arsenic levels in drink-

ing water, (5)120-121
False-positive or false-negative results, (1)

27, 54, 74; (6)235
F-Ara-AMP (fludarabine phosphate), (8)

437-438
Fat group (FG) of organs, (8)447
FDA, (see Food and Drug Administra-

tion), (3); (9)
Feathering process, (8)29
Fecal coliform test, (1)76
Fecal pollution, (1)69, 72
Federal Republic of Germany, (2)

bank filtration, (2)271
chloroform effluent concentration, (2)289
microbial activity on GAC, (2)298
microbial activity, water treatment, (2)

299

pilot plant effluent studies, (2)308
pilot plant resin studies, (2)343
potassium permanganate in GAC, (2)297
TOC removal studies, (2)269
water treatment, (2)362

Feeding studies, experimental on animals,
(1)19

Females, (6)
fetus, (6)37
germ cell mutations, (6)69-82
infertility, (6)50-53
reproductive impairment, (6)37-53
reproductive system, (6)37-41
(see also humans), (6)

Fenuron, (1)172
Ferbam, (see dithiocarbamates), (1)
Ferrate, (2)82-85, (7)

chemistry, (2)82
in drinking water disinfection, (7)13

Ferric acid, (2)82
Ferric chloride, (1)106
Ferrous diethyl-p-phenylenediamine

method, (2)22
Fertile ground interactions of chemical

agents, (1)51
Fertility, (6); (9)74

index, (6)73, 84
reduced, (6)37
reproductive performance and, (6)87-88
subfertility, (6)63

Fertility Assessment by Continuous Breed-
ing (FACB), (6)51-52

details of protocol for, (6)85-87
Fertilization, (6)40
α-Fetoprotein (AFP), (6)47
Fetus, (6)23-24, 37, 116-117,

(see also embryos), (6)
FHPLs (focal hepatocellular proliferative

lesions), (6)346-347
Fiber (dietary), zinc interaction, (3)317
Fiber length, (1)

carcinogenic response, (1)166-167, 189
distributions, (1)150

Fiberglass-reinforced plastic pipe, (4)13,
62,

(see also plastic pipe), (4)
Fibroblasts, (9)17-18
Fibrous crystals, (1)144-145
Fick's First Law, (8)27, 32-33
Fick's Law of Diffusion, modified, (8)

99-102
Filters, sand, (1)3
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Filtration water, (1)87, 106, 112, 121,
183, 185

membrane, (1)78, 79, 87
plants, (1)5
rates, (1)117

Finished water, (4)16, 95, 129-130
First-order rate constants, (8)90
First-pass, (8)

elimination organs, (8)114
nonelimination organs, (8)113-114
organs, (8)109

Fish, (2); (3)
products, fluoride content, (3)279
sewage effluent exposure, (2)187-188

Flatworms, (1)115
Flavobacterium species, (1)85, 86; (2)309
Flexible polygon method, (8)189
Flit 406, (see captan), (1)
Floe, (1)106, 186
Flocculation, water, (1)87, 112, 121; (7)67
Florida, hydrogen sulfide in well water, (4)

53
Flow, (8)

diagrams, (8)40, 42
rate, (8)32

Flow-limited models, (8)48-49, 446
Flowthrough method, virus recovery, (1)

97, 100
Fludarabine phosphate (F-Ara-AMP), (8)

437-438
Fluid frictional resistance, (4)119
Fluorescence, (9)

spectrometry, (9)40
spectrophotometry, (9)23
techniques, (9)41-42, 43, 44, 133
Fluorescent antibodies test, (1)75

Fluoridation, (3); (6)233
public water supplies, (3)279

Fluoride, (1)369-400, 433-435; (3)
279-283, 363

aluminum interaction, (3)282
birth defects, (1)389-395
calcium toteraction, (3)282
cancer and, (1)381-389
epidemiology, (1)389, 434
intolerance, (1)377-386
magnesium interaction, (3)282
molybdenum interaction, (3)363
mongolism, (1)377
mottling, (1)376, 395-396, 434
mutagenesis, (1)389-395
renal dysfunction, (1)379-381
sensitivity, (1)377-379

teratogenesis, (1)389-395
toxicity, (1)376-377, 434

Fluorosis, (1)
dental, (1)396
skeletal, (1)377, 380

Focal hepatocellular proliferative lesions
(FHPLs), (6)346-347

Follicle growth, (6)41-42
Follicle-stimulating hormone (FSH), (6)

40, 45, 54, 55-56
Folliculogenesis, (6)40
Folpan, (see captan), (1)
Folpet, (see captan), (1)
Fonofos, (9)134, 135
Food, (1), (3); (6), (9)23, 141

additives, chrome exposure, (3)30-31
additives and contaminants, (6)76; (9)123
coloring agent, (see erythrosine), (3)
ethoxyquin, (9)25
exposure through, (6)259
food poisoning, (1)238-239
insecticide residue, (9)154
PCP in, (6)384
preservatives, (3)284

Food and Drug Administration (FDA), (3)
331; (9)154

arsenic in food, (3)337-338
Formaldehyde, (8)455-456

linear proportionality and, (8)328-330
FORTRAN programs, (8)230-231
Fouling control processes, (4)109, 112
Foundry workers, (9)23, 24-25
Fowler's solution, (3)343
Fraction of dose principle, (8)128-131
Fractional factorials, (9)98, 121-122, 130,

170
France, (2)

chlorine as disinfectant, (2)17
microbial activity, water treatment, (2)

299
Francisella tularensis, (1)67
Free chlorine, (2), (7)82

efficacy against bacteria, (2)25-26
efficacy against viruses, (2)29-33
inactivation of Giardia lamblia cysts, (7)

17
reactivation of Giardia mutts cysts, (7)18
inactivation time, (2)32, 34
Potomac River virus reactions, (2)31
viruses, (2)29-35
(see also chlorination, chlorine, chlorine

chemistry), (2)
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Free intrinsic clearance, (8)82
Free radicals associated with soils, (1)

171-172
Freon II, (see trichlorofluoromethane), (1)
Frontal lobe, (6)109
FRP, (see fiberglass-reinforced plastic

pipe), (4)
FSH (follicle-stimulating hormone), (6)

40, 45, 54, 55-56
Fulvic acid, (1); (2)18, 142, 160, 269; (7)
isolated aquatic, (7)34-42
in soil, (1)169-170, 185

Fumigant, (1)681-686
Fungi, pathogenic, (1)63
Fungicides, (1)650-681

(see also dithiocarbamates, hex-
achlorobenzene, pentachloronitroben-
zene, phthalimides), (1)

Furadan, (see carbofuran), (5)
Furanones, (7)37

G

GAC, (see granular activated carbon), (2)
Gallionella, (see iron bacteria), (4)
Galvanic cell, (4)27
Gamma rays, (2)94-95

Gas chromatography-mass spectrome-
try, (2)203, 287; (4)65, 66, 67; (9)40,
44, 46, 134, 143

Gasoline, (4)248, 249, 251
Gastric emptying time, (6)211
Gastroenteritis, (1)7, 8, 65, 66, 83,

90-94, 96, 111, 120
Gastrointestinal, (1); (3); (5); (6); (9)

(GI) cancers and asbestos exposure, (5)
7, 123, 126-144

disease, magnesium malabsorption, (3)
273

illnesses, (1)64, 66, 118, 238
irritation, (1)252, 295
(GI) mucosa, metabolism by, (6)213-214
radiation syndrome, (1)37
system, (9)23-25, 67, 71, 72, 75

Gastrointestinal tract, (1); (4); (6)171-172,
210-214; (8)

absorption of chemical agents, (1)32
absorption process, (6)210-211; (8)122
aluminum effect on, (4)157-158, 159, 163
anatomical regions of, (6)211-212
bacteria affecting absorption, (1)33
barium absorption, (4)168
cancer incidence, (4)51

first exposure to toxic pollutants, (1)31
gastroenteritis, (4)137-138, 147, 149
silver effect on, (4)184-185
water system deficiencies and, (4)147,

149
(see also metabolism under individual

contaminants), (4)
Gas-uptake behavior, (8)175-177
Gavage risk, (8)375-379
GC/MS, (see gas chromatography/mass

spectrometry), (4)
Gene transcription, (9)13
Generally recognized as safe, octanal

review, (3)226
Genetic, (1); (6); (9)

alterations, (1)875-877, 884-885
deletions, (1)876-877
diseases, (1)16
expression, (9)13
heterogeneity/homogeneity differences

between species, (1)30, 32, 55-56
makeup and risk, (1)35, 55-56
risk, estimating, (1)877-884

Genetic toxicity, (6)148-149, 155,
282-283; (9)58

benzidine, (9)21
chromium, (9)64-65
DNA binding and, (9)17
epidemiology, (9)51
germ cells, (9)18-19, 21, 58, 59
molecular dosimetry and mutation analy-

sis, (9)42-47
protamine adducts and, (9)5, 26-27, 58
protein adducts and, (9)26
sperm, alkylation and mutation, (9)18,

26, 27
trichlorfon, (9)69

Genomes, (9)13
Genotoxic carcinogens, (8)16
Germ cell(s), (6); (9)

cell divisions in, (6)78
chromosome macrolesions in, (6)69
degeneration of, (6)38
mutagenesis, (6)3, 155-156
mutagens, (6)65-66
mutations in, (1)26, 875-878; (6)69-82;

(9)18-19, 21, 59
primordial, (6)37
protamine adducts, (9)58
(see also sperm), (9)

Germ theory of disease, (1)2
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Gestation, (6)
length, (6)13
index, (6)84

GI, (see gastrointestinal entries), (6)
Giardia lamblia, (1)93, 112, 114-115,

117-118, (2)36, (7)15-18, 20, 21
Giardia muris, (7)16, 18-22
Giardiasis, (1)64, 65, 114-115, 120-121
Glaucoma, (9)146-147
Glial cells, (6)111
Globaline tablets, (2)182,

(see also iodine, disinfection), (2)
Glucocorticoids, (6)15
Glucose tolerance factor (GTF), (1); (3)

365, 368
human, (1)242

Glucose-6-phosphate dehydrogenase (G-6-
PD) deficiency, (1)253, (7)58-59

Glutamic acid, (6)76
Glutathione (GSH), (6)317-319; (7); (8)

depletion, (8)175-177, 178, 179
Glutathione-S-transferase (GST) path, (7)

134-135; (8)459-462
Glycolate excretion, (4)99
Glycoproteins, (4)113
Glyoxylate aminotransferase (GAT), (7)

134
Glyoxylic acid, (3)207-210
GnRH, (see gonadotropin-releasing hor-

mone), (6)
Goblet cells, (6)205
Goiter, (3)304-306,

(see also thyroid), (3)
Goitrogens, (3)305
Gonadotropin-releasing hormone

(GnRH), (6)45, 48-50
Gonadotropins, (6)40-42, 55
Gonads, (6); (9)74

biotransformation, (6)65
indifferent, (6)37
sex differentiation, (6)38

Gout, molybdenum exposure, (3)361
Granular activated carbon (GAC), (2)

251-380
adsorption efficiency, (2)258-268
adsorption influenced by regeneration,

(2)330-332
adsorption isotherms, (2)260-267
bacteria on GAC, (2)306-309
bacterial growth, (2)306-308
basic structural unit, (2)254
chemical change during storage, (2)331
carbonization, (2)254

competition, (2)275-293
dechlorination effect, (2)303
definition, (2)253-254
disinfection pretreatment, (2)271-272
displacement, (2)275
effluent microbial content, (2)308-309
equilibrium models, (2)267
filtration pretreatment, (2)269-270
full-scale operation, competitive effects,

(2)290-291
laboratory studies, (2)284-286
leaching of chemicals, (2)332, 334-335
mathematical models, (2)285-286
microbial activity, (2)293-315
nitrification, (2)272
nitrosamine production, (2)311
nonbiological substances production, (2)

315-327
organic compound reactions, (2)317-320
organic compound removal, (2)258-259,

286
regeneration, (2)328-337
THM in effluent, (2)289
TOC removal, (2)302
water treatment process, (2)225-226,
(see also activated carbon), (2)

Granulomatosis, (1)682
Graphic output, (8)234
GRAS, (see generally recognized as safe),

(3)
Graves' disease, (see thyrotoxicosis), (3)
Gravity systems, (4)11
Great Britain, antimony effects m factory

workers, (3)79
Great Smoky Mountains National Park,

toluene in water, (2)159
Groundwaters, (3)6-7; (4)10, (9)

EPA toxin database, (9)134, 157
mixtures of toxins, (9)115-117, 157
subchronic toxin levels, (9)102
volatile organic compounds, concentra-

tions, (9)136, 139-140
Growth index, (6)84
Growth retardation, (6)15-18

intrauterine, (6)23
measured, (6)11

GSH (glutathione), (6)317-319
GST (glutathione-S-transferase) path, (8)

459-462
GTF, (see glucose tolerance factor), (3)
Guaiacol, (see o-methoxyphenol), (1)
Guanines, (9)14-15, 65

cross-links and, (9)16-17
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germ cell mutation, (9)18
Guinea worm, (1)115
Gunite, (4)12
Gut lumen, metabolism within, (6)213
Gut mass-balance equations, (8)53-54, 261
Guthion, (see azinphosmethyl), (1)

H

Haemophilus parainfluenzae, (2)71
Hagerstown, Md., water quality and can-

cer effects, (3)10
Hair dyes, (6)77
Half-life, (8)28, 31

of elimination, (8)30
minimum, (8)106
of terminal phase, (8)106

Half-time to approach maximum concen-
tration, (8)99

Halloysite, (1)137
Hallucinations, (9)63
Haloacetonitriles, (7)156-162

acute effects, (7)159
carcinogenicity, (7)161
chemical and physical properties, (7)157
health effects in other species, (7)159-161
metabolic rate, (7)158
metabolism, (7)157-158
mutagenicity in other species, (7)160-161
NOEL, (7)161
reproductive toxicity, (7)160
SNARL, (7)161-162
subchronic effects, (7)159-160

Haloacids, (7)133-143
acute effects, (7)138-139
carcinogenicity, (7)141
health effects in humans, (7)136-138
health effects in other species, (7)138-142
metabolism, (7)134-136
mutagenicity in other species, (7)141
neurotoxic effects, (7)141-142
NOEL, (7)143
reproductive toxicity, (7)142
SNARL, (7)143
subchronic effects, (7)139-141

Haloaldehydes, (7)143-154
acute effects, (7)146-147
carcinogenicity, (7)150-151
health effects in humans, (7)146
health effects in other species, (7)146-153
metabolism, (7)144-146
mutagenicity, (7)150

subchronic effects, (7)147-150
teratogenicity, (7)151-152

Haloform, (1); (2)
formation, (1)179
reactions, (2)140-144, 149

Halogenated hydrocarbons, chlorination
effects, (2)5

Halogens, (2); (3); (7)
disinfection, (2)16,
(see also individual halogens), (2)
germicidal action, acute effects, (3)185
total organic (TOX), (7)39-40

Haloketones, (7)154-156
acute effects, (7)155
health effects, (7)154-156
mutagenicity, (7)155-156

Halomethanes, (1)185
Hansch-Taft relationship, (6)156
Haptens, (9)41
Hardness, water, (1)223-224, 439-447

cardiovascular effects, (1)439-447
cholesterol level and, (1)442
defined, (1)439, 441
removal by lime softening, (1)223-224
trace elements and, (1)442, 446

Hartmanella species, (1)113
Hazard assessment, (8)8-9
Hazardous waste, (9)115-116

using dosimetry modeling approach, (8)
353-367

HCB, (see hexachlorobenzene), (1)
667-674; (3)

effects in animals, (1)669-671
effects in man, (1)668-669, 671
toxicity data, (1)673

HCE (hexachloroethane), (1)734-735
HCP, (see hexachlorophene), (1)735-740;

(3)
effects on animals, (1)736-737
effects on man, (1)736
toxicity data, (1)739

Health effects, (1)22-27; (4)
asbestos, (4)43-44, 150
adverse, (1)9, 10, 13, 16
animal extrapolated to man, (1)29-37
biological on humans, (1)20
chronic, (1)22
corrosion, (4)26, 150
corrosion inhibitors, (4)31-32
corrosion products, (4)35
data reporting system for, (4)6, 139-140
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distribution system deficiencies and, (4)
5, 14-16, 137, 138, 150

need for drinking water standards, (1)
22-26

no-observed-adverse, (1)11, 15
plastic pipe, (4)64-66
predicting adverse, (1)23
reversible, (1)23, 24, 26, 28, 53
types of, (1)20
unpolymerized monomers, (4)63
(see also individual microorganisms

and solutes), (1)
(see also health effects from inorganic

contaminants, health effects from
organic contaminants), (4)

Health effects in humans, (5); (6); (7)
acrylamide, (6)298-299
aldicarb, (5)10-11; (6)303-304
arsenic, (5)118-123
asbestos, (5)123-144
carbofuran, (5)13-14
carbon tetrachloride, (5)16
chlorate, (7)101-104
chlorine, (7)82
chlorine dioxide, (7)84-87
chlorite, (7)101-104
chlorobenzene, (5)19
chloropicrin, (7)165
chloropropanes and chloropropenes, (6)

328
dibromochloropropane, (6)315-316
o-dichlorobenzene, (5)23
p-dichlorobenzene, (5)26
1,2-dichloroethane, (5)30
1,1-dichloroethylene, (5)33-34
1,2-dichloroethylene, (5)41
dichloromethane, (5)44
di(2-ethylhexyl)phthalate, (6)340
dinoseb, (5)47
ethylene dibromide, (6)359-360
haloacids, (7)136-138
haloaldehydes, (7)146
hexachlorobenzene, (5)51-52
methomyl, (5)57
monochloramine, (7)93-95
pentachlorophenol, (6)387-388
picloram, (5)61
rotenone, (5)64
tetrachloroethylene, (5)72
trichlorfon, (6)398-400
1,1,1-trichloroethane, (5)75
trichloroethylene, (5)80-81

trihalomethanes, (7)114-117
uranium, (5)93
vinyl chloride, (5)86

Health effects in other species, (5), (6); (7)
acrylamide, (6)299-303
aldicarb, (5) 11; (6)304-305
carbofuran, (5)14-15
carbon tetrachloride, (5)16-18
chlorate, (7)104-110
chlorine, (7)82-83
chlorine dioxide, (7)87-89
chlorite, (7)104-110
chlorobenzene, (5)19-22
chlorophenols, (7)170-172
chloropicrin, (7)165-168
chloropropanes and chloropropenes, (6)

328-334
diallate, (6)310-311
dibromochloropropane, (6)316-322
o-dichlorobenzene, (5)23-24
p-dichlorobenzene, (5)26-27
1,2-dichloroethane, (5)30-31
1,1-dichloroethylene, (5)34-39
1,2-dichloroethylene, (5)41-43
dichloromethane, (5)44-46
di(2-ethylhexyl)phthalate, (6)340-341
dinoseb, (5)47-49
ethylene dibromide, (6)360-364
haloacetonitriles, (7)159-161
haloacids, (7)138-142
haloaldehydes, (7)146-153
haloketones, (7)155-156
hexachlorobenzene, (5)52-56
methomyl, (5)58-59
monochloramine, (7)95-98
nitrofen, (6)370
pentachlorophenol, (6)388-390
picloram, (5)61-62
rotenone, (5)64-69
sulfallate, (6)312-313
tetrachloroethylene, (5)72-73
trichlorfon, (6)400-403
1,1,1-trichloroethane, (5)75-78
trichloroethylene, (5)81-85
trihalomethanes, (7)117-129
uranium, (5)94-96
vinyl chloride, (5)86-90

Health effects from inorganic contami-
nants, (4)

aluminium, (4)158-166
arsenic, (4)167
barium, (4)168-169
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cadmium, (4)171-172
chlorinated disinfectants, (4)174-177
lead, (4)179-182
silver, (4)185-187
strontium, (4)189-197

Health effects from organic contaminants,
(4)

acetonitrile, (4)204-205
benzene, (4)253
chloroform, (4)206-209
DBCP, (4)210-214
dinitrophenols, (4)236, 237-238, 240,

241-242, 243, 244
DMF, (4)218-222
mononitrophenols, (4)235, 237,

239-240, 241, 242, 243
nitriles, (4)204-205
nitrobenzene, (4)224-229
petroleum products, (4)251
trinitrophenols, (4)238-239, 244

Health Effects Research Laboratory, (4)5,
43, 137

Heart failure, congestive, (1)323
Hectorite, (1)137
Helminths, (1)112, 115-118, 121; (2)35,

90, 93
Heme synthesis, (1)258
Hemispheres, cerebral, (6)108, 110
Hemoglobin, repletion, (3)336; (9)25-26,

42, 58
Hepatic, (1); (6); (8)

carcinogens, (9)8, 9, 20, 21, 22, 25, 26,
27, 67, 70, 71, 72, 164, 165

clearance, (8)125-126
cytotoxicity, (8)275
elimination, (6)172
elimination, first-pass, (6)204
excretion rates, differences between

species, (1)33
extraction ratio, (8)84
pharmacokinetics of toxins, (9)114, 171
toxic effects, specific DNA adducts, (9)

68, 73, 75, 77
Hepatitis, (1); (4)5, 147; (7)

amebic, (1)112
A-virus, (7)14, 15, 22-23
from contaminated shellfish, (1)92
epidemiology, (1)91-94
hepatitis A (infectious hepatitis), (1)8,

88, 90-96, 101, 120
Hepatocellular, (8)

adenomas, (8)459

carcinomas, (8)371, 459
Hepatolenticular degeneration, (3)314
Hepatomegaly, (7)117
Hepatotoxicity, (1)715; (5)

carbon tetrachloride, (5)16-18
chlorinated ethylenes, (5)71
chlorobenzene, (5)19, 22
p-dichlorobenzene, (5)26-27
1,1-dichloroethylene, (5)34-36, 40
1,1,1-trichloroethane, (5)76
trichloroethylene, (5)81

Heptachlor, (1)556-568
epoxide, (1)556-568

Herbicides, (1)140, 493-556; (6)75; (9)
69-71, 75-76

ADI criteria, (1)492
evaluation methodology, (1)490-492
(see also individual herbicides), (1)
(see also diallate, sulfallate, nitrofen), (6)

Heritable, (6)
mutations, (6)71
translocations, (6)66, 79-81

Heroin, (6)49
Herpes, (1)

herpes simplex, (1)326
herpes zoster, (1)326

Heteroscedasticity parameter, (8)193, 195
Hexachloroacetone, (see haloketones), (7)
Hexachlorobenzene, (3); (5)9, 49-56

acute effects, (5)52
carcinogenic risk estimate, (5)55-56, 98
carcinogenicity, (5)54-55
chronic effects, (5)52-53
human health effects, (5)51-52
metabolism, (5)50-51
mutagenicity, (5)54, 99
porphyrinogenic effects, (5)52-53, 56
SNARL, (5)98
teratogenicity, (5)56, 98
toxicity, (3)210-215
tumor incidence, (5)54-55

Hexachloro-1,3-butadiene, (1)799
Hexachlorocyclopentadiene derivatives,

(see cyclodienes), (1)
Hexachlorophene toxicity, (3)32
Hexavalent chromium, (3)365, 367-368
Hialeah, Fla., water treatment, (2)345,

351-352
High LET radiation, (see LET and radia-

tion, high LET), (1)
High pH conditions disinfection, (2)86-90
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High-molecular-weight toxins, (2)
312-313, 351

High-performance liquid chromatography
(HPLC), (9)39, 46, 133, 143

High-pressure liquid chromatography, (2)
156

Histological evaluation of testis, (6)91-92
Histology and histochemistry, (9)41-42, 59

acrylamide, (9)62
arsenic, (9)74
BaP, (9)63
chloropropanes and chloropropenes, (9)

72
chromium, (9)65
diallate, (9)70
dibromochloropropane, (9)66
di(2-ethylhexyl)phthalate, (9)73
DNA adducts, specific, (9)61-77
ethylene dibromide, (9)67
nitrofen, (9)75
pentachlorophenol, (9)77
sulfallate, (9)70
trichlorfon, (9)68

Hitness models, (see target theory), (3)
Hit-theory models of carcinogenesis, (1)

40-46
Hookworms, (1)115-116
Hornblende, (1)149

HPLC, (see high-pressure liquid chro-
matography or high-performance
liquid chromatography), (2)

Human nervous system, (6)107-131
cellular structure and function, (6)

110-113
epidemiological studies, (6)130-131
gross structure and function, (6)107-110
neurotoxic responses after birth and at

maturity, (6)118-123
normal developmental structure and

function, (6)113-115
studies in, (6)127-131
susceptibilities of special populations,

(6)124-127
Humans, (6); (8); (9)4

adverse pregnancy outcomes in, (6)19-20
clinical observations and case reports,

(6)226-227
concordance of results from animals

and, (6)20-22
data on, (6)226-245
epidemiological observations, (6)

228-234; (9)49-52
extrapolation of animal data to, (6)18-22

health aspects in, (see health aspects in
humans), (6)

inhalation, (8)216, 217
interspecies extrapolation, (6)133, 177,

193-201, 264-266
interspecies extrapolation, (6)264-266
male reproductive toxicity in, (6)59-68
multiple stages in tumor promotion, (6)

148
murine toxicity and, (8)434-435
no-observable-effect levels (NOELs)

for, (8)5
PCP and, (6)384-385
physiological constants, (6)169
polymorphisms in, (8)146-147
risk assessment, (8)369-370
risk to, using animal data to predict, (6)

254-255
toxin exposure, (9)22-25
(see also females, males), (6)

Humic, (2); (4); (7)
materials, (4)3, 97, 98
model compounds, chloroform yields,

(2)162
molecules, (7)28-34
Humic acids, (1)169-174, 177-179, 185,

(2)8, 269, 342; (7)
chemisorption by, (1)173
DDT and, (1)178
haloforms from chlorination of, (1)179
ion exchange capacity, (1)170
isolated aquatic, (7)34-42
mechanisms of reaction, (1)173-174
metal complexes, (1)171
reaction with organic species, (1)171
Humic substances, (2)140-144
adsorption behavior, (2)277
chemical degradation, (2)146-147

Humin, (1)170
Humus, soil, (1)169
Hybrid rate constants, (8)106
Hydraulic problems, distribution system,

(4)14, 112
Hydrocarbons, (1), (2); (3); (4), (6)72, (9)

25, 42, 49, 65, 141
BaP, (9)17, 21, 23-25, 52, 63-64
chlorinated, (1)21
classes of, (4)247-248
lung cancer and, (9)23
polycyclic aromatic, (1)691
reactions, aqueous chlorine dioxide, (2)

198
solubility, (4)250
vanadium content, (3)351
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volatile halogenated, (9)105
Hydrochloric acid, chloride anion, (3)298
Hydrogen peroxide disinfection, (2)90-94

in drinking water disinfection, (7)13
Hydrogen sulfide. A/C pipe deterioration

from, (4)53, 59
Hydrolysis, (9)16

of acetylcholinesterase, (9)146, 152, 153
chromatography and, (9)133, 134

Hydrophobic compounds, (9)42
Hydrous iron oxide, (2)83
Hydroxide(s), (1)139; (2)86
N-hydroxy acrylamines, urinary, (8)

bladder exposure to, (8)334-348
N-hydroxy-2-acetylaminofluorene, (9)8
N-3-(2-hydroxyethyl)histidine, (9)25-26
Hydroxyl type chloroform precursors, (7)

38
3-nitro-4-hydroxyphenylarsonic acid,

toxicity, (3)342
Hymatomelanic acid, (2)8, 142
Hymenolepis nana, (1)115
Hyperkeratosis, (3)343
Hypernatremia, (1)409
Hyperparathyroidism, magnesium malab-

sorption, (3)273
Hyperpigmentation, (1)325
Hypertension, (1)403-409; (3)

Australian studies, (3)290
risk estimation studies, (3)22
salt-diet relationship, (3)290
sodium effects, (3)288-289

Hypobromite ion, (2)73, 183, 204-205
Hypobromous acid, (2)73, 78-79, 183
Hypocalcemia, (3)270
Hypocalcemic tetany. phosphorus

allowance in infants, (3)277
Hypochloremic alkalosis, chloride toxic-

ity, (3)300
Hypochlorite ion(s), (2)18, 148; (4); (7)

7-8, 82
comparative efficacy of, (7)12
reactions, (4)97, 98

Hypochlorous acid, (1)108; (2)145,
148-149, 186; (7)7-8, 82

ammonia reaction, (2)19-20
comparative efficacy, (7)12
dichloramine, (2)167-168
hypochlorite ion, (2)18
monochloramine formation, (2)167
nitrogen trichloride formation, (2)

167-168

Ohio River, (2)186
phenolic humic model compounds reac-

tion, (2)161
reaction products, (7)30
THM formation, (2)141,
(see also chlorine, disinfection), (2)

Hypoglycemic drugs, sodium deficiency
effects, (3)290

Hypoiodite ion, (2)63, 183
Hypoiodous acid, (2)62-63, 183
Hypokalemia, (3)295-296
Hypomagnesemia, (1)264
Hyponatremia, (3)290-291
Hypothalamic maturation, (6)47
Hypothalamus, (6)108
Hypothyroidism, (3)305

I

ICRP (International Commission on Radi-
ological Protection), (1)857,
865-868, 874, 878, 887, 889

Illinois mortality case-control study, (7)
52-53

Illite, (1)137
Immortalizing genes, (6)142
Immune system, (1); (6)5, 149-151

mechanisms, (1)42
Immunoassays, (9)23, 24, 40-47

enzyme-linked immunosorbent assay
(ELISA), (9)23, 24, 41

sensitivity and specificity, (9)43-47, 50
Immunochemical methods for virus identi-

fication, (1)97
Immunology, (9)3

groundwater toxins and immunosuppres-
sion, (9)117

haptens, (9)41
histochemistry and, (9)41-42, 77
pentachlorophenol toxicity, (9)77

Immunosurveillance, (6)150
Immunotoxicity, pentachlorophenol, (6)

390-391
In vitro tests, (1)22, 88-89
In vitro systems, extrapolation from, (8)

80-93
Inaccuracy, degree of, (8)149
India, molybedenum exposure, (3)362
Indicator organisms, (1)70-75, 97-100

false-negative and false-positive results,
(1)74

Inducers, (8)144-145
Industrial waste disposal, (1)174-176
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Infant mortality, (6)36
Infantile paralysis, (1)89
Inference and quantification, (6)239-240
Infertility, (6)35, 36, 88

female, (6)50-53
male, (6)59

Inhalation, (8)
model, (8)165-167
risk, (8)375-379

Inhalation studies, (6)168-170
background, (6)170-176
data-based, (6)178-179
dose-rate, (6)169
models, (6)178-180, 182-183
pharmacokinetic models, (see pharma-

cokinetic models), (6)
toxicity, (6)6

Inhalation toxicology, (9)
ethylene oxide, (9)25
exposure, (9)139, 143, 168
pharmocokinetics, (9)111, 112-114,

171-174
smoke, residential wood, (9)24
tobacco, (9)24-25, 69
trihalomethanes, (9)141
volatile organic compounds, (9)106,

141, 171-174
Inheritance, polygenic, (6)71
Inhibin, (6)56
Inhibitors, (8)

of carcinogenesis, (8)222
suicide, (8)137-139

Initiation index, (8)224
Initiation-promotion, (1); (3)

interactions of chemical agents, (1)50
regulatory implications, (3)53

Initiator-inhibitor interactions of chemical
agents, (1)50

Injuries, chemical, (1)
cumulative, (1)25
nonreversible, (1)23-24, 26
reversible, (1)23, 26
self-propagating, (1)25-26
types of, (1)22

Inorganic, (2); (3), (4)
arsenicals, toxicity, (3)339, 342
hydrated silicates, health effects, (4)150
reactions, adsorbed compounds, (2)324

Inorganic chemical contaminants, (1), (4)
exposure levels, (4)154
reasons for inclusion in study, (4)152
of water, (1)14, 138-140
(see also arsenic, beryllium, cobalt, cop-

per, fluoride, magnesium, man-
ganese, molybdenum, nickel, nitrate,
selenium, sodium, sulfate, tin, vana-
dium, zinc), (1)

(see also aluminum, arsenic, barium,
cadmium, chlorinated disinfectants,
silver, strontium, sulphate), (4)

Insecticides, (1)556-680.
(see also chlorinated hydrocarbons,

organophosphates, carbamates), (1);
(9)68, 103, 133-136, 140, 146, 149,
152-156, 159, 170

Interactions of chemical agents, (1)49-50,
(see antagonistic, deficiency, fertile

ground, initiator-inhibitor, initiator-
promotion, organic-clay, synergis-
tic), (1)

Intercalating agents, (8)19-20
Intercompartmental transfer rate con-

stants, (6)179
International Agency for Research on

Cancer, ECH tests, (1)vi, 163; (3)122
International standards for drinking water,

(1)78-79
Interspecies, (3); (6); (8)

differences, (8)153-155, 330-331
dosimetric comparisons, (8)361-363
extrapolation, (6)133, 177, 193-201,

264-266, (8)212-216, 441-442
PB-PK model simulations, (6)197-200
scaling, (8)16-19, 36
toxicology, (3)28-29
(see also extrapolation), (8)

Intervention studies, (6)233-234
Intestinal tureen, metabolism within, (6)

213
Intestine(s), (6)212,
(see gastrointestinal system), (9)
Intraspecies extrapolation, (6)264-266
Intrauterine growth retardation, (6)23
Intravenous injection exposures, (8)

modeling, (8)406
Intrinsic clearance, (6)216-217, (8)81-82
Invertebrates, raw water quality, effects,

(2)8
Iodate, (2)183, (3)

toxicity, (see iodine toxicity), (3)
Iodide, (2)42, 45-46, 62, 183, 186

toxicity, (see iodine), (3)
Iodmation, water, (1)109
Iodine, (1)109, 119, 863, (2), (3), (7)

amperometric titration, (2)64
analytical methods, (2)64
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biocidal activity, (2)61-62, 64-71
by-products of disinfection, (2)182
by-products in nonpotable waters, (2)

186-187
chemistry, (2)62-63, 182-189
colorimetric method, (2)64
comparative efficacy, (7)12
c-t, (2)66, 69-71
cysticide, (2)64-65, 69
determination, (2)64
diatomic reaction with water, (2)62-63,

183
disinfection, (2)61-72
in drinking water disinfection, (7)13
efficacy against bacteria, (2)64-65
efficacy in demand-free system, (7)11
efficacy against parasites, (2)67-71
efficacy against viruses, (2)65-67
halogens, (2)62
home water systems, (2)64
hydrolysis, (2)62
hypoiodous acid formation, (2)62
I-125, (1)864
I-129, (1)865
I-131, (1)862-865
iodide ion, (2)62
iodination, water, (1)109
lead interactions, (3)306-307
mechanism of action, (2)71-72
nonpotable waters, (2)187-189
nutrition, (3)302-309, 374-375
physiological effects, (2)182
production and application, (2)63-64
properties, (2)182-184
toxicity, (3)215-225
vital inactivation, (2)68
water disinfectant, (2)65

Iodism, (3)219-220
Iodoamines, (2)183
Iodometric methods, (2)23, 43, 54
Ion exchange, (1); (2)

resins, (2)339-347
trace metal removal, (1)225-226

Ionizing radiation, (see radiation effect), (6)
Ionizing radiation disinfection, (2)94-98;

(7)
in drinking water disinfection, (7)13

Iowa, (7); (9)135
correlational study, (7)52

Iron, (1)207, 210-212, 218;
(see ferrate), (2); (4)5, 95

bacteria, (4)29, 112
concentration in Boston, Mass., area

water, (4)40
corrosion and, (4)32, 35
deposits in distribution system, (4)3,

92-94
health effects, (4)150

Iron nutrition, (3)309-312, 318-319,
374-375

absorption impaired by nickel defi-
ciency, (3)349

lead interaction, (3)311
manganese interaction, (3)311, 336
molybdenum interaction, (3)363
nickel interaction, (3)349
zinc interaction, (3)311

Irreversible health effects, (1)23-26, 52
assessing, (1)53-58
congenital malformations, (1)25
self-propagating, (1)26

Irreversible toxicity, (1)27, 52
Isodecane, (1)799
Isolation techniques, (2)360
Isomers, (4)

dinitrophenols, (4)230, 231, 234, 236
mononitrophenols, (4)230, 232-233, 242
mnitrophenols, (4)231

Isometry, (8)66
Isotherms, (see adsorption, isotherms), (2)
Isozymes, (8)143-144

cytochrome P-450, (8)148
interstrain differences in, (8)145-146

Itai-Itai disease, (1)237-239; (3)
calcium deficiency effects, (3)271

J

Japan, (3)
iodide intake effects, (3)220
Itai-Itai and calcium deficiency relation-

ship, (3)271
manganese toxicity, (3)336

Jefferson Parish, La., water treatment
plant, (2)269, 298

Jersey City, N.J., chlorine as water disin-
fectant, (2)18

Joint risk assessment, (8)5
Judgmental decisions, (8)208

K

Kaolinite, (1)137, 142, 185
Kaopectate, (1)137
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Katadyn process, (1)289
Kepone, (1)592, 596-599; (6)72

carcinogenicity, (1)596-597
carcinogenicity risk estimates, (1)

597-598, 794
effects in man, (1)595-596
poisoning, (1)595
toxicity data, (1)599

Keratoses, (1)327
Kidney(s), (1); (8); (9)

failure, (1)406
mass-balance equation, (8)52, 262
partition coefficients, (8)91
tubular necrosis, (1)243
(see renal system), (9)

Kinetic(s), (4)2, 8, 42; (6); (8)
modeling, physiological constants in, (6)

169
models, (see pharmacokinetic models),

(8)
rate constants, (8)31

Klebsiella species, (1)75
group, (1)75
K. pneumoniae, (1)72

Kleiber equation, (8)66
Kliment zone model, (8)307
Krypton, (1)865
Kyoto, Japan, air pollution control, (2)333

L

Laboratory tests of pipe, (4)
A/C pipe, (4)47-49
linings, (4)78-81
plastic pipe, (4)64-67

Lactose, (1)
fermentation test, (1)71
reactions, atypical, (1)74

Lake Superior, asbestos in drinking water,
(5)124, 125, 134-135

Lake Tahoe, Calif., sludge effluent treat-
ment, (2)305-306

Lake Zurich, unchlorinated water, (2)156
Lakes, phosphorus content, (3)276
Lane County, Oregon, arsenic in drinking

water, (3)338, (5)120
Langelier Index, (4)19-20

adjustment of, (4)58
measurement of calcium carbonate satu-

ration, (4)23, 30, 61
Las Vegas, Nev., EPA laboratories, (2)159
Latent period, (1)22

defined, (1)899
Law, (see regulations, standards), (9)

Law of Mass Action, (8)149
Lawrence, Mass., bacteria in effluent, (2)

309
Lawrence Solver for Ordinary Differential

Equations (LSODE), (8)190
Laxative effect, (1)263, 426
LCV, (see leuco crystal violet method), (2)
Leaching, (4)

copper, (4)5, 146
defined, (4)2, 42
PAHs, (4)82, 83, 84-85, 88, 89, 91
pipe, (4)4, 5, 16, 33, 61

Lead, (1)171, 207, 210-212, 214, 218,
220-221, 254-261, 302-304,
309-311; (3); (4)6, 95, 179-183; (6)72

behavioral effect, (4)181
bone storage of, (1)257
corrosion and, (4)2, 32, 35, 39, 41
health effects, (4)41, 150, 179-182
heme synthesis effect, (1)258
iodine interaction, (3)306-307
iron interaction, (3)311
lead arsenate, (1)320
lead-cadmium interaction, (6)74
Pb-210, (1)861
poisoning, calcium intake effects, (3)

270-271
presence detected in water distribution

systems, (4)35-41
recommendations relating to, (4)182-183
SNARL, (4)183

Leptospira species, (1)67, 70
Leptospirosis, (1)67
Leptothrix, (see iron bacteria), (4)
LET (linear energy transfer, high LET,

low LET),
(see also radiation), (1)
cancer induction, (1)38, 888-892
definition, (1)899
high sources of, (1)858-861
low sources of, (1)858-859

Lethality, (1); (6)15-18
embryo, (6)11
lethal dose (LD), (1)37
teratogenicity and, (6)29
(see also death, mortality), (6)

Leuco crystal violet colorimetric method,
(2)64

Leuco crystal violet method, (2)23
Leukemia, (1)586-587, 688; (3), (4)253

acute myeloblastic, (1)683
benzene relationship, (3)82
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benzene-induced, (1)690
chronic lymphoid, (1)683

Leukemogens, (1)688
Leukopenia, (1)688
Leydig cells, (6)54, 55
LH (Luteinizing hormone), (6)40, 45, 55
Life-cycle, studies of disinfectants, (7)191
Lifetime cancer risk estimates, (6)410-411

acrylamide, (6)410
chloropropanes and chloropropenes, (6)

410
dibromochloropropane, (6)410
di(2-ethylhexyl)phthalate, (6)410
nitrofen, (6)411
sulfallate, (6)410

Lifetime cancer risks, excess, (8)6
Lignin, (2)142
Likelihood, (8)

estimates, (8)188-190
function, (8)188, 195

Limbic system, (6)109, 113
Lime, (1); (4)

to control A/C pipe deterioration, (4)58
softening, (1)107, 223-224

Lindane,
(see also benzene hexachloride, BHC),

(1); (3)87-88
Linear risk estimation model, (3)2, 37, 40
Linearity, (8)

compartment models, (8)104, 105
detoxification, (8)452-453
kinetics, (8)450
low-dose, (8)444
proportionality, formaldehyde and, (8)

328-330
steady-state models, (8)117-118

Lineweaver-Burk plots, (8)192
Linings, (4)3-4, 13

asphalt in, (4)74-75
cement, (4)91
coal tar compounds in, (4)72, 73
field tests on, (4)82-90
health effects, (4)150
laboratory tests on, (4)78-81
materials used for, (4)72-75
vinyl, (4)90
water quality and, (4)3-4, 72
water taste and odor from, (4)90

Lipid membranes, perturbation of, (6)386
Lipofuscin, (6)125
Liquid chromatography, (9)39, 44, 46,

133, 143

Liquid peroxidation (LPO), carbon tetra-
chloride effect, (5)16-18

Literature evaluation, (8)15
Lithium, (1)442; (3)

sodium interaction, (3)292
Liver, (1); (6); (8), (9)

clearance, (6)216
damage, chronic, (1)586
function, di(2-ethylhexyl)phthalate and,

(6)357
mass-balance equation, (8)53, 261
metabolism in, (6)215-217
partition coefficients, (8)91
toxins, (1)757
(see hepatic system), (9)

Logistic models, (3)
low-dose carcinogenic risk estimation,

(3)41-42
risk estimation, (3)2

Log-probit method, of high to low dose
extrapolation, (1)47

London asbestos workers and GI cancer
(5)128

Los Angeles County, Calif., water quality
study, (3)11

Los Lunas, N. Mex., gastrointestinal dis-
ease outbreak, (4)147, 149

Louisiana, (3); (7)
cancer rates and drinking water relation-

ship, (3)5
mortality case-control study, (7)53-54
water quality studies, (3)8

Louisville Experimental Station, Ky., (2)17
Low-blood-pressure populations, (1)407
Low dosage, (8)

linearity, (8)444
risk extrapolation, (8)327-328, 444-445
versus percentage response, (8)4

Low LET radiation, (see LET and radia-
tion, low LET), (1)

Low-molecular-weight toxicants, (2)
310-312, 351; (9)42, 59

Low pH conditions, (2)86
Lower respiratory tract (LRT), (8)

anatomical models, (8)305-307
mathematical dosimetry modeling, (8)

357-363
ozone absorption in, (8)302-310

Lowest-observed-effect level (LOEL), (6)
2, 10, 27-28, 53, 82, 272, 277-279,
285, 286-287

dibromochloropropane, (6)320-321, 325

CUMULATIVE INDEX 231

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


di(2-ethylhexyl)phthalate, (6)357-358
nitrofen, (6)378-379
pentachlorophenol, (6)393-395

Lubricants, pipe, (4)63
Lung(s), (1); (3); (4); (6); (8); (9)

administration, (8)115
cancer, (9)23, 38, 72
cells, (6)205-206
cells-metabolic properties of, (6)206-207
congestion, (1)788
disease, beryllium, (1)234
dosimetry model, (8)235
elimination of compounds by, (6)208-210
mass-balance equation, (8)261-262
partition coefficients, (8)91
silica and asbestos problems, (3)356
toxic effects, (9)65, 75
(see respiratory system), (4)

Lung cancer, (5)
arsenic exposure, (5)118
asbestos exposure, (5)123, 126-127,

129, 137
Luteinizing hormone (LH), (6)40, 45, 55
Lymphatic system, (9)164-165
Lymphocytes, (9)23

M

Macrolesions, (6)69-70
Macrophages, (6)150

alveolar, (6)207
Magnesium, (1)210, 221, 261-265, 302.

303, 311
Magnesium nutrition, (3)272-276, 374-375

calcium interaction, (3)274
fluoride interaction, (3)282
phosphorus interaction, (3)274
potassium interaction, (3)274

Mares, water distribution, (4)
corrosion, (4)15-16
materials for, (4)12

Malathion, (1)620-628, 793; (6)75; (9)
103, 135, 152-157

ADI, (1)626, 793
effects in man, (1)622
toxicity data, (1)627

Males, (6)
germ cell mutations, (6)69-82
infertility, (6)59
reproductive dysfunction, (6)71, 72,

74-77
reproductive impairment, (6)53-68

reproductive system, (6)53-55
reproductive toxicity, (6)55-68
(see also humans), (6)

Malformations, (6)15-18
major, (6)23-24, 35
maternal toxicity and, (6)26
minor, (6)24

Malnutrition, (6)119
MAM (methylazoxymethanol), (6)117
Mammals, flow diagram for, (8)40
Mammary glands, (9)66
Maneb, (see dithiocarbamates), (1)
Manganese, (1)207, 210, 212, 214-215,

218, 220-221, 265-270, 302-303,
311-312, (4)40, 95

deposits in distribution system, (4)3, 93
health effects, (4)150

Manganese nutrition, (3)331-337, 374-375
calcium phosphate interaction, (3)336
iron interaction, (3)311, 336

Manganism, (1)269
Marginal chlorination, (7)82
Marijuana, (6)49
Mass action law, (8)20
Mass balances, (6); (8)44

basic, (8)44, 46-47
blood pool, (8)46-47
equations for, (6)176, 180; (8)14, 51-54,

261-263
simplifications of, (8)47-56
tissue regions, (8)47, 48

Mass spectrometry, (2), (9)24, 39-40, 43,
44, 46

THM identification, (2)156
Massachusetts, (7)

correlational study, (7)51-52
mortality case-control study, (7)55

Mass-specific rates, (8)73-74
Maternal toxicity, (6)

embryonic toxicity and, (6)88
malformations and, (6)25-26
relationship between developmental

toxicity and, (6)25-27
Mathematical model(s), (3); (6); (8); (9)9

carcinogenic risk estimation, (9)163-166
computer-assisted techniques, (9)42, 98,

109-110, 112, 171-174
DNA adduct formation for chronic expo-

sures, (9)11, 57-58
dose vs response-additivity, toxins, (9)

177-181

CUMULATIVE INDEX 232

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


fractional factorials, (9)98, 121-122,
130, 170

functions and model, (6)280-281
hazard index, EPA, (9)96, 123-129, 159,

168, 169
pharmacokinetic models, (8)445-446; (9)

109-111, 113, 171-174
response-surface techniques, (9)98,

130-131, 169
risk assessment, (3)54
synergism, (9)175-176
(see models, mathematical), (5)
(see also statistical analysis), (9)

Mating index, (6)73
Maximum, (3); (6); (7); (8)

concentration, (8)97, 99, 112
contaminant level (MCL), (7)13
likelihood estimates (MLEs), (6)256
permissible concentration, uranium

tests, (3)177
velocity of reaction, (8)14

Maximum contaminant levels, (4)
Bennington, Vt., (4)39
Seattle, Wash., (4)37, 38

Maximum tolerated dose (MTD), (3)100;
(6)152; (7)128; (8)6, 432-433, 449,
450

interspecies toxicology, (3)29
MBK (methyl n-butyl ketone), (6)130
MCLs, (see maximum contaminant lev-

els), (4)
MCPA (2-methyl-4-chlorophenoxyacetic

acid), (1)509-519
carcinogenicity, (1)515
dose levels, (1)513-515, 796
mutagenicity, (1)515
teratogenicity, (1)515-516
toxicity, (1)513-515, 516, 518-519

Mean circulation time, (8)41
Mechanisms, carcinogenic, (1)15
MEHP (mono[2-ethylhexyl]phthalate), (6)

338.
(see also di[2-ethylhexyl]phthalate), (6)

Meiosis, (6)38-40
arrest of, (6)38
initiation of, (6)38

Membrane(s), (1); (8)
diffusion through thick, (8)122-123
effects on toxic substances, (1)34
filter (MF) bacterial assay, (1)70, 72,

76, 78-79, 87
limited model, (8)446-447

permeability, (8)48-49
resistance, (8)41

Memory, (9)63
Men, (see males), (6)
Meningoencephalitis, (1)113
Menopause, (6)42
Menstrual cycle, (6)40, 41
Mental retardation, (1)259
Mercuric chloride, (6)74
Mercury, (1)207, 208, 215, 220-221,

270-279, 302-303, 312-313; (3)
analytic methods, (1)277-278
ingestion, effects of, (1)275-276
kidney impairment, (1)275

Minamata disease, (1)276
selenium interaction, (3)328-329

Merkuran, (1)275
Merpan, (see captan), (1)
Mesothelioma, (1)160, (5)

asbsetos-fiber-induced, (5)123, 125,
127, 140-141, 143-144

Metabolic changes, time-dependent, (6)
200-201

Metabolic activation, (9)52
carbamates, (9)153
DNA adducts, specific, (9)61-77
genetic heterogeneity, (9)25, 27
mixtures of toxins, classification, (9)

97,105
organophosphorus compounds, (9)

150-153
pharmacokinetic models, (9)109-111,

114, 171-174
rates across species, sexes, and tissues, (9)

8-9
Metabolism, (1); (4); (5); (6); (7); (8)

acetonitrile, (4)203-204
acrylamide, (6)298
aldicarb, (5)10
alkaline earth, (1)870
aluminum, (4)157-158
animal rates, (1)31
benzene, (4)253
carbofuran, (5)13
carbon tetrachloride, (5)16
chemical agents, (1)29, 33
chlorate, (7)100-101
chlorine dioxide, (4)174; (7)84
chlorite, (7)100-101
chlorobenzene, (5)18-19
chloropicrin, (7)164
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chloropropanes and chloropropenes, (6)
327

clearance, (8)81, 102
o-dichlorobenzene, (5)23
p-dichlorobenzene, (5)25-26
1,2-dichloroethane, (5)28-30
1,1-dichloroethylene, (5)32-33
1,2-dichloroethylene, (5)40-41
dichloromethane, (5)43-44
di(2-ethylhexyl)phthalate, (6)339-340
differences between species, (1)33, 53
dinitrophenols, (4)233-235
dinoseb, (5)46-47
DMF, (4)215-218
dose-dependent changes in, (8)125-139
elimination by, (8)143-148
factor in dose-response models, (1)46
glucose, (1)242
haloacetonitriles, (7)157-158
haloacids, (7)134-136
haloaldehydes, (7)144-146
hexachlorobenzene, (5)50-51
in humans compared to laboratory ani-

mals, (5)3
interorgan differences in, (8)145
interspecies differences in, (8)147-148
methomyl, (5)57
monochloramine, (7)91-93
mononitrophenol, (4)232-233
nitriles, (4)203-204
nitrobenzene, (4)223-224
nitrofen, (6)369
PAHs, (4)257-259
pathways, (8)14
pentachlorophenol, (6)385-387
picloram, (5)60
production, (8)19
rate constants, (8)212, 288-290
role of, (8)392-396
rotenone, (5)64
sex differences in, (8)144
silver, (4)184-185
strain differences in, (8)143-144
strontium, (4)188-189
tetrachloroethylene, (5)71
trichlorfon, (6)395, 397
1,1,1-trichloroethane, (5)74-75
trichloroethylene, (5)79-80
2,4,6-trichlorophenol, (4)265
trihalomethanes, (7)112-114
trimtrophenols, (4)235
uranium, (5)92-93
urinary, (8)147

vinyl chloride, (5)85-86
Metabolite(s), (6); (8)

concentration of, (8)120
elimination, concentration-dependent,

(8)134-135
formation and elimination of, (8)117-118
functional classification of, (8)118
reactive, (see reactive metabolite), (6)
reactive nonisolatable, (8)17, 19
stable, (8)17, 18, 119
unstable, (8)119

Metachloronitrobenzene, (1)799
Metallic, (1); (4)

cations, interactions with clays, (1)
138-139, 142

ions, (4)6
Metals, (1); (4), (9)117

allowable concentrations of, (1)14
analysis of, (1)226-229
concentrations in finished versus red

waters, (4)94, 95
decaying vegetation and, (1)205
essential, (1)302
finished water, (1)209-210
in piping systems, (1)206-209
precipitation models, (4)24
in raw water, (1)210-216
removal, (1)217-226
oxides, in soft, (1)169
tap water, (1)206-209
trace, in water systems, (1)170-171,

175-176, 205-316
(see also specific metals), (1)

Metastasis, (6)142
Methadone, (6)68
Methemoglobin, (1)416, 417-418, 424,

437; (4); (7)102
formation, (4)223, 240

Methemoglobinemia, (4)
chlorinated disinfectants and, (4)175, 178
mononitrophenol toxicity and, (4)

239-240
nitrobenezene and, (4)223, 225

Method of residuals, (8)29
Methomyl, (see aldicarb), (1); (5)9, 57-60,

(9)133
acute effects, (5)57
anticholinesterase activity, (5)57
carcinogenicity, (5)59
chronic effects, (5)58
human health effects, (5)57
metabolism, (5)57
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mutagenicity, (5)58-59, 99
SNARL, (5)59, 98
teratogenicity, (5)59

Methotrexate (MTX), (8)410-425
pharmacokinetic model of, (8)53-56

Methoxychlor, (1)579, 581-584
carcinogenicity, (1)583
dose effects, (1)582, 796

Methoxyethanol, (6)77
o-methoxyphenol, (1)704-741, 798
Methyl n-butyl ketone (MBK), (6)130
Methyl chloride, (1)741-743, 798
Methyl chloroform, (see 1,1,1-

trichloroethane), (8)392-408
Methyl ethyl ketone, (4)64, 66
Methyl halides, hydrolysis rates, (2)184
Methyl ketone, (2)141
Methyl methacrylate, (1)745-748

effects in animals, (1)746
effects in man, (1)746
toxicity data, (1)748

Methyl methanesulfonate (MMS), (6)149;
(9)26-27

Methyl parathion, (see parathion), (1); (9)
135

Methylating agents, (9)10, 20, 42
Methylazoxymethanol (MAM), (6)117
Methylcyanide, (see acetonitrile), (4)
Methylene chloride (dichloromethane,

DCM), (1)743-745, 798; (2)158; (3);
(8)171-172, 254-264, 392-408,
458-462

toxicity, (3)124-128
N-methylformamide, (4)

DMF exposure and, (4)215-218
in plastic pipe joints, (4)64, 66

Methylmercury compounds, (1)221, 272,
274-279

Methylmercury hydroxide, (6)74
Methylphenyltetrahydropyridine (MPTP),

(6)112
Methylstearate, (1)799
MFO (mixed-function oxidase) path, (3),

(8)459, 461
O6-MG (O6-methyldeoxyguanosine), (9)23
Miami, Fla., (2)

chlorinated organics removal, (2)297
pilot plant effluent bacteria, (2)309

Mice, old, (8)407-408
Michaelis-Menten kinetics, (8)81-83,

125-126
Microbial activity, (2)

adsorption interaction, (2)294-299
bacterial growth on GAC, (2)306-308
denitrification, (2)305
DOC removal, (2)301
GAC, (2)293-315
indirect measurements, (2)301
low-molecular-weight toxicants, (2)

310-312
microbe adherence to GAC, (2)306
Netherlands, (2)299
organic compounds, (2)294-296
ozone and chlorine pretreatment, (2)

299-304
prechlorination effects, (2)303-304
precursors, (2)311
product water contamination, (2)306-310
wastewater treatment, (2)304-306

Microbiological contaminants, (1)12-13.
(see also bacteria, protozoa, viruses). (1)

Microbiology of water, (1)63-134, 179-183
bacteria, (1)67-88, 119-120
epidemiology, (1)63-66, 91-94, 112,

118-119
helminths, (1)115-117
protozoa, (1)112-115
viruses, (1)88-111, 120
water treatment practices and parasite

removal, (1)117-118, 120-121
Micrococcus species, (1)85; (2)97
Microcomputers, (8)231-232, 234
Microlesions, (6)70
Microorganisms, distribution system, (2);

(4)4
adsorption, (2)9
attached, (4)113
corrosion and, (4)14, 28-29
encrustations of, (4)117, 120-120
filter-red sand, (4)125
growth on ion exchange resins, (2)346
growth rate of, (4)119
pipe network and, (4)125
water quality and, (4)122-123, 124

Microorganisms in water, action of, (1)
179-183

bacteria, (1)180-181
disinfection, difficulty of, (1)179-180,

182
hydroxide gel coated, (1)186
microbial aggregates, (1)179
particle interaction in water, (1)179-183
vital aggregates, (1)179-180
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viruses, (1)181-183
Micropores, activated carbon, (2)254
Microscopy, (see electron microscopy,

optical microscopy), (1)
Microsomal detoxification, disturbance

of, (6)386
Microwaves, (6)72
Milk of nursing mothers, (1)575, 758
Mills-Reincke theorem, (1)7, 8
Minamata disease, (1)276
Mineral fibers, (1); (3)

identification, (1)155-159
intake, (3)267
nutrition, (3)265, 267
occurrence, (1)151-155
removal, (1)184
(see also asbestos), (1)
(see also drinking water contribution to

mineral nutrition), (3)
Minimum, (8)

concentration, (8)97, 112
half-life, (8)106

Mississippi River, (2); (3)
chlorinated compounds, (2)156
drinking water and cancer relationship,

(3)5
GAC treatment, (2)290
Jefferson Parish water treatment plant,

(2)298
laboratory studies, (2)186
potassium halide and THM formation,

(2)187
prechlorination treatment, (2)269
water quality studies, (3)8

Miticides, (1)172
Mitotic rate, (8)380
Mixed-function oxidase (MFO) path, (3);

(8)459, 461
trichloroethylene effects, (3)162

MLEs (maximum likelihood estimates),
(6)256

MMS (methyl methane sulfonate), (6)149
Model compounds, (2)

bromine reaction, (2)189
chloramine reaction, (2)173-181
chlorine dioxide reaction, (2)194-199
chlorine reaction, (2)160-163
Iodine reaction, (2)189
ozone reaction, (2)204-229

Models, (3), (4); (6); (8); (9)125
adenine arabinoside, (8)58
additive model for asbestos exposure, (5)

126-127, 144

anatomical, lower respiratory tract, (8)
305-307

Armitage-Doll multistage, (8)443
building, (8)187, 188-193
cancer, two-stage, (8)21
carcinogenesis, (8)443
chemical equilibrium, (4)24, 61
compartmental, (8)162
computer-assisted techniques, (9)42, 98,

109-110, 112, 171-174
cytotoxicity, (8)274-277
data sets lacking, (9)27
dose additivity, (9)102-103, 153-154,

156, 157-158, 168, 177-178
dose-response, (3)56-60
dosimetry, (see dosimetry), (8)
drinking water exposures, (8)401-406
extrapolation, (4)8
flow-limited, (8)446
GI cancer from asbestos ingestion, (5) 7,

127-134
fitness, (see target theory), (3)
inhalation, (8)165-167
intravenous injection exposures, (8)406
kinetic, (see pharmacokinetic models),

(8)
Kliment zone, (8)307
linear compartment, (8)104, 105
linear dose-effect model for asbestos

exposure, (5)128-130
linear steady-state, (8)117-118
lung dosimetry, (8)235
mathematical, (5)viii; (8)445-446
mathematical, risk assessment, (3)54
membrane-limited, (8)446-447
metal precipitation, (4)24
mixtures of toxins, effects, (9)96,

109-114, 117-118, 169, 171-174
multicompartment, (see multicompart-

ment model), (8)
multiplicative model for asbestos expo-

sure, (5)126-127, 143-144
multispecies multiroute, (8)391-408
one-compartment, (see one-

compartment model), (8)
one-hit model for arsenic exposure, (5)

122
parallel tube, (8)86-87, 113
PB-PK, (see physiologically based

pharmacokinetic models). (8)
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PBD, (see physiologically based dosime-
try model), (8)

perfusion-limited physiological, (8)82-83
pharmacokinetic, (see pharmacokinetic

models), (8); (9)97-98, 109-114,
117-118, 164, 171-174

physiologically based, (see physiologi-
cally based pharmacokinetic mod-
els), (8)

response, (9)102-103, 129-131, 168,
177, 179-181

risk estimation, (3)2-3; (9)57-58, 168
single-hit and multistage relationship, (3)

59
sinusoidal perfusion, (8)86-87
steady-state, linear, (8)117-118
theoretical risk estimation, (3)52-54
three-compartment, (see three-

compartment model), (8)
tumorigenesis in animals, (9)19-21
two-compartment, (see two-

compartment model), (8)
two-stage carcinogenicity, (8)21,

273-274
venous-equilibration, of organ elimina-

tion, (8)83-86
well-stirred, of organ elimination, (8)

83-86, 113
(see also mathematical models, statisti-

cal analysis), (9)
Models, multistage, (3); (5); (8)

multistage, carcinogenesis, (3)54, 58
multistage model for chlorobenzene

exposure, (5)21
multistage model for 1,1,1-

trichloroethane exposure, (5)77
Molecular dosimetry, (9)4, 14, 42-43, 50

germ cell mutation, (9)18
mammalian cells in tissue culture, (9)38

Molybdenosis, (3)361
Molybdenum, (1)210-212, 218, 220-221,

279-284, 302-303, 313-314
bone disease, (1)282
diarrhea, (1)282
gout, (1)283
toxicity, (1)283-284

Molybdenum nutrition, (3)357-364,
374-375

copper interaction, (3)314, 362-363
fluoride interaction, (3)363
iron interaction, (3)363
sulfides interaction, (3)363

Mongolism, (1)377

Monobromamine, (2)74
Monobromobenzene, (see bromoben-

zene). (1)
Mono-n-butyl phthalate, (6)77
Monochloramine, (2)20, 22, 26-27, 38,

166-168; (7)2, 60-62, 90-99
acute effects in humans, (7)93-94
acute effects in other species, (7)95
bactericidal action, (7)16, 20
carcinogenicity, (7)97
chronic effects in other species, (7)96
comparative efficacy, (7)12
health effects in humans, (7)93-95
health effects in other species, (7)95-98
metabolism, (7)91-93
mutagenicity, (7)96-97
NOEL, (7)99
SNARL, (7)99
subchronic effects in humans, (7)94-95
subchronic effects in other species, (7)

95-96
teratogenicity, (7)97-98
(see also chloramines), (7)

Monochlorobenzene, (see chlorobenzene),
(1)

Monochloroethylene, (see vinyl chloride),
(5)

Monochlorophenols. (see chlorophenols),
(7)

Monoclonal antibodies, (9)23, 40, 41
Monocytes, (6)150
Mono(2-ethylhexyl)phthalate (MEHP), (6)

338, 411; (9)73-74
(see also di[2-ethylhexyl]phthalate), (6)

Monomers, (4); (9)61-63
unpolymerized, (4)63, 70,
(see also vinyl chloride), (4)

Mononitrophenols, (4)
health effects, (4)235, 237, 239-240, 241
isomeric forms of, (4)230
metabolism, (4)232-233
production, (4)230
properties of, (4)231
SNARL, (4)203, 244-245
uses, (4)230

Monosodium glutamate, (6)76
Monosomies, (6)70
Montmorillonite, (1)137, 143, 185
Monuron, (1)172
Moolgavkar-Knudson model, (6)9; (8)

276-277
Moraxella, (2)309
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Morbidity, (1)
major, (1)26
minor, (1)26

Morphine, (6)49
Mortality, (3); (6); (7)

case-control studies, (7)52-55
infant, (6)36
M ratio, standard (SMR), (6)241
rates-halomethane levels, (3)14-15
(see also death, lethality), (6)

Motor, (6); (9)
area, (6)109
functions, (9)63
nerve fibers, (6)107

MPC, (see maximum permissible concen-
trations), (3)

MPN (most-probable-number) procedure
of quantification, (1)70, 72, 79, 80

MPTP (methylphenyltetrahydropyridine),
(6)112

MRFIT (Multiple Risk Factor Interven-
tion Trial) studies, (6)233

MTD (maximum tolerated dose), (3); (6)
152; (8)6, 432-433, 449, 450

MTX, (see methotrexate), (8)
Mucociliary clearance, (8)329
Mucopolysaccharide, (3)355-356
Mucosal cells, (6)213
Multicompartment model, (8)29, 235-239
Multienzyme system, (8)86
Multievent theory of carcinogenesis, (1)

40-41, 43, 45, 48
Multigeneration studies, (6)51-53

details of protocol for, (6)83-85
Multiple Risk Factor Intervention Trial

(MRFIT) studies, (6)233
Multispecies multiroute models, (8)

391-408
Multistage dose-response model, (6)

268-269
Multistage theory of carcinogenesis, (3);

(6)139-142, 147; (8)
multistage models, carcinogenesis, (3)

54, 58; (8)150, 463, 467-468
Municipal, (1); (3)

waste disposal, (1)174-176
water supply, (see public water sup-

plies), (3)
Municipal Environmental Research Labo-

ratory, asbestos control research, (4)43
Murine and human toxicity, comparison

of, (8)434-435
Muscle, (8)

energetics of, (8)68-69
group (MG) of organs, (8)447
mass-balance equation, (8)51
partition coefficients, (8)91

Mutagenesis, (1)25, 53; (6)
assays, (1)20
chemical, (1)38
effects, (1)25, 52, 874-878
germ cell, (6)3, 65-66, 155-156
measuring in humans, (1)30, 877-884

Mutagenicity, (1); (4); (5); (6)3, 253; (7)
45-46; (9)

acetonitrile, (4)205
acrylamide, (6)300; (9)62
aldicarb, (5)11, 99; (6)305
aluminum, (4)165
analysis of water samples for, (4)83
arsenic, (9)75
BαP, (9)64
benzene, (4)254
cadmium, (4)172
carbofuran, (5)14-15, 99
carbon tetrachloride, (5)17, 99
chlorate, (7)108
chlorine dioxide, (7)88
chlorite, (7)108
chlorobenzene, (5)20, 99
chloroform, (4)206-207
chlorophenols, (7)172
chloropicrin, (7)167-168
chloropropanes and chloropropenes, (6)

334-335; (9)72
chromium, (9)65
correlation with carcinogenicity, (1)20,

22, 37-38
DBCP, (4)211-212
diallate, (6)311; (9)70
dibromochloropropane, (6)322-323; (9)

66
o-dichlorobenzene, (5)24, 99
p-dichlorobenzene, (5)27, 99
1,2-dichloroethane, (5)30-31, 99
1,1-dichloroethylene, (5)36-37, 99
1,2-dichloroethylene, (5)42-43, 99
dichloromethane, (5)44-45, 99
di(2-ethylhexyl)phthalate, (6)341-344;

(9)73
dinitrophenols, (4)242-243
dinoseb, (5)48, 49
DMF, (4)220-221
DNA adducts as dosimeters, (9)6, 47-49
DNA adducts, site relevance, (9)13-17
DNA adducts, specific, (9)61-77
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ethylene dibromide, (6)364-365; (9)67
germ cells, (9)18-19, 21, 26, 27
haloacetonitriles, (7)160-161
haloacids, (7)141
haloaldehydes, (7)150
haloketones, (7)155-156
hexachlorobenzene, (5)54, 99
hydrogen binding during DNA replica-

tion, (9)15-16
lead, (4)182
methomyl, (5)58-59, 99
monochloramine, (7)96-97
mononitrophenols, (4)242
nitrobenzene, (4)227
nitrofen, (9)75
PAHs, (4)261-262
pentachlorophenol, (6)391; (9)77
picloram, (5)61, 99
rotenone, (5)67-68, 99
short-term tests, (5)5-6
silver, (4)186
strontium, (4)191
sulfallate, (6)312-313; (9)70
tetrachloroethylene, (5)72-73, 99
trichlorfon, (6)403-405; (9)68
1,1,1-trichloroethane, (5)76, 99
trichloroethylene, (5)81-82, 99
2,4,6-trichlorophenol, (4)267
trihalomethanes, (7)122
uramum, (5)96, 99
vinyl chloride, (5)86-87, 99

Mutagens, (1)15
definition, (1)802

Mutation accumulation, (8)
cell birth versus, (8)277
cytotoxicity and, (8)273-283

Mutations, (1); (6)
cell, (1)47
cellular, (6)140
change in chromosome number, (1)

876-877
chromosome aberrations, (1)875-877
definition, (1)875
germ cell, (1)26, 875
heritable, (6)71
induced, (1)877-884
in offspring, (1)23, 875-877
point, (6)81
rate and dose, (1)879, 884-888
recessive, (6)71
replication-dependent, (6)78
risk estimates, (1)879-881
somatic cell, (1)875, 884-889; (6)283

from toxic chemicals, (1)23
Mycobacterium, (2); (4)29

Mycobacterium fortuitum, (2)14, 45
Mycobacterium phlei, (2)15

Mycoplasma, (1)63, 64
Myc-type oncogenes, (6)142
Myelmation, (6)112
Myopathtes, (6)123
Myxedema, iodine-goiter relationship, (3)

305-306

N

Nabam, (see dithiocarbamates), (1)
NACE, (see National Association of Cor-

rosion Engineers), (4)
Nacrite, (1)137
NADPH, (see nicotinamide adenine dinu-

cleotide phosphate), (5)
Naegleria species, (1)113
National Air Sampling Network, (3)365
National Ambient Air Quality Standards

(NAAQSs), (8)353-354
National Association of Corrosion Engi-

neers, corrosion monitoring tests, (4)
34

National Biomedical Simulation Resource
(NBSR), (8)233, 246-247

National Bladder Cancer Study, (7)57-58,
196-197

National Cancer Institute, (3)
Bioassay Program, (3)151
chloroform studies, (3)5, 7
DCE tests, (3)109
tetrachloroethylene studies, (3)139

National Health and Nutrition Examina-
tion Survey, Second (NHANES II),
(6)230

National Heart and Lung Institute, MCL
study, (4)37

National Institute for Occupational Safety
and Health, (4)

DBCP exposure standard, (4)210
nitrile TWA standard, (4)203

National Organic Monitoring Survey, (2)
145, (3)81

aromatic compounds, (2)156
THM in U S municipal water supplies,

(2)150-151
National Organics Reconnaissance Sur-

vey, (2)144-145; (3)13, 17
municipal water supplies analysis, (2)

165-166
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THM in U.S. municipal water supplies,
(2)150-151, 172-173

National Sanitation Foundation, plastic
pipe studies, (4)65, 69

National Statistical Assessment of Rural
Water Conditions, (3)373

National Toxicology Program (NTP), (8)
449; (9)102, 115-117

NCI, (see National Cancer Institute), (3)
NCRP (National Council on Radiation

Protection and Measurements), (1)
857, 861, 865-866, 878, 886

NCTHM, (see nonchloroform tri-
halomethane), (3)

NDMA, (see N-nitrosodimethylamine), (2)
Necator americanus, (1)115
Necrosis, (1)

centrilobular, (1)704
tubular, of kidney, (1)243

Nematodes, (1)115-118, 121
Neonates, (7)59-60
Neoplasms, (1)21, (6)150
Nephelometric turbidity unit, (2)10
Nephrosis, toxic, (1)334
Nerve conduction, (6)111
Nervous system, (4), (6)105-134; (9)63,

67, 69, 70, 75, 77, 104, 147
acetylcholinesterase inhibitors, (9)

146-159, 170
in aged, (6)124-125, 126-127
aliphatic hydrocarbons effect on, (4)

251-252
aluminum toxicity to, (4)160, 163
central (CNS), (6)108
diseases and, (6)125-127
human, (see human nervous system), (6)
peripheral (PNS), (6)107
trinitrophenols effects on, (4)239

Nested case-comparison studies, (6)233
Netherlands, (2); (9)138

bacteria in effluent, (2)309
microbial activity, water treatment, (2)

299
Neuroactive agents, (6)106
Neurobehavioral changes, (6)105
Neurological diseases, (6)125-130
Neurons, (6)107, 110-111

cerebral cortical, (6)125
sympathetic, (6)115

Neuropathy, peripheral, (1)757
Neuroteratology, (6)106, 115-118
Neurotoxic effects of haloacids, (7)141-142
Neurotoxicity, (6)3-4, 105-134

in animal data, (6)131-133
chloropropanes and chloropropenes, (6)

334
chronic, (6)277
common clinical manifestations of

human, (6)128
diallate, (6)311
effects of, (6)105-134
pentachlorophenol, (6)391
responses, (6)106-107, 118-123
risk assessment of, (6)133-134, 276-281
trichlorfon, (6)403

New Jersey, (3); (4); (5)
corrosion in water supply system, (4)34
GI cancer in asbestos workers, (5)128
lung cancer in asbestos workers, (5)127
water quality study, (3)12

New York State, (3), (5); (7); (9)126-127
asbestos workers and GI cancer, (5)128
mortality case-control study, (7)54-55
upstate, water quality, (3)9-10

New Zealand, (3); (9)138
selenium intake low, (3)321

NHANES II (Second National Health and
Nutrition Examination Survey), (6)
320

NHLI, (see National Heart and Lung Insti-
tute), (4)

Niagara Falls. N.Y., (2)
chlorine as water disinfectant, (2)18
water treatment and chlorine dioxide

use, (2)51
Nickel, (1)139, 207, 210-212, 215, 218,

220-221, 285-289, 302-303, 314; (4);
(6), (8)

health effects, (1)287-288; (4)150
injection, (8)237-239
sulfate, (6)74

Nickel nutrition, (3)345-350
iron interaction, (3)349

Nicotinamide adenine dinucleotide phos-
phate, (5)30, 75

Nicotine, (1)747, 749
NIOSH, (see National Institute for Occu-

pational Safety and Health), (4)
Nittalin, (see dinitroanalines), (1)
Nitrates, (1)411-425, 436-439

analytical methods for, (1)423-424
carcinogenicity, (1)416, 420-422, 425,

438
toxicity, (1)416-420, 437

Nitrification, GAC, (2)272
Nitriles, (4); (7)43
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cyanide release by, (4)203
health effects, (4)204-205
metabolism, (4)203-204
TWA, (4)203
uses, (4)202-203
(see also acetonitrile), (4)

Nitrites, (1)414-416, 418-420, 424, 438
Nitrobenzene, (4)222-229

health effects, (4)224-229
metabolism, (4)223-224
SNARL, (4)203, 229
uses, (4)222

Nitrochloroform, (see chloropicrin), (7)
Nitrochloromethane, (see chloropicrin), (7)
Nitrofen, (6)368-382; (9)75-76

ADI, (6)379, 410-411
carcinogenic risk estimate, (6)372, 373,

410-411
carcinogenicity, (6)371-372
developmental effects, (6)373-376
developmental risk estimate, (6)376-380
health aspects in humans, (6)369
health aspects in other species, (6)370
LOEL, (6)378-379
metabolism, (6)369
NOEL, (6)376-379, 381, 382
reproductive effects, (6)381
SNARL, (6)410-411
studies needed, (6)412
tumor incidence, (6)372

Nitrofuran compounds, (6)76
Nitrogen, (2)22; (4); (7)

biofilm, (4)118
compounds, organic, (7)42-44, 62-66
compounds, reaction with chlorine, (4)

96-97
tribromide, (2)74, 79
trichloride, (2)22-23, 166-168, 170

Nitrophenols, (4)229-247
conclusions relating to, (4)244
production, (4)232
(see also dinitrophenols, mononitrophe-

nols, trinitrophenols), (4)
Nitrosamines, (1); (2)311, 346-347

carcinogenic, (1)33, 416, 438
N-nitroso compounds, (1)421, 424, 438
N-nitrosodimethylamine, (2)346
Nitrous oxide, (2)22; (6)77
N7-MG (N7-methylguanine), (9)10
No-effect doses, (1)24
NOELs, (see no-observable-effect levels),

(8)4-5

Nomenclature, (1)
asbestos, (1)144-145
bacteria, (1)68

NOMS, (see National Organic Monitoring
Survey), (2); (3)

Nonanal toxicity, (3)225-226
Nonane, (1)799
Nonbiological substances, production, (2)

315-327
Noncarcinogenic effects, (6)253
Noncarcinogens, (1)15

dose evaluation for, (1)57-58
thresholds, (1)58

Nonchloroform trihalomethane, (3)13, 17
Nonelimination organs, (8)109-114
Non-first-pass, (8)

elimination organs, (8)109, 112-113
nonelimination organs, (8)109-112

Nongenetic carcinogens, (6)153
Nongenotoxic, term, (6)282
Nonhaloform products, THM reactions,

(2)153-154
Noningestion exposure, (6)295
Nonionic polymeric adsorbents, (2)338
Nonlinear, (8)

kinetics, (8)104
method, (8)190

Nonmutagens, (1)57-58
Nonreversible effects, (1)23, 24, 26
Nonspecific organic analysis, (2)361-363
Nonthreshold, (1); (4)

approach, (1)21
effect of chemical contaminants, (4)7

Nontronite, (1)137, 142
No-observed-effect doses, (1)24, 25

divided by safety factor, (1)54
No-observed-effect level (NOEL), (6)2,

10, 22, 27-28, 53, 257, 266-267,
272-273, 277-279, 285, 286, 296; (7)
81; (8)4-5

chlorate, (7)110
chlorine dioxide, (7)90
chlorite, (7)110
chlorophenols, (7)173
dibromochloropropane, (6)320-321, 325
di(2-ethylhexyl)phthalate, (6)357-358
haloacetonitriles, (7)161
haloacids, (7)143
monochloramine, (7)99
nitrofen, (6)376-379, 381, 382
pentachlorophenol, (6)393-396
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NORS, (see National Organics Reconnais-
sance Survey), (2); (3)

North Carolina case-control study using
personal interview, (7)55-56

Norwalk agent, (1)93
Norwalk virus, (7)14, 15

chlorine and, 23-24
N-substituted acetanilides, (see amides), (1)
No-threshold risk estimation model, (3)2
NTP (National Toxicology Program), (8)

449
NTU, (see nephelometric turbidity unit),

(2)
Nuclear, (1)

fuel effluents, (1)865
weapon testing, (1)862

Numerical risk assessments, (see carcino-
genic risk estimates), (5)

Nutritional status, (6)117

O

Obesity, dinitrophenols for treatment of,
(4)237

Occupancy, (8)11
Occupational exposure, (9)5

carcinogens, (9)23, 24-25, 164
chromium, (9)65
diallate, (9)69
organophosphorus insecticides, (9)103,

154
threshold limit values, (9)126-127

Occupational Safety and Health Adminis-
tration, DBCP exposure standard, (4)
210

Oceans, iodine content, (3)303
Octanal, (3)226-227

Ohio River, water quality studies, (3)8, 11
Octyl chloride, (1)799
Odor, water, (4)

biofilms and, (4)112
chlorination and, (4)130

Ohio River, (2); (3)
combined residual chlorination, (2)172
hypochlorous acid treatment, (2)186
TOC removal studies, (2)269
Valley Basin, water quality and cancer

studies, (3)11
Oil pollutants in sediments, (1)175
Olefins, (4)251, 252
Oligodendrocytes, (6)112
Olmstead County, Minn., thyroiditis preva-

lence, (3)306
Oncogenes, (6)5, 142-143

One-compartment model, (8)28-20, 55
One-hit dose response model of carcino-

genesis, (1)39-40, 45
Ontario, Canada, asbestos concentration

in distribution system, (4)50
Oocytes, (6)37

destruction, (6)41, 89
maturation, (6)38, 39
preovulatory, (6)43
primary, (6)37-38, 40
radiosensitivity, (6)42-43
secondary, (6)38, 40
toxicity, (6)41-42

Oogenesis, (6)
completion of, (6)38
radiation effects on, (6)42-43
xenobiotic compounds and, (6)43-45

Oogonia, (6)37-40
Opioid peptides, (6)48
Optical microscopy, asbestos fibers, (1)156
Oral, (6); (8)

administration, (8)116
contraceptives, (6)72
model, (6)183-186

Orange County, Calif., wastewater treat-
ment, (2)205, 325

Organic, (1); (2); (3)
amines, chlorine reaction, (2)19
arsenicals, toxicity, (3)342
chemical structure, biodegradability, (2)

294
chloramines, (2)20, 28-29
debris, effects on water, (1)177
particles in soil, (1)135
pollutants and clays, (1)140-143, 169

Organic chemical contaminants, (4)
reasons for inclusion in study, (4)202
(see also acetonitrile; benzene; chloro-

form; 1,2-dibromo-3-chloropropane;
dimethylformamide; nitriles;
nitrobenzene; nitrophenols;
petroleum products; polynuclear aro-
matic hydrocarbons; 2,4,6-
trichlorophenol), (4)

Organic compounds, (2); (9)
adsorption by GAC, (2)263-267
adsorption isotherms, (2)261
adsorption of resin adsorbents, (2)350
biodegradability, (2)294-296
classes, (2)253
EPA regulations, (9)103
isotherms, (2)261
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microbial activity-adsorption interac-
tion, (2)294-296

ozone effects, (2)302-303
pretreatment effectiveness, (2)268-271
recalcitrant, (2)294-295
removal, (2)258-259
(see also volatile organic compounds),

(9)
Organic particles in water, (1)135, 168-179

health effects, (1)190-191
in municipal and industrial wastes, (1)

174-176
removal, (1)185
in soil, (1)169-174

Organic reactions, (2)
mediated by adsorbed compounds, (2)

323-324
mediated by carbon, (2)317-320

Organisms, (2)
disinfection, (2)9
model system indicators, (2)12-15
natural vs. laboratory cultures, (2)15-17
protection from disinfection, (2)9

Organobromides, (2)186
Organogenesis, (6)13
Organoleptic test, (1)802
Organophosphates, (1)604-635; (9)69, 96,

103, 125, 133-136, 140-141,
146-159, 170

(see also azinphosmethyl, diazinon,
disulfoton, malathion, methyl
parathion, parathion, phorate), (1)

Organs, (8)
availability, (8)104
classification of, (8)108-110
elimination, (8)83-86, 109, 112-114
first-pass, (8)109
grouping of, (8)447
location of organs of elimination, (8)

116-117
nonelimination, (8)109-114
non-first-pass, (8)109-113
rapidly equilibrated, (8)109
slowly equilibrated, (8)109

Organ-specific clearance, (6)210
Orthocide, (see captan), (1)
Orthotolidine-arsenite method, (2)56, 58
OSHA, (see Occupational Safety and

Health Administration), (4)
Osteoporosis, (3)

calcium loss, (3)270
fluoride requirements, (3)280
vitamin D deficiency, (3)270

Osteosclerosis, fluoride intake effects, (3)
281

OTA, (see orthotolidine-arsenite method),
(2)

Ovarian, (6)
failure, premature, (6)42
life span, (6)42

Ovary(ies), (6)41; (9)
cancer, (9)22-23
radiation effect on, (6)43

Ovulation, (6)41
Oxidation processes, (7)67-68
Oxidative, (6); (8)

pathway, saturable, (8)266
phosphorylation, uncoupling of, (6)386
reactions, (6)213

Oxime carbamates, (see aldicarb), (1)
2-oxothiazolidine-4-carboxylic acid

(OTZ), (7)112
Oxychiordane, (1)568
Oxygen, (2); (6)

demand, seasonal fluctuation, (2)297
tension, high, (6)75

Ozone, (2); (7)9, 66; (8)
absorption in lower respiratory tract, (8)

302-310
ammonia reactions, (2)42
biocidal activities, (2)44, 46-49
by-products of disinfection, (2)204-229
by-products in drinking waters, (2)

202-204
by-products in nonpotable waters, (2)

202-204
by-products reactions, (2)209
chemistry, (2)42, 200-229, 230
comparative efficacy, (7)12
c-t products, (2)49
decomposition, (7)68
determination, (2)43
disinfection, (2)42-51
dosimetry modeling approach with, (8)

353-367
DPD methods, (2)45, 47
in drinking water disinfection, (7)13
effects on organic compounds, (2)

302-303
efficacy in demand-free system, (7)10
efficacy against parasites, (2)48
efficacy against viruses, (2)46-48
epoxide formation, (2)227
exercise and uptake of, (8)308-310
GAC, (2)272
gas stream, (2)43
generation, (2)211
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half-life, (2)44
inorganic compounds reactions, (2)204
measurement methods, (2)43-44
mechanism of action, (2)48-49
microbial activity, (2)299-304
microorganism inactivation, (7)21
organic compounds, (2)302-303
production and application, (2)42-43
properties, (2)201-202
residuals, (2)44
Schecter method, (2)48
uptake of, (8)360-363
use pattern, (7)66-67
viruses, (2)47
water treatment plants, (2)43

Ozone (O3), (1)109-110, 119
Ozonization, (2); (7)66

by-products, aliphatic compounds, (2)
222-226

by-products, benzene and its homologs,
(2)205

by-products, humic acids, (2)218-219
by-products, miscellaneous, (2)214-217,

228-229
by-products, pesticides, (2)220-221
by-products, phenolics, (2)210-213
by-products, polynuclear aromatics, (2)

206
Europe, (2)202
model organic and inorganic com-

pounds, (2)204-208
Quebec, (2)202
Rouen-la-Chapelle, France, (2)203
seawater, (2)205
water, (1)109
Zurich, Switzerland, (2)203

P

P (probability), (8)151
PAC, (see powdered activated carbon), (2)
PAH-DNA, (9)23, 24, 28
PAHs (polycyclic aromatic hydrocar-

bons), (6)43-44
(see polynuclear aromatic hydrocar-

bons), (2); (4)
Pakistan, (9)103, 154
Palygorskite, (1)137, 142
Pancreas, (9)75
Papillomas, (6)144-145
Paracide, (see PDB), (1)
Parallel tube model, (8)86-87, 113
Paraquat, (1)543, 544-546; (6)75, 206

toxicity, (1)544, 545, 546
Parasites, (1)112-118, 120-121; (2)35-36,

48, 67-71
nematodes, (1)115-116
protozoa, (1)112-115
removal from water, (1)117

Parasympathetic system, (6)115
Parathion, (1)626, 629-636

ADI, (1)796
dose levels, (1)796
effects in animals, (1)630-632
effects in man, (1)630
toxicity, (1)633-636

Parathyroid, (3); (4)
magnesium interaction, (3)274-275
hormone, (4)158, 166

Parent chemicals, (8)16-17
Parkinson's disease, (1)269
Particles in water, (1)

microorganism interaction, (1)180-183
removal, (1)188
solid suspended, (1)179-188
viral interaction, (1)181-182

Particulates, (1); (2)
contaminants in water, (1)13-14
disinfection effects, (2)9-11
(see also asbestos), (1)

Particulates, removal from water, (1)
183-186

carbon, (1)186
clay, (1)184
mineral fibers, (1)184
metal hydroxides, (1)186
polyelectrolytes, (1)186
2-propenenitrile, (see acrylonitrile), (3)

Partition coefficients, (8)333, 89-90, 91,
288, 317, 446

Parvoviruses, (1)88, 101
Pascal language, (8)231, 232
Pathogenic, (1)

fungi, (1)63
yeast, (1)63

Pathogens, (1)67-69; (2)
affected by chlorination, (1)21
bacterial, (1)69-70
detection in finished water, (1)69-88
parasites, (1)117
transport, (1)13
waterborne diseases, (2)5-6

PB, (see polybutylene plastic pipe), (4)
PBBs (polybrominated biphenyls), (6)319
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PBD (physiologically based dosimetry)
model, (8)354-357

PB-PK models, (see physiologically based
pharmacokinetic models), (6); (8)

PCBs (polychlorinated biphenyls), (1)
756-762; (3); (6)21

carcinogenic risk estimates, (1)760, 794
effects in animals, (1)758-759
effects in man, (1)757-758
toxicity data, (1)762

PCE (perchloroethylene), (8)210-217,
285-290, 369-382, 385-390, 462

PCNB (pentachloronitrobenzene), (1)
673-681

carcinogenic risk estimates, (1)679, 794
carcinogenicity, (1)677-678
effects in animals, (1)676-677

PCP, (see pentachlorophenol), (1)
750-753, (6)

effects in animals, (1)751
effects in man, (1)750-751
toxicity data, (1)753

PDB (p-dichlorobenzene), (1)680, 682-686
ADI, (1)796
effects in animals, (1)683-684
effects in man, (1)682-683
toxicity data, (1)685

PE, (see polyethylene pipe), (4)
Peeling process, (8)29
Pentachlorophenol (PCP), (6)382-396; (9)

76-77
ADI, (6)411
in air, (6)384
in animals, (6)384
carcinogenic risk estimate, (6)411
carcinogenicity, (6)391-392
developmental effects, (6)392
developmental toxicity and, (6)393-396
epidemiological studies on, (6)244
in food, (6)384
health aspects in humans, (6)384-385,

387-388
health aspects in other species, (6)

388-390
immunotoxicity, (6)390-391
LOEL, (6)394-395
metabolism, (6)385-387
mutagenicity, (6)391
neurotoxicity, (6)391
NOEL, (6)394-395, 396
in sediment, (6)384
SNARL, (6)396, 411
in soil, (6)384

studies needed, (6)412
in water, (6)384

Pentachlorophenyl methyl ether, (1)799
Pentavalent arsenic toxicity, (3)339
Percentage response, log dosage versus,

(8)4
Perchloroethylene (PCE). (see tetra-

chloroethylene), (1), (8)210-217,
285-290, 369-382, 385-390, 462

Perfusion-limited physiological model, (8)
82-83

Perinatal period, (6)14
endocrine alterations in, (6)46-48

Peripheral nervous system (PNS), (6)107
Permeability barriers, (6)112; (8)

membrane, (8)48-49
Persistent estrous syndrome, (6)46
Perspectives, (8)471-475
Pesticide Accident Surveillance System

(PASS), (1)661
Pesticides, (1)14, 140-142, 493-686; (2);

(4); (6)106, 129; (9)68, 74, 76, 103,
133-136, 138-139, 153-154

carbamate, (6)303-314
DBCP in, (4)210, 214
ozonization by-products, (2)220-221
reactions, clay catalyzed, (1)142
reproductive effects in males, (6)74-75
(see also fumigant, herbicides, insecti-

cides), (1)
(see also aldicarb; diallate; dibro-

mochloropropane; 1,2-
dichloropropene; 1,3-
dichloropropene; ethylene dibro-
mide; nitrofen; pentachlorophenol;
sulfallate; trichlorfon), (6)

(see also insecticides), (9)
Petroleum products, crude and refined, (4)

247-255
drinking water contamination by, (4)

247, 249
health effects, (4)251-252, 253-254
hydrocarbon classes in, (4)247-248
petroleum asphalt, (4)4
(see also benzene, toluene), (4)

pH, of water, (4); (7)
A/C pipe effect on, (4)51, 57
adjustment of, (4)58
conditions, high, in drinking water disin-

fection, (7)13
Phaltan, (see captan), (1)
Pharmacodynamics and pharmacokinetics,
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(1)38, 58, 494; (3); (6)9-10, 65, 177,
260-264; (9)47, 48

anticholinesterases, (9)146-159, 170
of DNA alteration, (9)9-10
dose effects, (3)46-48
inhalation studies, extrapolation to drink-

ing water, (9)111, 112-114, 171-174
mixtures of toxins, (9)105-106, 111,

112-118
physiologically based models, (9)97-98,

108-114, 117-118, 168, 170, 171-174
risk assessment and, (9)108-118
species testing, (3)48-51
volatile organic compounds, (9)106,

113-114, 171-174
(see also synergism), (9)

Pharmacokinetic models (PB-PK), (6)
176-186; (8)13, 36, 162, 229-230, 442

body size in, (8)65-78
building, (8)185-193
classical, (8)34-35, 37
computer languages used in, (8)230-232
conventional approaches to, (8)234-235
data m carcinogenic risk assessment, (8)

441-463
data-based inhalation models, (6)178-179
description of, (8)209-212
for drinking water exposures, (8)401-406
equipment needs for, (8)233-234
extending, to accommodate reality, (6)

202-204
extrapolation, (8)161-162,
(see also extrapolation), (8)
flow chart of development of, (8)15
interspecies model simulations, (6)

197-200
introduction, (8)27-35
mathematical, (8)445-446
objective of, (8)96
physiologically based, (see physiologi-

cally based pharmacokinetic mod-
els), (8)

physiologically based models, (6)
180-186

in risk assessment, (6)201-204
for thiopental, (8)50-54
uncertainty in, using SIMUSOLV, (8)

185-207
Pharmacokinetic parameters, (6)65
Phenanthrene/anthracene, (4)4, 88, 99
Phencyclidine hydrochloride, (6)49-50
Phenobarbital, (6)145, 147; (7)126
Phenolic humic model compounds, (2)161

Phenolic substances, reactions, (2)155
Phenols, (2)

chlorine dioxide reactions, (2)196
in competition, (2)277
ozonization by-products, (2)210-213

Phenylacetic acid, (1)754-755
Phenylamide herbicides, (1)172, 173
Phenylmercuric acetate, (1)275
Philadelphia, Pa., water treatment, (2)276,

287, 298
Phorate, (1)613, 615-620

dose effects, (1)616-617, 796
poisoning, (1)616
toxicity data, (1)619

Phorbol myristate acetate (PMA), (3)122;
(6)143, 144, 145

Phosphate(s), (see phosphorus nutrition),
(3); (4)159; (9)

adducts, (9)16
health effects, (4)150
(see also organophosphates), (9)

Phosphorus in biofilm, (4)118
Phosphorus nutrition, (3)276-279, 374-375

cations interaction, (3)278
lakes, phosphorus content, (3)276

Phosphorylation, oxidative, uncoupling
of, (6)386

Photosensitization, (1)669
Phthalate esters, (6)77
Phthalic anhydride, (1)755-756
Phthalimides, (1)657, 660-666,
(see alto captan, folpet, HCB, PCNB), (1)
Physiological constants in kinetic model-

ing, (6)169
Physiological time, (6); (8)69-76

changes, time-dependent, (6)200-201
Physiologically based dosimetry (PBD)

model, (8)354-357
Physiologically based pharmacokinetic

(PB-PK) models, (6)180-186; (8)
13-14, 36-59, 162-165, 273-274,
442, 446-447, 472, 475

abbreviations and symbols used in spe-
cific, (8)211

for adenosine arabinoside, (8)58
biological basis of, (8)38-39
for carbon tetrachloride, (8)312-324
construction of, (8)385-390
for cytosine arabinoside, (8)57-58
description of specific, (8)209-212
development of, (8)39, 287-288
diagram of generic, (8)163
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diagram of specific, (8)210
dose, species, and route extrapolation

using, (8)159-180
for ethylene dichloride, (8)288-300
fundamental equation of, (8)33
general, (8)96-104
interface between clearance and, (8)

104-107
of intravenous injection exposures, (8)

406
limitations of, (8)282-283
linear, (8)107-113
linear compartmentalized, (8)104, 105
for methotrexate, (8)53-56, 414-416
Moolgavkar-Knudson, (8)276-277
multispecies multiroute, (8)391-408
in old animals, (8)407-408
of ozone absorption in lower respiratory

tract, (8)302-310
for perchloroethylene, (8)285-290,

369-382
physiological and biochemical parame-

ters used in specific, (8)213
potential of, (8)35
Ramsey-Andersen, (8)274-275
risk assessment and, (8)295-296, 474
route-of-exposure differences and, (8)298
route-to-route extrapolation of

dichloromethane using, (8)254-264
schematic representation of, (8)287
sensitivity analysis in, (8)265-272
simple, (8)102-103
simplification of, (8)98
validation of, (8)283, 317-319
virtually safe doses and, (8)296-298

Phytate, zinc relationship, (3)317
Picloram, (5)9, 60-63

acute effects, (5)61
carcinogenicity, (5)62
chronic effects, (5)61
human health effects, (5)61
metabolism, (5)60
mutagenicity, (5)61, 99
SNARL, (5)62-63, 98
teratogenicity, (5)62

Picornaviruses, (1)88
Picric acid, (4)

dinitrophenol poisoning from, (4)237,
239

drinking water affected by, (4)238
properties of, (4)232
skin sensitivity to, (4)239
toxicity, (4)240

Pierce County, Wash., gastrointestinal
disease outbreak, (4)149

Pigments, plastic pipe, (4)63
Pilot plant studies, (2)288, 298, 300,

308-309, 343
Pipes, distribution, (4)12, 13, 110-111

cast-iron, (4) 13, 15
concrete, (4)16
corrosion, (4)3, 32-33
leaching, (4)4, 5, 16, 33
microorganisms from, (4)125
predicting performance of, (4)24-25
unlined, (4)32
(see also asbestos/cement pipe, linings,

plastic pipe), (4)
Pitting, (4)27
Pittsburgh, Pa., water quality study, (3)12
Pituitary gland, (6)113
Placentas, (9)24
Planavin (nitralin), (see dinitroanilines), (1)
Planctomyces, (2)309
Plankton, (1)183
Plaques, (1)89, 96

definition, (1)89
plaque-forming unit (PFU), (1)89, 94,

100-101, 103, 182
Plaquing (agar overlay) method, (1)95
Plasma, (1); (8); (9)26

binding, (8)90
cholinesterase inhibition, (1)26
mass-balance equation, (8)51
membranes, (8)100

Plastic pipe, (4)16
advantages and disadvantages, (4)62
composition, (4)62-63
control measures for, (4)69-71
health effects, (4)65
leaching, (4)4, 61
solvents for joints of, (4)63-64, 66
tests of, (4)64-69
uses, (4)13, 16, 61-62

Plastics, (9)73-74
Platinum-based chemotherapy, (9)22
Pleural plaques, (1)160
Plumbing systems, copper use, (3)312
Plumbism, (1)258
Plutonium, (1)865
PMA (phorbol myristate acetate), (3); (6)

143, 144, 145
Pneumocytes, Type II, (6)207
Pneumonoconiosis, (1)230; (4)159
PNS (peripheral nervous system), (6)107
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Point mutations, (6)81
Poliomyelitis, (1)89, 91, 102-103
Polioviruses, (1)2, 89-90, 93, 96, 100-105;

(2)27, 30-35, 40-41, 46, 49-50,
58-59, 68, 71-72, 78, 80, 90, 93, 97

Pollutants,
(see also contaminants, microbiology,

particulates, radioactivity, solutes), (1)
air, (1)373; (2)
assessing in drinking water, (1)19
carcinogenic, nonthreshold approach, (1)

21
effects, (1)20
fecal, (1)69, 72
methods of study, (1)19
monitoring, (2)358-361
oil, (1)175
potential health hazards, (2)358-359
predicting effects, (1)35-37
screening procedures, (2)359-361

Pollution control, carbon regeneration, (2)
270-271, 332-336

Polonium-210, (1)858
Polybrominated biphenyls (PBBs), (6)319
Polybutylene plastic pipe, (4)13, 62,

(see also plastic pipe), (4)
Polychlorinated biphenyls (PCBs), (3)

128-133; (6)21; (9)140
Polyclonal antibodies, (9)40, 41, 42
Polycyclic aromatic hydrocarbons

(PAHs), (6)43-44
Polyelectrolytes, organic, (1)106; (4)113

in soil, ion exchange capacity, (1)171
in water, (1)177-179
water treatment, (1)186

Polyethylene exposure, (5)52
Polyethylene pipe, (4)4, 13, 62,

(see also plastic pipe), (4)
Polygenic inheritance, (6)71
Poly-input availability, (8)114
Polymeric adsorbents, (2)337-339, 347-353
Polymers, (4)

biofilm, (4)109, 117
extracellular, (4)113
organic compounds, (4)70
PVC, (4)63

Polymorphisms, (8)
in animals, (8)146
in humans, (8)146-147

Polyneuropathy, aliphatic hydrocarbons
and, (4)251

Polynuclear aromatic hydrocarbons, (2)
206-208, 270; (4)255-264

chlorination products, (2)163-164; (4)99
concentration in distribution system, (4)

77-78, 82-92
health effects, (4)150, 259-263
leaching of chemicals, (2)332
lining materials, relation to, (4)4, 72-100
metabolism, (4)257-259
Pascagoula, Miss., water system, (4)

87-89
Portland, Oreg., water system, (4)82, 88,

90
recommendations relating to, (4)263-264
SNARL, (4)264
solubility, (4)256
water distribution process effect on level

of, (4)86
Polyphosphates, (4)3

health effects, (4)31-32
iron deposition control with, (4)94

Polyram, (1)655
Polysaccharides, in biofilm, (4)113, 117
Polyvalent cations, water hardness mea-

sure, (3)21
Polyvinyl chloride, (9)73, 134, 164, 165
Polyvinyl chloride pipe, (4)4, 13

field tests on, (4)67, 69
laboratory tests on, (4)64-67
metal concentrations in, (4)67
restrictions on use of, (4)70
stabilizers to reduce decomposition of,

(4)63
uses, (4)62
vinyl chloride concentration in, (4)68

Pomona, Calif., (2)304, 333
Population, study and control, (6)234, 240
Porphyria, (1)502
Porphyrinogenicity, hexachlorobenzene,

(5)52-53, 56
Portland, Oreg., PAH concentration in

water system, (4)82, 88, 90
Postimplantation death, (6)87
32P-postlabeling, (9)24, 42, 43, 50, 58
Potable water, (2)186-187
Potash aluminum, (4)156
Potassium fixation, (1)139; (2); (3)

halide, effect on THM formation, (2)187
Potassium iodide, to treat thyrotoxicosis,

(3)305
Potassium nutrition, (3)293-298, 308,

374-375
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sodium interaction, (3)292
Potassium permanganate, (2)297; (7)

analytical methods, (2)99
biocidal activity, (2)99-101
determination, (2)99
disinfection, (2)98-102
in drinking water disinfection, (7)13
E. coli inactivation, (2)100
mechanism of action, (2)101
oxidizing agent, (2)98
production and application, (2)99
residual, (2)99

Potassium-40, (1)858, 859, 871, 986
Potomac River, free chlorine-viruses reac-

tions, (2)31
Powdered activated carbon, (2)252,

255-256, 271, 273-275
Power function model, of radionuclide

retention, (1)866
Prechlorination, (2)8-9, 303-304
Precursors, (2)140-144; (8)

endogenous, (8)136
microbial activity, (2)311
THM, (2)344-345

Predictions, prospective, in anticancer
therapy, (8)431-440

Pregnancy, adverse outcomes in humans,
(6)19-20

Preimplantation, (6)
death, (6)87
embryo, (6)12

Preovulatory oocytes, (6)43
Preozonization, (2)298-302; (7)49
Presedimentation, raw water treatment, (2)

8
Prespermatogonial cells, (6)53-54
Pressure systems, (4)11
Presystemic elimination, (6)212-214
Pretreatment chemicals, organics-

adsorption reaction, (2)270
Primordial, (6)

germ cells, (6)37
oocyte destruction, (6)89

Probability (P), (8)151
Problem identification, (8)15
Procarcinogens, (1)421
Prolactin, (6)55
Promoters, (6)5, 140-141
Propachlor, (1)525, 527-530

dose effects, (1)527-528, 796
toxicity data, (1)529

Propanil, (1)528, 532-534
Propazine, (see triazines), (1)

Propenals, (7)152
2-propenenitrile, (see acrylonitrile), (3)
Propylbenzene, (1)761, 763
Prospective predictions in anticancer ther-

apy, (8)431-440
Prostate function, (6)68
Protamine, (9)5, 26-27, 58
Protein, (3); (5)

selenium interaction, (3)329
synthesis inhibition, by o-

dichlorobenzene, (5)24
Protein adducts, (9)

biologic significance, (9)25-27, 28
defined, (9)3
detection technology, (9)42, 59
as dosimeters, (9)5, 57, 58

Proteus species, (1)67, 85
mirabilis, (1)422

Protozoa, (1)13, 63
parasitic, (1)121
pathogenic, (1)112-115, 117-118
removal, (1)117, 120-121

Protozoan parasites, (2)35
Pseudomonas species, (1)75, 85, 86; (2)

308-310; (4)29
aeruginosa, (1)67; (2)16, 25, 27, 88
alcaligenes, (2)15-16
fluorescens, (2)45

Psychoteratology, (6)115-118
PTH, (see parathyroid hormone), (4)
Public water supplies, (2); (3)

chlorination, (2)5
disinfectants, (2)184-186
disinfection, (2)5
fluoridation, (3)279
nickel content, (3)345-347
phosphorus content, (3)276
residuals and disinfection effects, (2)

10-11
sodium content, (3)284-285
vanadium content, (3)351
water-softening procedures, (3)23

Public Health Service, U.S., (1)76, 78
Puget Sound area, asbestos in drinking

water, (5)137-139
Pulmonary, (6); (8)

exhalation, (6)172
fibrosis, (8)354
structure and cell types, (6)205-206
uptake and elimination, (8)385-387

Pulmonary diseases, (1)160;
(see respiratory diseases), (3)
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sarcoidosis, (1)234
Pulp and paper industry, (2)191
Purines, in hydrolysis, (9)16
PVC, (see polyvinyl chloride), (4)
Pyramidal tracts, (6)109
Pyrimidine, in hydrolysis, (9)16
Pyruvate dehydrogenase (PDH), (7)

134-136

Q

QRA, (see quantitative risk assessment),
(6)

Qualitative risk assessments, (6)7, 8
Quantification, (6); (7)

and inference, (6)239-240
risk, (7)80

Quantitative risk assessment (QRA), (6)7,
8, 9, 28-30, 251-252, 267-268,
273-275, 279-281; (8)

for chemical carcinogenesis, (8)6
Quebec Province, ozonization, (2)202

R

R parameter, (8)103-104
organ/blood, (8)141-142

Rad, definition, (1)899
Radiation effect, (6)72, 76

cancer and, (6)238
on oogenesis, (6)42-43
on ovaries, (6)43
on spermatogenesis, (6)56-57

Radiation, ionizing, (1)16, 38, 359,
857-858; (2)

adverse health effects, (1)16-17, 872,
874, 884, 892-898

background, (1)857-858, 892
carcinogenesis, (see somatic effects), (1)
carcinogenetic thresholds, (1)38-39
developmental and teratogenic effects

and risks, (1)872-874, 897
disinfection, (2)94-98
dose effectiveness factors, (1)887-892
dose estimates, (1)865-872
genetic effects and risks, (1)874-884,

894, 897
high LET, (1)38, 858, 859-861
low LET, (1)39, 858-859, 873, 878,

886-887
mutagenesis, (1)34, 877-884
somatic effects and risks, (1)16,

884-892, 894-896, 897-898
Radioactive(ity), (1); (9)113

CO2 test, (1)75
contaminants in water, (1)16-17, 857-903
fall-out, (1)862
health effects, (1)896-898

Radiolabeling, (9)3, 5, 41, 43, 66
covalent binding to hemoglobin, (9)25
O6-MG (O6-methyldeoxyguanosine), (9)

23, 24
32P-postlabeling, (9)24, 42, 43, 50, 58
ultrasensitive enzymatic immunoassay,

(9)23, 41
Radionuclides, retention models, (1)

exponential, (1)866
power function, (1)866

Radionuclides in water, (1)16-17,
858-865, 870-872

artificial, (1)862-865
cancer incidence, (1)16, 894-896, 898
dose factors, annual, (1)867, 871
hypothetical activity, (1)870-871
natural, (1)859-861

Radiopharmaceuticals, (1)862-865
Radium, (1)

and bone cancer, (1)17, 894-896, 898
Ra-223, (1)861
Ra-224, (1)861
Ra-226, (1)858, 860-861, 866, 869-871,

896, 898
Ra-228, (1)858, 860-861, 896, 898

Radon, (1)
inhalation and cancer, (1)50
Rn-220, (1)858
Rn-222, (1)858, 861

Ramsey-Anderson PB-PK model, (8)
274-275

Rapidly equilibrated organs, (8)109
Ras-type oncogenes, (6)142
Rate constants, (8)99, 106

distributional, (8)141-142
hybrid, (8)106
metabolic, (8)212
metabolism, (8)288-290

Rate-of-metabolism curve, area under the
(AURMC), (6)175

Rats, (8)
ingestion by, (8)214-215
inhalation by, (8)212-214
old, (8)407

Raw water, (2); (4)5, 9
biological materials in, (4)124
organic compounds in, (4)113
PAH contamination of, (4)75
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quality, (2)8-9
Raynaud's syndrome, (1)324, 325
RDA, (see recommended dietary

allowance), (3)
Reactive metabolites, (6)175; (8)

nonisolatable metabolites, (8)17, 19
short-lived, (6)196-197, 204

Reactivity equations, chemical, (8)11
Recalcitrant organic compounds, (2)

294-295
Recall bias, (6)238
Receptor binding, (6)

constant, (6)174
equations, (8)11

Receptor sites, differences between
species, (1)34

Recessive mutation, (6)71
Recommended dietary allowance, (3)4,

267, 369-371
calcium, (3)269, 370, 371
chloride, (3)300, 370, 371
iodine, (3)304, 370, 371
iron, (3)310, 370, 371
magnesium, (3)272, 370, 371
phosphorus, (3)277, 370, 371
zinc, (3)316, 370, 371

Red water, (4)5
heavy metal concentration in, (4)94, 95
microorganisms and, (4)112, 122-123
Seattle, Wash., water system, (4)35-36

Red-blood-cell (RBC) counts, (7)105, 121
Red-cell, (1)

cholinesterase, (1)630
protoporphyrin, (1)258

Redox process, (7)67
Reductive enzymes, (6)213
Refined petroleum, (see petroleum prod-

ucts), (4)
Regulations, (9)101

dose-additive model and, (9)157
grouping toxic chemicals for, (9)104-105
(see also Environmental Protection

Agency, standards), (9)
Reitz-Anderson optimization procedure,

(8)265-272
Relative risk, (6)241
Relative teratogenic index (RTI), (6)29,

274
Reliability of risk estimation, (6)256
Rem, defined, (1)899
Renal, (1); (8)

clearance, (8)128-131
function impaired, (1)379, 380

insufficiency, (1)704
stones, (1)238
system, (9)66, 67, 75, 76, 164

Renal effects, (4)
aluminum, (4)159, 160-161
cadmium, (4)172
chloroform, (4)208-209
nitrobenzene, (4)226

Reoviruses, (1)88, 90, 96, 100, 108
Repletion, hemoglobin, (3)338
Replication-dependent mutations, (6)78
Reproductive dysfunction, (6)

defined, (6)35
male, (6)71, 72, 74-77

Reproductive effects, (6)
chloropropanes and chloropropenes, (6)

337
dibromochloropropane, (6)324-325
di(2-ethylhexyl)phthalate, (6)352-356
ethylene dibromide, (6)367
nitrofen, (6)381
trichlorfon, (6)406-407

Reproductive endocrinology, (see
endocrinology. reproductive, alter-
ations in), (6)

Reproductive impairment, (6)
female, (6)37-53
male, (6)53-68
performance, (6)86-88

Reproductive system, (4); (6)
DBCP effect on, (4)213-214
DMF effect on, (4)221
female, (6)37-41
lead effect on, (4)181
male, (6)53-55
nitrobenzene effect on, (4)227

Reproductive toxicity, (6)2-3, 35-92,
271-272; (7)

chlorate, (7)109-110
chlorine dioxide, (7)88
chlorite, (7)109-110
chlorophenols, (7)170-172
haloacetonitriles, (7)160
haloacids, (7)142
male, (6)57-68

Reproductive toxicity testing, (6)50-51
details of protocols for, (6)83-92

Reproductive toxicology, (6); (9)74
ovarian cancer, (9)22-23
risk assessment in, (6)82
testes, (9)22-23, 62, 65-66

Requirements, (3)
arsenic, (3)341
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nickel, (3)348
silicon, (3)356
vanadium, (3)352-353
(see also adequate and safe retake, rec-

ommended dietary allowance), (3)
Research priorities, future, (3)23-24
Reservoirs, (4)11-12

algae in, (4)98, 124, 141
biological material in, (4)124-126
open, (4)113, 124-125, 141, 146

Residence time, (8)139-140
Residuals, (2); (8)

disinfection effects, (2)10-11,
(see also individual agents), (2)
method of, (8)29

Resinous adsorbents, (2)338-340
Resorcinol, (2)160-161; (3)227-230; (7)29

aqueous chlorination of, (7)34
reaction products from, (7)31-33

Respiratory system, (3); (4); (9)
aluminum effect on, (4)159
arsenic effect on, (4)167
diseases, arsenic relationship, (3)343
DMF effect on, (4)217
lung cancer, (9)23, 38
nitriles effect on, (4)205
nitrobenzene effect on, (4)224
toxic effects, specific DNA adducts, (9)

65, 67, 77
(see also inhalation toxicology), (9)

Respiratory tract, (6)205-210; (8)
pulmonary structure and cell types, (6)

205-206
(see lower respiratory tract, upper respi-

ratory tract), (8)
Response, (6); (8); (9)

additivity, (9)177, 179-181
bias, (6)238
dosage versus, (8)3-4
percentage, log dosage versus, (8)4

Response-surface designs, (9)98, 102-103,
130-131, 168, 169

Reverse osmosis water treatment, (1)97,
225

Reversible health effects, (1)23, 24, 26,
28, 53

Rhabditis species, (1)116
Rhabdomyolysis, (6)123
Rhine River, (2)

bank filtration, (2)271
breakpoint chlorination, (2)159

Ribonucleic acid (RNA), (5); (7)20; (9)

errors in gene replication and transcrip-
tion, (9)13

inhibition, by o-dichlorobenzene, (5)24
Ribs, supernumerary, (6)26-27
Rickets, calcium-deficient diets, (3)270
Riebeckite, (1)144
Risk, (1), (6)

absolute, (1)899
acceptable, (1)24
additive, (6)242
attributable, (6)241-242
computation of, (6)295-296
defining term, (6)31
nonthreshold approach, (1)21
relative, (1)54, 879, 899; (6)241
unit, (6)255

Risk assessment, (1); (3), (6)1-2, 28-31,
250-287; (8)208

carcinogen-DNA adducts in, (8)221-226
for carcinogenesis, (6)156-157, 284
carcinogenic, (8)441-463, 443-445
combination techniques, (8)7
elements of, (8)9
environmental, (8)431
epidemiological studies, (6)7, 241-245
extrapolation, low-dose, (8)327-328
factors limiting, (1)19
framework for, (6)7-9
historical perspectives, (8)3-7
human, (8)369-370
joint, (8)5
at low doses, (8)327-328, 444-445
major elements of, (8)355
management, major elements of, (8)355
neurotoxicants, (6)133-134
neurotoxicity, (6)276-281
objective of, (8)471
PB-PK model and, (6)201-204; (8)

295-296, 474
pharmacokinetic, (6)177
procedures, (1)12, 15, 19-62, 792
qualitative, (6)7, 8
quantitative, (see quantitative risk

assessment), (6); (8)
quantitative for chemical carcinogene-

sis, (8)6
reliability of, (6)256
in reproductive toxicology, (6)82
tissue dosimetry in, (8)8-23
with time-dependent exposure patterns,

(8)453-455
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in toxicology, (6)82
(see also risk calculations, risk estima-

tion), (3)54-56
(see also carcinogenic risk estimates), (5)
(see also individual compounds), (6)

Risk-benefit, (1)56-57
comparisons, (1)21, 57
methods of determining, (1)12

Risk calculations, (3)59
Risk estimate(s), (1); (4); (6)

carcinogenic, (see carcinogenic risk
estimates), (6)

of drinking water, (4)7-8
evaluation, (1)15, 27-29, 48-49
lifetime cancer, (6)410-411

Risk estimation, (1)19-20, 39, 55-56,
490-491, 890-891; (3); (4); (9)47-49

acrylonitrile and cancer relationship, (3)
76

acute exposure to chemicals in drinking
water, (3)26-28

ADI approach, (3)25
background response, (3)51, 57-58
background radiation and, (1)879, 885,

892-894
benzene, (3)84-85
cardiovascular disease, (3)22
cocarcinogenesis, (3)51
complexity levels, (9)5, 125-127
cost, (9)95-96
data bases, (9)4, 27, 134, 157
DCE, (3)109, 110
defined, (3)25
DNA adducts used in, (9)27-28, 38-52, 57
dose-response models, (3)56-60
drinking water, toxic chemicals effects,

(3)2-3
EPA, (9)47, 49, 58-59, 96, 99-101, 106,

115-117, 123-129
ethylene dibromide, carcinogen relation-

ship, (3)100
genetic effects and, (1)872-889, 894, 897
HCB carcinogenicity, (3)213-214
hypertensive disease, (3)22
interaction, (3)51-60
joint toxic action models, (3)53-54
low-dose carcinogen models, (3)37-45
methods, (9)163-165
mixtures of toxins, groupings, (9)96-97,

104-105, 108-118, 127-128
models, (3)2-3
noncarcinogenic substances, risk estima-

tion, (9)106

pharmacokinetics and, (9)13, 97-98,
108-118, 117-118, 168, 171-174

protein adducts, (9)26, 42, 57
quantitative reliability, (3)56-60
radioactive drinking water, (1)892-894
safety factors, (3)25-28
specific cancers, radiation induced, (1)

889-892
statistical data studies, (3)59-60
synergism of toxin mixtures, (9)98-100,

102-103, 117, 122-123, 126 ,
128-129, 131, 175-176

tetrachloroethylene carcinogenicity, (3)
139

theoretical models, (3)52-54
volatile organic compounds, (9)96,

162-166
water hardness relationship, (3)22
(see also risk assessment, risk calcula-

tions), (3)
(see also carcinogenic risk estimates,

dosages and dosimetry, epidemiol-
ogy), (9)

Risk quantification, (7)80
Rivers, phosphorus content, (3)276
RNA (ribonucleic acid), (1)88; (5); (6)

283, 361
Roentgen (R), definition, (1)900
Ronnel, (1)142
Roofers, (9)23
Rotenone, (5)9, 63-70

acute effects, (5)64-65
carcinogenicity, (5)68-69
chronic effects, (5)66-67
human health effects, (5)64
metabolism, (5)64
mutagenicity, (5)67-68, 99
SNARL, (5)70, 98
subchronic effects, (5)65-66
teratogemcity, (5)69, 98

Rotterdam, Netherlands, chlorinated drink-
ing water, (2)185

Rouen-la-Chapelle, France, ozonization,
(2)203

Roundworms, (see nematodes), (1)
Route-of-exposure differences, PB-PK

model and, (8)298
Route-to-route extrapolation, (8)114-119
RTI (relative teratogenic index), (6)29, 274
Rubidium-87, (1)858
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S

Safe doses, (1)24, 27-28, 37, 54
definition, (1)54
and exposure, (1)28
starting dose, (8)433

Safe Drinking Water Act, 1974 (PL
93-523), (1)v, 9, 905; (2)144; (3)405;
(4)138; (5)vii, 149

1977 Amendments, (3)405; (4)154; (5)
vii, 149

Safety, (1)12, 27, 56
definition, (1)801
evaluation of, (1)801
thresholds, (1)54

Safety factor(s) (SF), (1)20-21, 24, 27, 54,
801-802; (6)8, 30-31, 253, 275,
286-287; (8)5

evaluation of, (1)49-52
Salmonella assay, Ames, (7)47-49
Salmonella species, (1)67-68, 70-72, 80,

83, 93
S. enteritidis, paratyphi A, (1)67-73
S. enteritidis, paratyphi B, (1)73
S. enteritidis, typhimurium, (1)73, 83, 86;

(3)114, 120, 161, 163
S. montevideo, (2)89
S. typht, (1)3, 66-68, 72-73, 81, 93; (2)13,

25, 27, 30, 45, 75, 84, 88-89, 92-93,
96-97, 104

S. typhosa, (1)81, 93
Salmonellosis, (1)65, 67, 78
Salt, (see sodium chloride), (3)
San Francisco Bay area, Calif., (4); (5)

A/C pipe effect on water supply, (4)54
asbestos in drinking water, (5)125,

136-137
Sand filtration process, (1); (4)108

filters, (1)3, 115-116
for removal of protozoan cysts, (1)117

Saponite, (1)137
Sarcoidosis, pulmonary, (1)234
Saturable, (8)

detoxification, (8)452-453
oxidative pathway, (8)266

Saturation Index, (4)19, 23-24, 25, 53
Sauconite, (1)137
Scaleup, (see extrapolation), (8)
Scaling, (8)

formulas, (8)209, 212
interspecies, (8)16-19, 36

SCE (sister-chromatid exchange), (6)322
Schecter method, (2)48

Schuylkill River, Pa., treatment plant, (2)
153

Schwann cells, (6)112
SCoP (Simulation Control Program), (8)

232, 233
example program, (8)239-246

Seafood, iodine content, (3)303
Seattle, Wash., (4); (5)

A/C pipe effect on water, (4)51
asbestos in drinking water, (5)125
Tolt River studies, (4)35-37, 38
zinc effectiveness in corrosion control,

(4)59
(see also Puget Sound area), (5)

Seattle Water Metals Survey Committee,
(4)37

sedimentation process, (4)108
Seawater ozonization, (2)205
Second International Symposium on

Health Effects of Drinking Water
Disinfectants and Disinfection By-
Products, (7)vii-viii

Sedimentation, water, (1)86, 87, 94, 117,
183

Segment I studies, (6)52-53
details of protocol for, (6)87-88

Selenium, (1)212, 344-369, 430-433; (4)95
absorption, (1)349, 431
beneficial effects, (1)364-365
biotransformations, (1)352
carcinogenicity, (1)359
chemical interactions, (1)362-364
distribution, (1)349-351
mutagenicity, (1)361
toxicity, (1)354-359, 431-432

Selenium nutrition, (3)321-331, 374-375
arsenic interaction, (3)329, 344
cadmium interaction, (3)328-329
mercury interaction, (3)328-329
protein interaction, (3)329
sulfate interaction, (3)329
thallium interaction, (3)328-239
vitamin E interaction, (3)329

Selenosis, (3)326
Semen, (6)67

analysis, (6)63
drugs in, (6)68
fluid examination, (6)67-68
plasma, (6)67-68

Semipermeable membranes, (8)100
Senile dementia, Alzheimer, (4)160; (6)126
Sensitivity, (6); (8)
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analysis, (8)265-272
species, (6)194

Sensory, (6); (9)
nerve fibers, (6)107
perception, (9)63

Sepiolite, (1)137
Serologic methods for virus identification,

(1)97, 100
Serpentine minerals, (1)144
Serratia species, (1)67
Sertoli cells, (6)54, 56
Serum fluoride concentration, (1)373-374
Serum glutamic-oxaloacetic transaminase

(SGOT), (3); (7)116, 119
2,4-dichlorophenol tests, (3)206
selenium effects, (3)328
toluene effects, (3)170
trichloroethylene toxicity, (3)158-159

Serum glutamic-pyruvic transaminase
(SGPT), (3)87, 97; (7)116, 119

2,4-dichlorophenol tests, (3)206
toluene effects, (3)170

Serum-neutralization test, (1)97
Sewage, (1); (2)

effluent, (2)155, 157-159, 187-189
systems, (1)175

Sewickley, Pa., diarrheal disease out-
break, (4)141

Sex, (6); (8)
differences in metabolism, (8)144
differentiation, gonadal, (6)38
ratio, (6)84

Sexual development, (6)3
SGOT, (see serum glutamic-oxaloacetic

transaminase), (3)
SGPT, (see serum glutamic-pyruvic

transaminase), (3)
Shape parameter, (6)269, 270
Shigella species, (1)69, 70, 71, 73, 80, 93

S. dysenteriae, (1)67-69, 73; (2)25, 27, 88
S. dysenteriae 1 (Shiga strain), (1)69
S. dysenteriae A-1, (1)68
S. dysenteriae M-131, (1)68
S. enteritidis, paratyphi A, (1)73
S. enteritidis, paratyphi B, (1)73
S. enteritidis, paratyphi D, (1)73
S. flexneri, (1)67-68, 73; (2)45, 84, 96
S. flexneri, 2A#, (1)68-69, 71
S. flexneri, 2A, (1)68
S. flexneri, type 6, (1)65
S. sonnei, (1)64-65, 66, 67, 73, 93
S. typhi, (1)73

Shigellosis, (1)64, 65, 66, 78
Short-term cell culture, (6)5-6
Short-term exposure limit (STEL), (7)162
Sickle-cell disease, (1)300
Significance, statistical, (6)235-237
Silica, (1)210; (3)

lung problems, (3)356
Silicate minerals, (1)210,

(see asbestos), (1); (4)
iron deposition prevention with, (4)93,
(see inorganic hydrated silicates), (4)

Silicon nutrition, (3)355-357
molybdenum interaction, (3)357

Silicosis, (4)159
Silver, (1)207, 210-212, 215, 218,

220-221, 289-292, 302-303, 314; (2);
(4)95, 183-187, (7)

disinfection, (2)102-106
in drinking water disinfection, (7)13
health effects, (4)185-187
metabolism, (4)184-185
SNARL, (4)187
water purification with, (4)184

Silver-sulfhydryl complexes, (2)105
Silvex, (see 2,4,5-TP), (1)
Simazine, (see trizines), (1)
SIMNON language, (8)232
Simulation, (8)229

future trends in, (8)249
general approaches to, (8)229-230
languages, (8)232-233
in toxicology, (8)229-250
training in, (8)246

Simulation Control Program, (see SCoP),
(8)

SIMUSOLV, (8)185, 186, 233
applications of, (8)193-205
statistical analysis using, (8)204
statistical output for, (8)206-207
uncertainty using, (8)185-207

Sinusoidal perfusion model, (8)86-87
Sister chromatid exchange (SCE) activity,

(6)322; (7)48
Skeletal variants, (6)27
Skin, (1); (4); (5), (6); (8); (9)

absorption, (8)122-123
absorption rates, (6)259
administration, (8)115
arsenic effect on, (4)167
cancers, arsenic exposure, (5)118-122
dinitrophenols effect on, (4)238
diseases, (1)326
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DMF effect on, (4)215, 217, 218
exposure via, (9)139, 143, 168, 172
nitriles effect on, (4)204
nitrobenzene effect on, (4)224
pigmentation, (1)50
silver effect on, (4)186
toxic effects, (9)63, 65, 67, 71, 75
trinitrophenols effect on, (4)239
ultraviolet radiation, (9)38

Slime deposits in water, (1)86
Slowly equilibrated organs, (8)109
Small intestine, (6)212
Smectite, (1)137, 139, 142
Smoke, residential wood, (9)24
Smoking, cigarette, (see cigarette entries),

(6);
(see tobacco), (9)
SMR (standard mortality ratio), (6)241
SNARL, (see suggested no-adverse-

response levels), (3), (4); (5); (6); (7)
SNORT, (see stabilized neutral orthotoli-

dine method), (2)
Sodium, (1)212, 400-411, 435-436; (2);

(3); (4); (6)
aluminate, (4)156
analytical methods for, (1)409
bromide, (3)185
chlorate, (2)52, 55;
(see chlorate), (7)
chloride, (3)283-287, 303; (4)176
chlorite, (2)52-53,
(see chlorite), (7)
daily intake, (1)401-402, 435-436
epidemiology, (1)406-409
hexametaphosphate, (4)32
hypertension and, (1)403-409, 411
hypochlorite, (2)53
intake, (6)245

Sodium nutrition, (3)283-293, 308,
374-375

lithium interaction, (3)292
potassium interaction, (3)292, 297

Sodium-channel toxins, (6)121
Soft drinks, (3)

phosphate consumption, (3)275-277
sodium content, (3)287

Softening, water, (1)183-184,
(see also hardness), (1)

Soft water, (3)21, 312,
(see also water hardness), (3); (4)33, 43

Soil(s), (2)142-144; (3)
molybdenum content, (3)358
particles in water, (1)169-174
selenium content, (3)321-322

Solubility, (4)2, (8)
constants in pipe, (4)24
corrosion and, (4)23
of drug, (8)89-90
leaching governed by, (4)42

Solutes, inorganic, (1)205-488
defined, (1)14-16

Solutes, organic, (1)849-857
defined, (1)14-16
Solvents, (2); (4); (9)126
methylene chloride, (2)158
in plastic pipe joints, (4)63-64
used for PVC cement and primers, (4)66
warnings on, (4)70

Somatic cell mutations, (1)884-892,
894-896; (5); (6)283

theory of carcinogenesis, (5)5
Somatic effects, (1)16, 884-889, 894-895,

897-898
self-propagating effect, (1)26

South Dakota, selenium intake high, (3)321
SPC (standard plate count), (1)85-88, 120
Species, (3); (6); (8)

sensitivity, (6)194
species-to-species extrapolations, (8)

139-142, 168-170, 171, 396-401
testing, (3)49-51

Species differences, (8)38-39
in elimination, (8)142-148

Specific locus test, (6)66, 81-82
Spectrometry, (9)40

mass, (9)24, 39-40, 43, 44, 46
Spectrophotometry, (9)23
Speech, (9)63
Sperm, (6); (9)3

abnormalities, (6)60
alkylation and mutation, (9)18, 26, 27
chromosome complement, (6)64-66
concentration, (6)63-64
dibromochloropropane, (9)65
epididymal, (6)90
interaction with cervical mucus, (6)66-67
interaction with oocytes, (6)67
morphology, (6)60-62, 155
motility, (6)61, 62-63, 90-91
production rate, (6)56, 59, 89-90
toxicity, (6)55-56

Spermatocytes, (6)54
primary, (6)54, 55
secondary, (6)54-55

Spermatogenesis, (6)54-55, 56
alterations in, (1)258
dibromochloropropane and, (6)315-316
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radiation effect on, (6)56-57
Sphaerotilus, (see iron bacteria), (4)
Spinal cord, (6)114-115
Spontaneous abortions, (6)19-20

early, (6)35-36
Spontaneous response, (see background

response), (3)
Stabilized neutral orthotolidine method,

(2)23, 43
Stabilizers, plastic pipe, (4)63
Stabilizing agents, from iron and man-

ganese, (4)3, 93-94
Stable metabolites, (8)17, 18, 119
Standard mortality ratio (SMR), 241
Standards, (9)

carbamates, (9)133
EPA, (9)96, 103, 133-134
exposure, (9)121
insecticide residue in food, (9)154
maximum contaminant level goal, (9)

102, 138, 162-163
multiple contaminants, additivity, (9)

169-170
organophosphorous, (9)134
volatile organic compounds, (9)134

Standards for drinking water, (1)
European, (1)78-79
U.S., (1)6-9

Standpipe, (4)12
Stannous fluoride, (1)293
Staphylococcus aureus, (2)45, 84, 92-93,

96
Staphylococcus species, (1)75
Starting dose, safe, (8)433
Statistical analysis, (6); (9)

computer-assisted techniques, (9)42, 98,
109-110, 112, 171-174

fractional factorials, (9)98, 121-122,
130, 170

hazard index, EPA, (9)96, 123-129, 159,
168, 169

response-surface techniques, (9)98,
130-131, 169

significance, (6)235-237
uncertainty factors, (9)99, 122, 126,

128-129, 131
(see also mathematical models), (9)

Steady state(s), (8)
concentration, (8)107, 118
conditions, (8)98-99
distribution ratio, (8)288
models, linear, (8)117-118
term, (8)107

virtual, (see virtual steady states), (8)
Sterility, (1)596; (6)36
Steroid hormones, (6)46-48
Stomach, (6)211; (9)

cancer of, (9)23-24, 67, 71, 72
Streptococci, (1)73; (2)

fecal, (1)75
S. bovis, (1)73; (2)84
S. equinus, (1)73
S. faecalis, (2)84-85, 96-97, 110

Streptomyces species, (1)85
Strongyloides species, (1)116
Strongyloides stercoralis, (1)115
Strontium, (4)6, 187-192

abundance of, (4)188
health effects, (4)189-191
metabolism, (4)188-189
SNARL, (4)192
uses, (4)187

Strontium-90, (1)862, 866, 869-871, 896
Structure-activity considerations, (6)156,

277
Studies needed, (6)

acrylamide, (6)409
aldicarb, (6)4109
chloropropanes and chloropropenes, (6)

409
diallate, (6)409
dibromochloropropane, (6)409
di(2-ethylhexyl) phthalate, (6)409
ethylene dibromide, (6)409
nitrofen, (6)412
pentachlorophenol, (6)412
sulfallate, (6)412
trichlorfon, (6)412

Styrene, (1)763-765, (6)
effects in animals, (1)764-765
effects in man, (1)764
model, (6)184
toxicity data, (1)766

Subchronic effects, (7)
in humans, of monochloramine, (7)94-95
in other species, (7)

of chlorate, (7)104-107
of chlorine dioxide, (7)87-88
of chlorite, (7)104-107
of chlorophenols, (7)170
of chloropicrin, (7)166
of haloacetonitriles, (7)159-160
of haloacids, (7)139-141
of haloaldehydes, (7)147-150
of monochloramine, (7)95-96
of trihalomethanes, (7)118-120
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Subchronic toxicology, (1)21
Subfertility, fertility and, (6)63
Substrate concentration, (6)263
Suffolk County, N.Y., diarrheal disease

outbreak, (4)141, 146
Suggested no-adverse-response level

(SNARL), (3)3-4, 70; (4)7, 153-154;
(5); (6)10, 257, 396, 410-411; (7)81

acetonitrile, (4)205-206
acute, (5)viii, 2
acute exposure, (3)68-69
aldicarb, (5)12, 98
aluminum, (4)166
antimony, (3)80
Arochlor, (3)133-134
assumptions, (3)69
barium, (4)170
benzene, (3)70, 85-86; (4)203, 254-255
BHC (lindane), (3)70, 88
bromide, (3)70, 186-187
bromodichloromethane, (3)188
bromoform, (3)189
cadmium, (3)70, 95-96; (4)172-174
carbon tetrachloride, (3)70, 97-98
catechol, (3)70, 192
chloramines, (3)202
chloramino acids, (3)202
chlorate, (7)110-111
bis(2-chlorethyl)ether, (3)89
chlorinated disinfectants (chlorine diox-

ide, chlorate, chlorite, and chlo-
ramines), (4)177-178

chlorine dioxide, (3)70, 196; (7)90
chlorite, (3)70, 197-198; (7)110-111
chloroform, (3)70, 204; (4)209
chlorophenols, (7)173
bis(2-chloropropyl)ether, (3)91
chronic, (5)viii, 1-3, 97, 98
chronic exposure, (3)69-70
DBCP, (4)214
DCE, (3)110-111
dibromochloromethane, (3)70, 205-206
o-dichlorobenzene, (5)24-25, 98
p-dichlorobenzene, (5)27, 98
dichlorodifluoromethane, (3)70, 103-104
1,1-dichloroethylene, (5)39-40, 98
2,4-dichlorophenol, (3)70, 207
dinitrophenol, (4)203, 245
dinoseb, (5)49, 98
DMF, (4)222
ECH, (3)70, 123-124
estimated, (7)193

ethylene dibromide, (3)100-101
glyoxal, (3)210
glyoxylic acid, (3)210
haloacetonitriles, (7)161-162
haloacids, (7)143
HCB, (3)70, 214-215
iodate, (3)224
iodide, (3)70, 224-225
iodine, (3)224
lead, (4)183
methomyl, (5)59-60, 98
methyl glyoxal, (3)210
methylene chloride, (3)70, 127-128
monochloramine, (7)99
mononitrophenol, (4)203, 244-245
nitrobenzene, (4)203, 229
PAHs, (4)264
PCBs, (3)70, 133-134
pentachlorophenol, (6)396, 411
picloram, (5)62-63, 98
resorcinol, (3)70, 230-231
rotenone, (5)70, 98
safety, uncertainty factors used, (3)69
silver, (4)187
strontium, (4)192
tetrachloroethylene, (3)70, 140-142
toluene, (3)70, 172-173; (4)254
1,1,1-trichloroethane, (3)70, 152-155;

(5)78
tfichloroethylene, (3)70, 164-166; (5)85,

98
trichlorofluoromethane, (3)70, 167-168
2,4,6-trichlorophenol, (4)203, 268
trinitrophenol, (4)203, 245, 247
uncertainty factors used in calculations,

(5)2
uranium, (3)70, 177-178; (5)96-97, 98
xylenes, (3)70, 181

Suicide, (8)
enzyme inhibition, (8)173-175
inhibitors, (8)137-139

Sulfallate, (6)312-314; (9)70-71
ADI, 410
carcinogenic risk estimate, (6)313, 314,

412
carcinogenicity, (6)313
developmental effects, (6)314
health aspects in humans, (6)312
health aspects in other species, (6)312
lifetime cancer risk estimate, (6)410
metabolism, (6)312
mutagenicity, (6)312-313
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SNARL, (6)410
studies needed, (6)412
tumor incidence, (6)313

Sulfate(s), (1)425-428; (3); (4)192
corrosion promotion, (4)30
dietary, (3)329
laxative effect, (1)426
reducing bacteria, (4)14, 28
removal, (1)425

Sulfhydryl-arsenic reactions, (1)319, 332
Sulfides, (3); (4)5

molybdenum interaction, (3)363
Sulfur, (3); (9)

copper interaction, (3)314
hexafluoride, (9)141

Sulfur-oxidizing bacteria, (4)29, 122-123
Sultan River, asbestos in drinking water,

(5)137
Supernumerary ribs, (6)26
Superoxide ion, (7)68
Surface waters, (1); (2); (3)6-7; (4)10

chlorine, (2)155-157
treatment of, (1)206

Surface area adjustment, (8)17-19, 160
Sweat, sodium loss, (3)291
Swine, iodine intake, (3)222-223
Swiss Federal Institute for Water

Resources and Water Pollution Con-
trol (EAWAG), (2)203

Switzerland, pilot plant effluent studies,
(2)308

SWMS, (see Seattle Water Metals Survey
Committee), (4)

Symbols, definitions of, (6)218-219
Sympathetic neurons, (6)115
Sympathoadrenal system, (6)115
Synergism, (9)131

anticholinesterases, (9)152-159, 170
carcinogens, (9)99-100
defined, (9)102, 122
dose-additivity models, (9)153-154,

156, 157-158, 169
dose-vs response-additivity models, (9)

102-103, 168, 169, 177-181
exposure assessment and, (9)98-99
insecticides, (9)103, 133-136, 138-140,

146, 149, 152-156, 159, 170
models, (9)175-176
toxic end points, (9)117, 169
uncertainty factors in model, (9)99,

122-123, 126, 128-129, 131
Synergistic, (1); (3)

effects in drinking water, (3)27

interactions, (1)15, 32, 36
Synthetic, (2)

carbonaceous adsorbents, (2)338
resins, water treatment, (2)255

Systemic, (6); (8)
absorption, (6)257
availability, (8)453

T

Table salt, (see sodium chloride), (3)
Taconite ore tailings, (1)154
Taiwan, (3)343, 338; (5)

arsenic levels in drinking water, (5)
119-122

Tandem mass spectrometry, (9)39-40
Tapeworms, (1)115
Target theory, (3)2, 42-43
Target-tissue dose, (6)173

measurement of, (6)173-176
Target-tissue metabolite-concentration

curve, area under the (AUTMC), (6)
176

Taste and odor, chlorine in water, (2)144
Taste, water, (4)

biofilms and, (4)112
chlorination and, (4)130

TB (tracheobronchial) liquid lining, (8)
357-361

TCA (trichloroacetic acid), (6)202-203
TCCD (tetrachlorodibenzo-p-dioxin), (6)

146-147, 174, 283-284
TCDD (2,3,7,8-tetrachlorodibenzo-[p]-

dioxin), (1)498, 500-513, (3)
acceptable daily intake, (1)509, 796
carcinogenicity, (1)506
dose lovels, (1)501-506, 796
mutagenicity, (1)505
teratogenicity, (1)506-508
toxicity, (1)500-509, 512

TCE, (see tetrachloroethylene,
trichloroethane, trichloroethylene),
(3); (6)186-188, 189

1,2,3-TCP (1,2,3-trichloropropane), (see
chloropropanes and chloropropenes),
(6)

TEAM (Total Exposure Assessment Mea-
surement) study, (6)260

Technetium-99m, (1)865
Teeth, mottled, (1)395-396
Telone II, (see chloropropanes and chloro-

propenes), (6)
Temperature, elevated, (6)75
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Terata, defined, (1)23
Teratogen(s), (1)15, 793; (5); (6)11-12

behavioral, (6)106
definition of, (1)800; (5)6
effect on water supplies, (1)16
embryonic organ susceptibility to, (6)14
neuroteratogens, (6)106, 117
psychoteratogens, (6)118

Teratogenesis, (1)53; (6)274
caminogenesis and, (6)15
dose, (6)29
effects, (1)16, 53, 897
hazard potential, (6)28, 273
index, relative (RTI), (6)29, 274
lethality and, (6)29

Teratogenicity, (4); (5); (7)
aldicarb, (5)11
aluminum, (4)165-166
carbofuran, (5)15
carbon tetrachloride, (5)17-18
chlorine dioxide, (7)88-89
chlorobenzene, (5)22
o-dichlorobenzene, (5)24
p-dichlorobenzene, (5)27
1,2-dichloroethane, (5)31
1,1-dichloroethylene, (5)39
1,2-dichloroethylene, (5)43
dichloromethane, (5)45-46
dinitrophenol, (4)243-244
dinoseb, (5)48-49
DMF, (4)221
haloaldehydes, (7)151-152
hexachlorobenzene, (5)56
lead, (4)181, 182
methomyl, (5)59
monochloramine, (7)97-98
nitrobenzene, (4)227
PAHs, (4)263
picloram, (5)62
rotenone, (5)69
tests for, (5)6-7
tetrachloroethylene, (5)73
1,1,1-trichloroethane, (5)78
1,1,1-trichloroethylene, (5)84-85
uranium, (5)96
vinyl chloride, (5)89-90

Teratology, (6)
neuroteratology, (6)115-117
psychoteratology, (6)118

Terbufos, (9)136
Terminal half-lives, (8)106
Testes, (6); (9)66

cancer, (9)22-23, 62

dibromochloropropane, (9)65
function, (6)55
histological evaluation of, (6)91-92

1,1,3,3-tetrachloroacetone, (1)799,
(see haloketones), (7)
Tetrachlorodibenzo-p-dioxin (TCDD), (6)

146, 147, 174
2,3,7,8-tetrachlorodibenzo-p-dioxin, (3)

33-35
1,1,1,2-tetrachloroethane, (1)765,

767-770, 798
effects in animals, (1)768
effects in man, (1)767-768

Tetrachloroethylene, (1)769-770; (3)
134-139; (4)4; (5)9, 70-74; (6 )209

acute effects, (5)72
carcinogenicity, (5)73
chronic effects, (5)72
health effects, (4)150
human health effects, (5)72
metabolism, (5)71
mutagemcity, (5)72-73, 99
teratogemcity, (5)73

Tetrachloromethane, (see carbon tetrachlo-
ride), (1)

Tetradecanoyl-phorbol-13-acetate (TPA),
(6)264, 283

Tetrahydrocannabinol (THC), (6)49
Tetrahydrofuran, in plastic pipe joints, (4)

64, 66
Thalidomide, (6)21, 68
Thallium, selenium interactions, (3)

328-329
Thames River, England, pilot plant resin

studies, (2)343
THC (tetrahydrocannabinol), (6)49
Theoretical maximum residue contribu-

tion (TMRC), (6)259
Theoretical models, (3)52-54
Thermoplastic pipe, (4)13, 63
Thiamphenicol, (6)17
Thimet R, (see phorate), (1)
Thiobacillus, (see sulfur-oxidizing bacte-

ria), (4)
Thiopental pharmacokinetics model, (8)

50-54
Thiram, (see dithiocarbamates), (1)
THM, (see trihalomethanes), (2); (3); (4)
THMFP, (see trihalomethane formation

potential), (2)
Thorium, (1)858, 860; (3)142-144
Th-232, (1)859
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Threadworms, (1)115-116
Three-compartment model, (8)334, 336,

337
Threshold, (1); (6); (8)

actual, (1)42, 46
dose concept, (1)15, 21, 24-25, 27,

37-47, 54-55, 58, 873
dose and long-term exposure, (1)27
dose-response curves, effects showing,

(1)37
effect, (8)435-436
issues concerning, (6)252-253, 283
models, (6)269-271
practical, (1)42
radiation doses, (1)21, 865-872

Threshold limit value (TLV), (3)101; (4);
(5); (6)4, 106, 170; (7)82

barium, (4)167, 168
carbon monoxide, (5)44
chlorobenzene, (5)20
1,1-dichloroethylene, (5)32
DMF, (4)215, 216

Thyroid, (1); (3)304
function, decreased, (1)249
gland, (9)62
hormones, (3)302

Thyroiditis, prevalence in Minnesota, (3)
306

Thyrotoxicosis, (3)274, 305-306
Thyroxine, iodine content, (3)302
Time, (1); (3); (4); (6); (8)

chronological, (8)69, 73
of exposure, influence of, (6)12-15
integral of tissue exposure, (8)10
physiological, (8)69-76

Time-dependent dosing, (8)467-468
Time-dependent exposure, (8)451-455
Time-dependent physiological and

metabolic changes, (6)200-201
Time-to-response models of carcinogene-

sis, (1)48
Time-to-tumor-occurrence models, (3)2,

43-45
Time-weighted average dose, (8)454
Time-weighted average receptor occu-

pancy, (8)20
Time-weighted average standard, nitriles,

(4)203
Tin, (1)221, 292-296, 302-303, 315
Tissue(s), (3); (6); (8); (9)

arsenic distribution, (3)339
binding, (8)90
chromium distribution, (3)366

culture systems, (6)277
dose scaleup, (6)194-196
dosimetry in risk assessment, (8)8-23
exposure, time integral of, (8)10
manganese distribution, (3)333, 335
mass balance, (8)48
molybdenum distribution, (3)359-360
nickel distribution, (3)347
partition coefficients, (6)182; (8)91
perfusion, (8)49
regions, (8)45-47
silicon distribution, (3)355-356
total concentration, (8)49-50
vanadium distribution, (3)352
volume, (8)19
(see histology and histochemistry), (9)

Tissue-concentration curve, area under the
(AUTC), (6)174-175

TLV, (see threshold limit value), (3); (4),
(6)4, 106, 170

TMRC (theoretical maximum residue con-
tribution), (6)259

Tobacco, (9)24-25, 69
TOC, (see total organic carbon), (2)
TOCI, (see total organic chlorine), (2)
Tolerance distribution models, (3)2, 40-41
Tolerated dose, maximum (MTD), (8)6,

432-433, 449, 450
Toluene, (1)770-773; (2); (3)168-172; (4)

250, 252, 254
in drinking water, (2)159
effects in animals, (1)772
effects in man, (1)771-772

Toluene diisocyanate, o-dichlorobenzene
used in manufacture, (5)22

Total organic carbon, (2)252, 269-270, 302
Total organic chlorine, (2)158
Total Diet Study, FDA, (3)331, 337-338
Total Exposure Assessment Measurement

(TEAM) study, (6)260
Toxaphene, (1)600-604, 796

effects in animals, (1)601-602
effects in man, (1)601

Toxic, (1); (3); (6)
chemicals, (3)2-3, 28-29
dose, maternally, (6)25
effects, mechanisms, (1)58-59
metabolites, short-lived, (6)204
substances, criteria for testing sus-

pected, (1)16
Toxicants, genetic, (6)155
Toxicity and toxicology, (1)12, 30, 57-58;

(3)3-4, 28-29; (6); (8); (9)
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acetylcholinesterase, (9)147-153, 170
acute, (1)29
assessment of, (8)410-425
biochemical interaction, (3)45-56
chronic, (1)22; (9)9-10, 11-13, 21-22, 27
classification of substances, (9)96-97,

104-105, 123-129, 146, 168
commonality, (9)123
comparison of human and murine, (8)

434-435
cytotoxicity, (9)17, 68
data bases, (9)119, 170
data selection criteria, (1)15
definition of, (1)803
detoxification, (9)7-9, 28, 57, 103
developmental, (see developmental toxi-

city), (6), (9)74, 77
DNA adducts and, (9)1-5, 6, 17-25, 47-52
DNA adducts, specific, (9)61-77
environmental variables affecting, (1)36
extrapolation from animals to man, (1)

12, 19, 27-37
genetic, (6)148-149
hepatic systems, specific DNA adducts,

(9)68, 73, 75, 77
immunotoxicity, pentachlorophenol, (6)

390-391
inhalation, (6)6
laboratory studies, (1)19
maternal, (see maternal toxicity), (6)
mechanism of, (8)412-414
mixtures of toxins, (9)95-97, 99-100,

104, 121-131, 170
National Toxicology Program, (9)102,

115-117
neurotoxicity, organophosphorous, (9)

147-153;
carbamates, (9)153

nonsaturable pathway, (8)266
oocyte, (6)41-42
phosphorus deficiency, (3)278
reproductive, (see reproductive toxic-

ity), (6); (9)74
reversibility, (1)23-27, 53
selected contaminants, (6)294-412
skin, (9)63, 65, 67, 71, 75
sperm, (6)55-56
studies of water, criteria for, (1)12, 16, 19
synergistic, (1)36
testing procedures, (6)36, 83-92
tests, laboratory animal, (1)29-37, 55-56
tests, standardized conditions, (1)30-31
xenobiotic substances, (9)3, 9

(see also neurotoxicity), (6)
(see also carcinogenic; DNA adducts,

specific; dosages and dosimetry;
genetic toxicity; inhalation toxicol-
ogy), (9)

Toxicology Information Network
(TOXIN), (8)247-248

Toxicology studies, extrapolation to
humans, (1)

acute, (1)21, 29
subchronic, (1)21

Toxification, (1)58
Toxiphors, (8)265
2,4,5-TP (2,4,5-

trichlorophenoxypropionic acid), (1)
509-519

carcinogenicity, (1)515
dose levels, (1)513-515, 796
mutagenicity, (1)515
teratogenicity, (1)515-516
toxicity, (1)513-515, 516-517, 519

TPA (tetradecanoyl-phorbol-13-acetate),
(6)264, 283

Trace elements, (1); (3)
concentrations, (1)218, 220
in drinking water (see metals, trace), (1)
iodine, (3)216

Trace metal content, (1); (4)
Boston, Mass., area, (4)39-40, 41
Chicago, Ill., water treatment system, (4)

35, 36
Tracheobronchial (TB) liquid lining, (8)

357-361
Transcription, (9)13
Transfer constant, (8)27
Transforming genes, (6)142
Transition rate, (8)380
Translocations, (6)80

heritable, (6)80-81
Transport, drug, (8)89-90
Treflan, (see dinitroanilines), (1)
Tremolite, (1)144, 151

actinolite mineral series, (1)148-149
Triazines, (1)533, 535-539, 796, 798

ADI, (1)796
dose levels, (1)796
toxicity, (1)535-536

Tribromomethane, (see bromoform), (1);
(2)151-152

Trichloramine, (see nitrogen trichloride),
(2)

Trichlorfon, (6)396, 397, 398-408; (9)
68-69
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ADI, (6)408, 411
carcinogenic risk estimate, (6)411
carcinogenicity, (6)405-406
cholinesterase activities, (6)402
developmental effects, (6)406
epidemiological study on, (6)244
health aspects in humans, (6)398-400
health aspects in other species, (6)

400-403
metabolism, (6)397-398
mutagenicity, (6)403-405
neurotoxicity, (6)403
reproductive effects, (6)406-407
SNARL, (6)411
studies needed, (6)412

Trichloroacetaldehyde, (see chloral), (1);
(2)165; (7)144

(see also haloaldehydes), (7)
Trichloroacetic acid (TCA), (6)202-203;

(7)34-35, 37, 39, 40, 133, 145-146
(see also haloacids), (7)

2,2,2-trichloroacetic acid, metabolite of
1,1,1-trichloroethane, (5)74

1,1,1-trichloroacetone, (see haloketones),
(7)

Trichloroacetonitrile, (see haloacetoni-
triles), (7)

Trichloroacetyl type chloroform precur-
sors, (7)38

Trichlorobenzene, (1)773-775
1,1,1-trichloroethane, (3); (5)9, 28, 32,

74-78; (9)134
acute effects, (5)75-76
carcinogenic risk estimate, (5)77-78, 98
carcinogenicity, (5)76-78
chronic effects, (5)76
1,2-dichloroethane, (5)28
human health effects, (5)75
metabolism, (5)74-75
mutagenicity, (5)76, 99
SNARL, (5)78, 98
teratogenicity, (5)78
toxicity, (3)144-155
tumor incidence, (5)77

1,1,2-trichloroethane, (1)775-777
Trichloroethanol (TCEA), (7)145-146
2,2,2-trichloroethanol, metabolite of 1,1,1-

trichloroethane, (5)74
Trichloroethylene (TCE), (1)777-781; (2)

287; (3); (5)9, 79-85; (6)186-188,
189; (7)145; (9)134, 171-174

acute effects, (5)81
carcinogenic risk estimate, (1)779-780,

794; (5)83-84, 98

carcinogenicity, (5)82-83
chronic effects, (5)81
effects in animals, (1)778
effects in man, (1)777-778
human health effects, (5)80-81
metabolism, (5)71, 79-80
mutagenicity, (5)81-82, 99
SNARL, (5)85
teratogenicity, (5)84-85
toxicity, (3)155-166
toxicity data, (1)781
tumor incidence, (5)83

Trichlorofluoromethane, (1)781, 782-783;
(3)

toxicity, (3)166-168
Trichloromethane (chloroform), (1); (7)111

(see also trihalomethanes), (7)
Trichloromethyl cyanide, (see haloacetoni-

triles), (7)
Trichloromethylnitrile, (see haloacetoni-

triles), (7)
Trichloronitromethane, (see chloropicrin),

(7)
2,4,6-trichlorophenol, (1)799; (4)264-268

health effects, (4)266-267
metabolism, (4)265
SNARL, (4)203, 268
uses, (4)264

Trichlorophenols, (see chlorophenols), (7)
2,4,5-T (2,4,5-trichlorophenoxyacetic

acid), (1)499, 500-513, 796
ADI, (1)509
carcinogenicity, (1)506
dose levels, (1)501-506
esters of, (1)503
mutagenicity, (1)505
teratogenicity, (1)508
toxicity, (1)500-510

1,2,3-trichloropropane (1,2,3-TCP), (see
chloropropanes and chloropropenes),
(6)

Trichuris trichiura, (1)115
Trifluralin, (see dinitroanilines), (1)
Trihalomethanes (THMs), (2)140; (3)1,

6-7, 13-18, 19, 55-56; (4)3; (7)1-2,
111-133; (9)103, 134, 135, 140-141,
142, 143

acute effects, (7)117-118
anion exchange resins studies, (2)344
carcinogenicity, (7)122-129
chlorination effects, (2)5, 8
chlorophyll reaction, (2)164
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chronic effects, (7)120-122
coagulation, (2)9
concentration, (4)97
in CPVC pipe water, (4)67
formation, (2)149-153, 171-172,

269-270, 344
formation from chlorine dioxide, (2)52
formation reactions, (2)160-161, 163
GAC, (2)289
health effects in humans, (7)114-117
health effects in other species, (7)117-129
hypochlorous acid, (2)141
instantaneous, (4)97
metabolism, (7)112-114
mutagenicity, (7)122
NOMS, (2)150-151
nonhaloform products, (2)153-154
NORS, (2)150-151, 172-173
potable waters, laboratory studies, (2)

186-187
precursors, (2)344-345
production, (2)9
reactions, (4)96
seasonal variation, (2)164
subchronic effects, (7)118-120
total, (4)97
U. S., municipal water supplies, (2)

150-151
in water supplies, (2)185-186

Triiodide, ozone reaction, (2)44
Triiodothyronine, (3)302
Trilobus species, (1)116
Trimethylbenzene, (1)799
Trimtrophenols, (4)

health effects, (4)238-239, 240
isomeric forms of, (4)231
metabolism, (4)235
properties of, (4)232
SNARL, (4)203, 245, 247
uses, (4)231

Tris, (6)77
Trisomies, (6)70
Tritium, (1)858, 862, 871
Tritox, (see haloacetonitriles), (7)
Trivalent arsenic toxicity, (3)339
Trivalent chromium, (3)365, 367
True-positive or true-negative result, (6)

235
TTHM (see trihalomethanes, total), (4)
Tuberculation, corrosion and, (4)13-14, 28
Tubular cross sections, (6)92
Tumor(s), (1); (6); (8)

childhood, (6)14
growth time, (1)40
induction, (6)5
malignant, (1)23
promoters, (8)21
promotion, human, multiple stages in,

(6)148
Tumor incidence data, (5)2; (6)

acrylamide, (6)301
chlorobenzene, (5)21
chloropropanes and chloropropenes, (6)

336
diallate, (6)311
dibromochloropropane, (6)324
1,2-dichloroethane, (5)31
1,1-dichloroethylene, (5)37-38
di(2-ethylhexyl)phthalate, (6)349
hexachlorobenzene, (5)54-55
nitrofen, (6)372
sulfallate, (6)313, 314
1,1,1-trichloroethane, (5)77
trichloroethylene, (5)83
(see also carcinogenicity), (5)

Tumorigenesis, (8)5-6, (9)3-4
animal models, (9)19-21
DNA adduct dosimetry, (9)27
and germ cell mutation, (9)18

Turbidity drinking water standard, (2)10
Turbidity, water, (1)94, 183-188, 190, 217

causes of, (1)183
measuring, (1)187-188

Turbidimetry, (1)187
TWA, (see time-weighted average stan-

dard (4)
Two-compartment model, (8)30-31, 32,

43 194
Two-hit dose response model of carcino-

genesis, (1)45
Two-stage carcinogenicity model, (8)21,

273, 274
TYMNET data communications network,

(8)247
Typhoid fever, (1)3-4, 6-7, 64, 78, 82-82;

(2)18; (7)4

U

UICC (Unio Internationale Contra Can-
crum asbestos reference samples, (1)
147, 150-151

Ultrafiltration method to recover
enteroviruses from water, (1)97
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Ultrasensitive enzymatic radioimmunoas-
say (USERIA), (9)23, 41

Ultraviolet (UV) radiation, (1)50; (2); (7)
20; (9)13, 40

in drinking water disinfection, (7)13
light disinfection, (2)106-112
skin, effects on, (9)38
spectroscopy, (2)75

Unbound, (8)
concentration, (8)103, 108
fractions, (8)88-92, 103

Uncertainty(ies), (8)
error analysis and, (8)188-193
inherent, (8)473
using SIMUSOLV, (8)185-207

Uncertainty factors, (1),
(see safety factor), (1); (6)8, 253
Uniform corrosion, (4)27
Unit risk, (6)255
United Kingdom, (2); (3)22; (9)138

pilot plant effluent studies, (2)308
University of Michigan School of Public

Health, plastic pipe studies, (4)64
Unplasticized PVC pipe, (4)63, 65
UNSCEAR (United Nations Scientific

Committee on the Effects of Atomic
Radiation), (1)857, 858, 859, 861,
878, 886, 889

Unstable metabolites, (8)119
Upper respiratory tract (URT), (8)303

morphology of, (8)358
uPVC, (see unplasticized PVC pipe), (4)
Uracil, (see bromacil), (1)
Uranium, (1); (3)173-177; (5)9, 90-97

acute effects, (5)94
chronic effects, (5)94-95
concentrations in water, (1)858
human health effects, (5)93
metabolism, (5)92-93
mutagenicity, (5)96, 99
SNARL, (5)96-97, 98
teratogemcity, (5)96
U-238, (1)859

Urea, (1)142
Urine and urinary system, (8); (9)43, 72,

102
bladder exposure to N-hydroxy ary-

lamines, (8)334-348
excretion into, (8)142-143
metabolism, (8)147

URT, (see upper respiratory tract), (8)
U.S. Public Health Service, drinking

water standards, (4)64

U.S. asbestos workers and GI cancer, (5)
128

Utah, arsenic in drinking water, (5)120-121
Uterine epithelial hypertrophy, (6)89

V

Vaccines, oral, (1)101
Vaginal opening time in rat pup, (6)88-89
Validations, (8)

of PB-PK models, (8)283, 317-319
prospective, in anticancer therapy, (8)

431-440
Valves, distribution system, (4)12
Van de Graaff generator, (2)95-97
Vanadium, (1)210-212, 216, 218,

220-221, 296-298, 302-303, 315
Vanadium nutrition, (3)350-354, 374-375

chromium interaction, (3)368
Vancide 89, (see captan), (1)
Vanguard K, (see captan), (1)
Vapor hazard index, (7)165
Variable-threshold model of carcinogene-

sis, (1)45, 46
Variance of error, (8)191-193
VCM (vinyl chloride monomer), (8)

456-458
Vegans, (3)266
Velocity of reaction, minimum, (8)14
Venezuela, selenium intake, (3)321
Venous, (6); (8)

blood concentration, (6)183
blood mass-balance equation, (8)262
equilibration model of organ elimina-

tion, (8)83-86
Vermiculite, (1)139, 142
Vessel-poor group (VPG) of organs, (8)447
Vessel-rich group (VRG) of organs, (8)447
Viability index, (6)84
Vial equilibration, (6)182; (8)164
Vibrio cholerae, (1)2, 67-68, 70, 73; (2)45
Vincristme, (6)118
Vinyl chloride, (1)783-787; (4); (5)9,

85-90; (6)72; (8), (9)73, 134, 164, 165
acute effects, (5)86
carcinogenic risk estimates, (1)785-786,

794
carcinogenicity, (4)4, 70, (5)88-89
chronic effects, (5)86
chronic exposure, (5)33-34
1,2-dichloroethane, (5)28
effects in animals, (1)784-785

CUMULATIVE INDEX 265

Ab
ou

t 
th

is
 P

D
F 

fil
e:

 T
hi

s 
ne

w
 d

ig
ita

l r
ep

re
se

nt
at

io
n 

of
 t

he
 o

rig
in

al
 w

or
k 

ha
s 

be
en

 r
ec

om
po

se
d 

fro
m

 X
M

L 
fil

es
 c

re
at

ed
 f

ro
m

 t
he

 o
rig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 f
ro

m
 t

he
or

ig
in

al
 ty

pe
se

tti
ng

 fi
le

s.
 P

ag
e 

br
ea

ks
 a

re
 tr

ue
 to

 th
e 

or
ig

in
al

; l
in

e 
le

ng
th

s,
 w

or
d 

br
ea

ks
, h

ea
di

ng
 s

ty
le

s,
 a

nd
 o

th
er

 ty
pe

se
tti

ng
-s

pe
ci

fic
 fo

rm
at

tin
g,

 h
ow

ev
er

, c
an

no
t b

e
re

ta
in

ed
, a

nd
 s

om
e 

ty
po

gr
ap

hi
c 

er
ro

rs
 m

ay
 h

av
e 

be
en

 a
cc

id
en

ta
lly

 in
se

rte
d.

 P
le

as
e 

us
e 

th
e 

pr
in

t v
er

si
on

 o
f t

hi
s 

pu
bl

ic
at

io
n 

as
 th

e 
au

th
or

ita
tiv

e 
ve

rs
io

n 
fo

r a
ttr

ib
ut

io
n.

Copyright © National Academy of Sciences. All rights reserved.

Drinking Water and Health, Volume 9 Selected Issues in Risk Assessment
http://www.nap.edu/catalog/773.html

http://www.nap.edu/catalog/773.html


health effects, (4)150
human health effects, (1)784; (5)86
metabolism, (5)85-86
monomer (VCM), (8)456-458
mutagenicity, (5)86-87, 99
in plastic pipe, (4)63, 67
teratogenicity, (5)89-90

Vinyl cyanide, (see acrylonitrile), (3)
Vinyl epoxy, (4)4
Vinyl trichloride, (see trichloroethane), (1)
Vinylidene chloride, (see 1,1-

dichloroethylene), (5); (6)209
Virtual steady states, (8)98-99

validity of assumption of, (8)105-106
Virtually safe doses (VSD), (8)296-298
Virucidal activity, (see biocidal activity),

(2)
Viruses, (1)13, 63, 88-111, 120, 179,

181-183, 186; (2); (7)22-24
correlations with bacteria, (1)110-111
detecting waterborne, (1)94-95
disinfection of water, (2)14-15
enteric, (see enteroviruses), (1)
epidemiology, (1)91-94
health effects in drinking water, (1)

101-104
history of enteric, (1)89-91
ozone for inactivation, (2)47
pollovirus, (2)1, 46, 48
Potomac River, free chlorine tests, (2)31
recovery from water, (1)94-101
resistance to disinfection, (1)104-110
water treatment to remove, (1)104-111

Visual system, (6)109
Vitamin D, (3)270, 277
Vitamin E, (3)325, 329, (7)113
Volatile organic compounds (VOCs), (6)

168-169, (9)106, 136-137, 142
carcinogenic risk estimation, (9)162-166
dose-response curves, (6)172-173
drinking water concentrations, (9)138,

140
groundwater concentrations, (9)136,

139-140
pharmacokinetic models, (9)113-114,

171-174
risk assessment, (9)96
routes of exposure, (6)171-172
solvents, (9)126
standards, (9)134
volatility, (9)140-141, 143

Volatility of contaminants, (9)139-141, 143

Volume of distribution, (8)31
VPG (vessel-poor group) of organs, (8)447
VRG (vessel-rich group) of organs, (8)447
VSD (virtually safe doses), (8)296-298

W

War, (9)147
Washington County, Md., water quality

study, (3)10
Washington State, asbestos in drinking

water, (5)137-139
Waste disposal, (1)174-176
Wastewater, (1), (2)

ionizing radiation, (2)96
reclamation of, (1)104

Wastewater treatment, (2)
bacteria on GAC, (2)309
effluent ozonization, (2)203
microbial activity on GAC, (2)304-306

Water, (1); (2); (3); (7)
collection, (7)5-6
distribution systems, (1)65-66, 77, 91;

(7)6
epidemiological studies, (7)50-60
hardness, (see also soft water), (3)1-2,

21-22, 267, 271;
(see also hardness, water), (1)
intake, (3)266
mutagenicity of, (7)45-46
quality, effects on disinfection, (2)7-17
softening, (2)86
supply disinfection, (2)5-137
toxicity, (7)46-50
treatment practices, (7)6
treatment processes, (2)167, 255-256
uses, (1)17
(see also epidemiological studies of con-

taminants, mutagenicity), (7)
Water consumption volume, human, (1)11
Water quality, (2); (3); (4)

A/C pipe effect on, (4)49-58
biofilm effect on, (4)112
biological effects on, (4)4-5
chemical effects on, (4)2-3
corrosion and, (4)29-30
effect on A/C pipe performance, (4)

46-47, 49
effects on disinfection, (2)7-17
future THM studies, (3)13, 17
indexes, (see Aggressiveness Index,

Langelier Index, Saturation Index), (4)
linings and, (4)3-4, 32-33, 71-92
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Los Angeles County, Calif., cancer
study, (3)11

microorganisms effect on, (4)122-123
Mississippi River, La., cancer studies,

(3)8
NCTHM concentration, bladder cancer

relationship, (3)13
New Jersey cancer study, (3)12
Ohio River cancer studies, (3)8, 11
Pittsburgh, Pa., cancer studies, (3)12
plastic pipe effect on, (4)64
THM concentrations-cancer relation-

ship, (3)13-18
upstate New York cancer study, (3)9-10
Washington County, Md., cancer study,

(3)10
(see also biological quality of water,

chemical quality of water), (4)
Water supplies, (1)

inorganic solutes in, (1)205-488
monitoring of, (1)76, 86
organic particulates in, (1)168-179
safety, (1)7
sampling, (1)76-78
on ships and waterborne disease, (1)

65-66
U.S. standards, history, (1)6-8
well, (1)93

Water supply systems,
(see also public water supply), (1); (2);

(3)267; (4)
disinfection, (2)5-137; (4)12, 15
individual and waterborne disease, (1)65
municipal and waterborne disease, (1)65
reliability, (4)16
semipublic and waterborne disease, (1)65
source of, (4)9
treatment, (4)3, 10
treatment, Philadelphia, Pa., (2)276
typhoid fever outbreaks, (1)64
(see also distribution system), (4)

Water treatment, (1); (2); (3)373; (7)
adsorbent unit processes, analytical

methods, (2)356-365
adsorption, (2)256
calcium hypochlorite, (2)35
coagulation process, (2)268-271
disinfection effects on, (2)5-137, 255
Federal Republic of Germany, (2)362
filtration process, (2)268-271
history, (1)2-8
hydrous iron oxide, (2)83
indicator organisms in, role of, (1)70-71
microbial action on GAC, (2)296-299

Niagara Falls, N.Y., (2)51
parasite removal, (1)117-118, 120-121
particulates removal, (1)184-186
Philadelphia, Pa., (2)276, 287, 298
practices, (7)6
preozonization, (2)299-302
processes, (2)167, 255-256
sedimentation process, (2)268-271
supply treatment, Philadelphia, Pa., (2)

276
THM precursors removal, (2)345
trace metals removal, (1)217, 220-226
transmission of hepatitis A, (1)91
virus removal, (1)104-111
Zurich, Switzerland, (2)298
(see also chlorination, coagulation, filtra-

tion, sedimentation), (1)
Water treatment plants, (2)

clarification processes, (2)268-271
Delaware River, (2)153
disinfection, (2)255
PAC use, (2)274

Waterborne disease, (see epidemiology),
(1); (2)5;

(see diseases, waterborne), (4); (7)4-5
outbreaks, (7)14-15

Waterborne pathogens, (7)14-24
Water-softening, (see lime softening), (1);

(see also soft water, water hardness),
(2); (3)21-23, 285

Weaning index, (6)84
Weibull model, (6)269-270
Wells and well water, (4)53; (9)134
Well-stirred model of organ elimination,

(8)83-86, 113
Whipworms, (1)115-116
White-blood-cell (WBC) counts, (7)121
WHO, (see World Health Organization),

(3)
Wilson's disease, (1)252-253;
(see hepatolenticular degeneration), (3)
Wisconsin, (7)

case-control study using personal inter-
view, (7)56-57

mortality case-control study, (7)53
Women, (3);
(see females), (6)

iron requirements, (3)310
World Health Organization, (1)78; (3)30

X

X chromosomes, (6)78
Xanthomonas, (2)309
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Xenobiotic substances, (6)3; (9)3
effect on oogenesis, (6)43-45
tobacco carcinogens, (9)9, 24-25

Xeroderma pigmentosum, (1)43, 51
X-rays, (1); (2)94-95

diffraction, asbestos analysis, (1)159
Xylenes, (1)787, 788-789; (3)

toxicity, (3)178-181
Xylenol isomers, (1)730

Y

Y chromosomes, (6)64
Yeast, pathogenic, (1)63
Yersinia enterocolitica, (1)64, 67
YFF test, (6)63, 64-65
Yusho disease, (1)758

Z

Zinc, (1)139, 171, 207-208, 211-212, 216,
218, 220-221, 299-304, 316; (4)

concentration in Boston, Mass., area
water, (4)50

corrosion and, (4)2, 32, 34, 59, 95
health effects, (4)150

Zinc nutrition, (3)315-321, 374-375
copper interaction, (3)314
iron interaction, (3)311

Zineb, (see dithiocarbamates), (1)
Ziram, (see dithiocarbamates), (1)
Zona pellucida, (6)40
Zurich, Switzerland, (2)

ozonization by-products, (2)203
water treatment, (2)298
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