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PREFACE v

Preface

This volume presents the findings of a study of the potentially harmful
effects that impurities in water may have on the health of those who drink it. The
study was conducted by the Committee on Safe Drinking Water of the National
Research Council, supported by a contract between the Environmental Protection
Agency and the National Academy of Sciences.

Several factors combined to place an unusually heavy burden on all those
who participated in this effort. At the outset, the purpose, scope, and duration of
the study were defined in the Safe Drinking Water Act of 1974 in such a way as
to require the Administrator of the Environmental Protection Agency not only to
arrange for the study to be performed, but to make prompt use of the findings as
the scientific basis for revision or ratification of the Interim Primary Drinking
Water Regulations that were promulgated under the Act. These requirements, of
necessity, imposed a severe restriction on the time available to the participants. It
was also apparent that the application of modern methods of analysis had greatly
expanded and diversified our knowledge of the occurrence of trace impurities in
water and was continuing to do so much more rapidly than the rate of
accumulation of information about their toxicity. This necessitated a careful and
laborious scrutiny of a large and diverse segment of the scientific literature.
Furthermore, the central effort of the study, namely, assessment of the long-term
biological effects of ingesting the variety of different materials that are present in
trace amounts in drinking water, made severe demands on our ability to apply the
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PREFACE vi

contemporary knowledge of toxicology and epidemiology to quantitative
estimation of the risks to public health in terms that would be useful in framing
regulations. In recognition of these limitations, it was concluded that the intent of
Congress and the possibilities inherent in the body of scientific knowledge on
which we could draw could best be reconciled in terms of the interpretation of the
scope of the study given in Appendix A.

To carry out the work of the study, the principal subdivisions of the subject
matter were assigned to subcommittees, each of which was chaired by a member
of the Safe Drinking Water Committee, which, in turn, was responsible for the
general direction of the study (see Appendix B). We are most grateful to all those
members of the scientific community who served on these committees, meeting
as frequently as the task required, and whose written contributions form the basis
for this report.

It is a pleasure also to express, on behalf of the entire study group, a special
note of thanks to the staff: Dr. Riley D. Housewright, Mr. J. P. T. Pearman, Dr.
Robert Golden, Mrs. Susan Chen, and Mr. Ralph C. Wands, whose informed and
tireless efforts ably supported the committees, not only in the planning and
conduct of the study, but also by procuring the various bibliographic and
consulting services that proved to be required. In this connection we are grateful
to the International Agency for Research on Cancer for helping to assess the
potential carcinogenicity of organic compounds found in drinking water; and to
Ms. Libbey Smith, Ms. Judith L. Mullaney, Ms. Florence Carleton, Dr. Penelope
Crisp, and Dr. Lana Skirboll, all of whom assisted in an extensive search of the
scientific literature.

We acknowledge with gratitude the assistance of all those outside
consultants who supplied information for our consideration, and the help of many
members of the staff of the Environmental Protection Agency, especially Dr.
Edgar A. Jeffrey and his successor, Dr. Joseph Cotruvo, and Dr. Robert Tardiff
and Mr. Lee McCabe, who helped to place at our disposal the information
available within that agency.

Organization of meetings and the labor of preparing manuscripts was made
easier by the dedicated secretarial services of Mrs. Delores Banks, Ms. Helen
Harvin, Mrs. Merle Morgan, and Ms. Carol Fisher.

Last, but not least, we thank the members of the public who took the trouble
to submit suggestions for our consideration and expressed to us their views and
concerns at our public meetings.

GERARD A. ROHLICH, CHAIRMAN
SAFE DRINKING WATER COMMITTEE
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HISTORICAL NOTE 1

Historical Note

As noted by Baker (1949), the quest for pure water began in prehistoric
times. Recorded knowledge of water treatment is found in Sanskrit medical lore
and in Egyptian inscriptions. Pictures of apparatus to clarify liquids (both water
and wine) have been found on Egyptian walls dating back to the fifteenth century
B.C. Boiling of water, the use of wick siphons, filtration through porous vessels,
and even filtration with sand and gravel, as means to purify water, are methods
that have been prescribed for thousands of years. In his writings on public
hygiene, Hippocrates (460-354 B.C.) directed attention principally to the
importance of water in the maintenance of health, but he also prescribed that rain
water should be boiled and strained. The cloth bag that he recommended for
straining became known in later times as "Hippocrates' sleeve."

Public water supplies, already developed in ancient times, assumed added
importance with the progressive increase in urbanization. But though they were
clearly beneficial in distributing water of uniform quality, large numbers of
people ran the risk of suffering adverse effects when the water was unsafe to
drink.

The first clear proof that public water supplies could be a source of infection
for humans was based on careful epidemiological studies of cholera in the city of
London by Dr. John Snow in 1854 (Snow, 1855). Although Snow's study of the
contaminated Broad Street pump is the most famous, his definitive work
concerned the spread of cholera through water supplied by the Southwark and
Vauxhall Company and the
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HISTORICAL NOTE 2

Lambeth Company. The former obtained its water from the Thames at Battersea,
in the middle of London in an area almost certainly polluted with sewage,
whereas the Lambeth Company obtained its water considerably upstream on the
Thames, above the major sources of pollution. In one particular area served by
these two companies, containing about 300,000 residents, the pipes of both
companies were laid in the streets, and houses were connected to one or the other
sources of supply. Snow's examination of the statistics of cholera deaths gave
striking results. Those houses served by the Lambeth Company had a low
incidence of cholera, lower than the average for the population of London as a
whole, whereas those served by the Southwark and Vauxhall Company had a very
high incidence. As the socioeconomic conditions, climate, soil, and all other
factors were identical for the populations served by the two companies, Snow
concluded that the water supply was transmitting the cholera agent. Snow's
study, a classic in the field of epidemiology, is even more impressive when it is
realized that at the time he was working, the germ theory of disease had not yet
been established.

During the seventeenth to the early nineteenth centuries, a number of
improvements in water supply were made, most of them related to improvements
in filtration to remove the turbidity of waters. During this same period, the germ
theory of disease became firmly established as a result of research by Louis
Pasteur, Robert Koch, and others, and in 1884 Koch isolated the causal agent of
cholera, Vibrio cholera.

Importance of Water Filtration

In 1892, a study of cholera by Koch in the German cities of Hamburg and
Altona provided some of the best evidence of the importance of water filtration
for protection against this disease (Koch, 1894). The cities of Hamburg and
Altona both received their drinking water from the Elbe River, but Altona used
filtration, since its water was taken from the Elbe below the city of Hamburg and
hence was more grossly contaminated. Hamburg and Altona are contiguous
cities, and in some places the border between the two follows a contorted course.
Koch traced the incidence of cholera in the 1892 epidemic through these two
cities, with special attention directed to the contiguous areas. In such areas it was
assumed that climate, soil, and other factors would be identical, the principal
variable being the source of water. The results of this study were dear-cut:
Altona, even with an inferior water source, had a markedly lower incidence of
cholera than Hamburg. Since by this time it was well established that cholera was
caused by intestinal bacteria excreted in
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HISTORICAL NOTE 3

large numbers in the feces, it was concluded that the role of filtration was to
remove the contaminating bacteria from the water.

In the United States, cholera was not a problem after the mid-nineteenth
century; the waterborne disease of particular concern was typhoid fever. In
England, William Budd had shown by the mid-nineteenth century that typhoid
fever was a contagious disease, and the causal agent was isolated and identified
by Eberth in 1880 and Gaffky in 1884 (Wilson and Miles, 1957). Although the
causal agent, now called Salmonella typhi, is transmitted in a variety of ways, one
of the most significant is by drinking water.

Experiments on water filtration were carried out in the United States during
the late 1880's and early 1890's, notably by the Massachusetts State Board of
Health experiment station established in 1887 at the city of Lawrence. At this
station the treatment of water as well as sewage was considered by an
interdisciplinary group that included engineers, chemists, and biologists. A leader
in this work was W. T. Sedgwick, a professor at the Massachusetts Institute of
Technology (MIT), and MIT's influence on water-supply research remained
strong throughout the first quarter of the twentieth century. Much of the history
of this work has been reviewed by Whipple (1921) and in the two editions of
Hazen's book (1907, 1914); the technical aspects are discussed and clearly
illustrated by Johnson (1913). One important technological advance that made
water filtration adaptable even to rather turbid sources of water was the use of
chemical-coagulation filtration processes, patented about 1884 by the brothers J.
W.and L. S. Hyatt.

While the Lawerence experiments were going on, an epidemic of typhoid
swept through the city, hitting especially hard at those parts that were using the
Merrimac River as its water supply. As a result, the city of Lawrence built a sand
filter, and its use led a marked reduction in the typhoid fever incidence. As
reported by Hazen (1907), the death rate from typhoid fever in Lawrence dropped
79% when the 5-yr periods before and after the introduction of the filter were
compared. Of additional interest was a reduction in the general death rate (all
causes) of 10%, from 22.4 to 19.9 per 1,000 living.

Another major series of filtration experiments were made in 1895-1897 at
Louisville, Ky., where the source of water was the muddy and polluted Ohio
River. These experiments were successful, and from an engineering point of view
were of importance because they showed that it was possible to treat source
waters of a rather poor quality (the Merrimac River at Lawrence may have been
polluted, but at least it was a clear water, making filtration rather easier.) The
success of the Louisville experiments and the other studies led to rapid
establishment of filters as a
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HISTORICAL NOTE 4

means of water purification; by 1907 Hazen could list 33 cities in the United
States, some of comparatively large size, which were using mechanical filters,
and 13 cities that were using slow sand filters. As discussed by Hazen, filtration
led to an elimination of turbidity and color from the water, and to a removal of
about 99% of the bacteria present. At that time these conditions were considered
as a standard by which the quality of a treated water should be judged. As Hazen
states: "There is no final reason for such standards. They have been adopted by
consent because they represent a purification that is reasonably satisfactory and
that can be reached at a cost which is not burdensome to those who have to pay
forit. ... There is no evidence that the germs (characteristic of sewage pollution)
so left in the water are in any way injurious. Certainly if injurious influence is
exercised it is too small to be determined or measured by any methods now at our
disposal." This last statement is of considerable importance when considered in
the light of the important advance in water purification practice yet to come,
chlorination.

An excellent overview of the relationship between water quality and typhoid
fever incidence was published at about this time by Fuertes (1897). He gathered
typhoid fever statistics for a large number of cities in North America and Europe
and grouped the data by type of source water and water treatment.

Chlorination, The Most Significant Advance in Water
Treatment

Although a reading of Hazen's 1907 book might lead one to conclude that
excellent water quality had been well established by filtration, the most important
technological advance in water treatment was yet to come. The introduction of
chlorination after 1908 provided a cheap, reproducible method of ensuring the
bacteriological quality of water. Chlorination has come down to us today as one
of the major factors ensuring safety of our drinking water.

Calcium hypochlorite was manufactured industrially for use as a bleaching
powder and was used in paper mills and textile industries. It was a cheap
chemical, and hence readily adaptable to use on the large scale necessary for
drinking water. The first practical demonstration in the United States of its use in
water supply was at the filter plant of the Chicago Stock Yards, where it was
introduced by Johnson in the fall of 1908 (Johnson, 1913).

The use of chlorination in an urban water supply was introduced in Jersey
City, N.J., in the latter part of 1908. The circumstances surrounding the Jersey
City case are of some interest from a historical point of view and will be briefly
reviewed. Jersey City received its water from a
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HISTORICAL NOTE 5

private company that used a large reservoir at Boonton, an impoundment of the
Rockaway River. The water was supplied to the city unfiltered, although some
settling took place in the reservoir. Several years before 1908 the city raised the
contention that the water being supplied was not at all times pure and wholesome
for drinking, as was required by the terms of its contract with the private
company. At certain times of the year, the water in the reservoir became polluted
as a result of sewage influx from communities on the river above the reservoir.
Rather than undergo the expense of a filtration plant, or attempt to control the
sewage influx from the various communities, the private company chose to
introduce a chlorination system. The results were dramatic. A marked drop in
total bacterial count was obtained, and at a cost far lower than any other
procedure. After many months of operation, further testimony before the court
was held, to determine whether the company was meeting its contract, and the
court decided that the evidence was favorable to the company. As stated by the
court examiner: "I do therefore find and report that this device [chlorination] is
capable of rendering the water delivered to Jersey City pure and wholesome for
the purposes for which it is intended and is effective in removing from the water
those dangerous germs which were deemed by the decree to possibly exist therein
at certain times."

The dramatic effect that chlorination had on water-supply problems is well
illustrated by comparing the first and second editions of Hazen's book (1907 and
1914). In the first edition, barely any mention of disinfection is made (merely a
remark about ozone being too expensive), but in the second edition Hazen waxes
enthusiastic about the advantages of chlorination. As he says, chlorination could
be used "at a cost so low that it could be used in any public waterworks plant
where it was required or advantageous . . .. When the advantages to be obtained
by this simple and inexpensive treatment became realized, as a result of the
publicity given by the Jersey City experience, the use of the process extended
with unprecedented rapidity, until at the present (1914) the greater part of the
water supplied in cities in the United States is treated in this way or by some
substitute and equivalent method."

Interestingly from the point of view of the present report, the introduction of
chlorination also changed markedly the established ideas about water-quality
standards: "The use of methods of disinfection has changed these standards
radically. By their use it has been found possible to remove most of the remaining
bacteria so that the water supplied can be as easily and certainly held within one-
tenth of one percent of those in the raw water, as it formerly could be held within
one percent . . . . Even today the limit has not been reached. It may be admitted
that the
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HISTORICAL NOTE 6

time will come when a still higher degree of bacterial efficiency will be required.
Present conditions do not seem to demand it, but we must expect that in some
time in the future conditions will arise which will make it necessary. When
additional purification is required it can be furnished." (Hazen, 1914).

The importance of Hazen's book is that Hazen was a major consulting
engineer for a wide variety of water works, and was very influential in
recommending treatment methods. Chlorination was introduced at about the time
that adequate methods of bacteriological examination of water had developed,
permitting an objective evaluation of the efficiency of treatment. This evaluation
was not based on the incidence of typhoid fever directly, but was based on an
indirect evaluation using bacterial or coliform counts.

Soon after chlorination was introduced, it was possible to obtain firm
epidemiological evidence that cities chlorinating water had lowered incidences of
typhoid fever (G. C. Whipple, 1921). Filtration was introduced in 1906 and
chlorination in 1908, and both led to marked reductions in the incidence of
typhoid fever. Another dramatic example derives from observations at Wheeling,
W.Va., in 1917-1918 (Gainey and Lord, 1952). The incidence of typhoid fever in
Wheeling was 155-200 per 100,000 during these years. Chlorination was
introduced in the latter part of 1918, with the result that during the first 3 months
of 1919 only seven cases were recorded. For 3 weeks during April 1919
chlorination was discontinued, with the result that the number of cases increased
to 21, or a 300% increase. Chlorination was continued thereafter, and only 11
cases were recorded for the last 6 months of the year. Other examples of this sort
could be cited (Gainey and Lord, 1952).

Summary

We thus see that by the beginning of World War I the essential features of
water purification techniques were known, and their worth had been well
established. Since that time there have been many refinements made at an
engineering level, but no changes in the basic concepts. It is clear that the prime
motivation for the development and introduction of purification methods has been
to protect the public health, with special concern for controlling the spread of
typhoid fever. An ancillary consideration has been esthetics, showing concern for
the appearance, taste, and odor of the water.

One point worth emphasizing is that the availability of adequate treatment
methods has influenced the standards for drinking water. This point was implied
in the books by Hazen (1907 and 1914), but is most
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HISTORICAL NOTE 7

clearly seen in the preamble to the 1925 Federal Standards, which superseded the
brief 1914 Standards (see Standard Methods, 7th edition, 1933, p. 136, for the
complete 1925 Standards). The following quote is relevant:

The first step toward the establishment of standards which will insure the safety
of water supplies conforming to them is to agree upon some criterion of safety.
This is necessary because "safety" in water supplies, as they are actually
produced, is relative and quantitative, not absolute. Thus, to state that a water
supply is 'safe’ does not necessarily signify that absolutely no risk is ever
incurred in drinking it. What is usually meant, and all that can be asserted from
any evidence at hand, is that the danger, if any, is so small that it cannot be
discovered by available means of observation. Nevertheless, while it is
impossible to demonstrate the absolute safety of a water supply, it is well
established that the water supplies of many of our large cities are safe in the
sense stated above, since the large populations using them continuously have, in
recent years, suffered only a minimal incidence of typhoid fever and other
potentially waterborne infections. Whether or not these water supplies have had
any part whatsoever in the conveyance of such infections during the period
referred to is a question that cannot be answered with full certainty; but the total
incidence of the diseases has been so low that even though the water supplies be
charged with responsibility for the maximum Share Which may reasonably be
suggested, the risk of infection through them is still very small compared to the
ordinary hazards of everyday life.

At present other considerations make it necessary [for us] to be less
confident than was the 1925 Committee on Standards. Typhoid fever and cholera
are dramatic diseases whose causal agents are transmitted by the water route.
Typhoid fever statistics have provided some of the best evidence of the efficacy
of treatment systems, but it should be kept in mind that other diseases, not so
easily diagnosed, might also be kept under control at the same time. The so-called
Mills-Reincke theorem held that, for every death from waterborne typhoid, there
were several deaths from other diseases for which the causal agents were
transmitted by water (Shipple, 1921). At present, the incidence of typhoid fever in
the United States is so low that no useful information on the effectiveness of
recent changes in water-purification practices can be obtained from an
examination of the statistics. During the years 1946-1970, there were 53
outbreaks of waterborne infectious disease due to typhoid, but there were 297
outbreaks due to other bacterial or vital agents, including 178 outbreaks of
gastroenteritis of undetermined etiology (Craun and McCabe, 1973). Of the
outbreaks, 71 percent resulted from contamination of private water systems, but
most of the illness (83%) was associated with community water systems. During
the period 1946-1960 there were 70 outbreaks of waterborne disease in
communities served by public utilities (Weibel et al., 1964), of which only 6 were
typhoid fever. When data
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HISTORICAL NOTE 8

during this period for the number of outbreaks are examined, the incidence of
typhoid is even lower—103 cases out of a total of 19,928 (for a percentage of
0.5%). Even considering that typhoid is more likely to be fatal than infectious
hepatitis or gastroenteritis of unknown etiology, the Mills-Reincke theorem does
seem to have considerable merit. Thus, the rationale that has been used in
devising standards for microbiological contaminants (see quotation above from
the 1925 Standards) does not necessarily hold up on careful examination. The
coliform standards may have ensured freedom from typhoid fever, but we do not
have the same assuredness that they have guaranteed freedom from other
infections. Even granted that most of the outbreaks reported have occurred
because of breakdowns in the proper functioning of water systems, the results
show that intestinal infections other than typhoid are common and, because of
their often ill-defined nature, may be improperly diagnosed. Finally, only
"outbreaks" find their way into public health statistics, whereas sporadic, random
cases of gastroenteritis generally go unreported. The epidemiological significance
of the present microbiological standards warrants continuing investigation to
bring about further refinements in meeting the goal of maximum protection of
public health.
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APPROACH TO THE STUDY 9

I

Approach to the Study

INTRODUCTION

In this chapter the general approach, principles, and criteria adopted in the
study are discussed in outline. Considerations that entered into evaluations of the
effects on health of the various contaminants of drinking water are described,
together with the reasons for selecting the subjects that were studied. The
findings of the study are not summarized comprehensively in this section; each
succeeding chapter includes a summary of the relevant conclusions and
recommendations. A short summary of the principal conclusions of the study is
given in Appendix C.

The study was undertaken by the NAS-NRC to meet the needs expressed in
the Safe Drinking Water Act (PL 93-523), which requires the Environmental
Protection Agency to promulgate national drinking water standards and, for the
first time, regulations for enforcing them. The Act also directs the Administrator
of the Environmental Protection Agency to arrange with the National Academy
of Sciences, or other appropriate organization, to study the adverse effects on
health attributable to contaminants in drinking water. Although the high quality
of drinking water in the United States is recognized throughout the world, the law
is an expression by the Congress of the concern of many citizens about
maintaining the quality of public water supplies in this country.

The reader should not equate the size of this report or that of any of its
chapters with the Committee's assessment of the magnitude of the challenge to
public health that may be due to the presence of particular
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APPROACH TO THE STUDY 10

constituents in drinking water in the United States. Several factors have
contributed to the length of this report: The Safe Drinking Water Act defined the
scope of the study in encyclopedic terms and consequently the length of some of
the chapters reflects the large number of topics and substances that it was
necessary to consider. Other chapters deal with subjects that are complex and
about which there are uncertainties, conflicting opinions, and inconclusive or
incomplete data. The relevant studies, assumptions, methodologies, health
effects, and research recommendations for each group of constituents required
detailed consideration from several points of view before balanced judgments
could be achieved. In some cases brevity had to be sacrificed to reach this
objective within a reasonable time.

The primary purpose of the study was to assess the significance of the
adverse effects that the constituents of drinking water may have on public health.
The economic or technological feasibility of controlling the concentration of
these constituents was outside the scope of the study.

The health effects associated with some methods of disinfection were noted,
but the relative effectiveness and potential hazards associated with the various
methods of water disinfection were not evaluated.

Application of analytical methods of great sensitivity has, in recent years,
expanded our knowledge of the occurrence and diversity of impurities in drinking
water. However, information about the biological results of chronic ingestion, at
low dose rates, of most of these substances is acquired slowly because the
bioassays that are usually required may take two or more years to complete.
Although new approaches to the problem of estimating chronic adverse health
effects may, in the future, ease this difficulty, the current knowledge on which
this study is based is insufficient to assess all the contaminants of drinking water.
The results reported here must therefore be considered as a contribution to an
effort that should be continued.

Besides the known constituents of drinking water, some were also
considered that it would be plausible to expect to be present, even though they
have not yet been detected in water. (Certain pesticides used in large quantities
fall into this category.)

In our review of water constituents, we have attempted to take into account
not only their identities, concentrations, and toxicities, but also to consider other
questions, such as:

1. What reason is there for concern about the material? What risks are
associated with its presence in water?

2. How does the material get into water?

3. What sources are there other than water?
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APPROACH TO THE STUDY 11

What contaminants need to be controlled?

Are there special places or persons at higher than average risk?

Are there essential nutritional requirements for this material?

In view of the data at hand, can one say that this is a material that
causes temporary ill effects? Permanent ill-effects? Reversible
effects?

8. In view of these effects—and their reversibility (or lack of it)}—is it
possible to set "no-observed-adverse-health-effects" levels?

9. For materials with special health benefits, what concentrations will
maximize these benefits, while keeping the health risk associated
with them at an acceptably low level?

10. What additional information is required to resolve the outstanding
problems?

Nk

Many of the constituents of drinking water are natural materials, and enter
water from the rocks and the soil and the air. Some are the natural waste products
of men or animals. Others are artificial or synthetic materials, made and used for
special purposes, that inadvertently find their way into water. Yet others occur
naturally, but have become more widely distributed in populated areas as a result
of industrial and agricultural activity.

WATER CONSUMPTION

In this study, a quantity of 2 liters per day has been taken to be the average
amount of water consumed per person. This is also the amount used by EPA to
calculate the current interim standards. Daily consumption of water is a function
of temperature, humidity, physical activity, and other factors that vary widely.
The average per capita water (liquid) consumption per day as calculated from a
survey of nine different literature sources was 1.63 liters (NAS, 1974; McNall
and Schlegal, 1968; Wolf, 1958; Guyton, 1968; Evans, 1941; Bourne and Kidder,
1953; Walker et al., 1957; Randall, 1973; Pike and Brown, 1975). However, the
larger volume of 2 liters/day was adopted as representing the intake of the
majority of water consumers. We estimate that most of those who consume more
than 2 liters per day still are afforded adequate protection, because the margin of
safety estimated for the contaminants is sufficient to offset excess water
consumption. Nevertheless, consideration should be given to establishing some
standards on a regional or occupational basis, to take extremes of water
consumption into account.
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RISK AND SAFETY

The hazards of ingesting chemical pollutants in drinking water have been
assessed in two general ways: with laboratory toxicity studies and
epidemiological studies. The aim of studies of both types is to provide
information about the risk to man. Risk constitutes only half of the equation; the
other half is benefit to the exposed population. It is not possible to guarantee a
risk-free society. The scientific methods and criteria we have used for evaluating
long-term effects and risks in man are described in Chapter II, "Chemical
Contaminants: Safety and Risk Assessment" and in the chapters concerning each
group of contaminants.

Most of the experimental results on which the current knowledge of toxicity
rests are based on observed effects on man and animals of doses and dose rates
that are much larger than those that correspond to the usual concentrations of
harmful materials in drinking water. There is, consequently, great uncertainty in
estimating the magnitude of the risk to health that ingestion of contaminants in
water may produce. An additional problem is to take into account the combined
effects of two or more contaminants.

The theoretical and experimental bases for extrapolating estimations of risk
to low levels of dose have been reviewed, and some principles are proposed to
guide the conduct of this and similar studies.

MICROBIOLOGICAL CONTAMINANTS

Outbreaks of waterborne disease are reported to the National Center for
Disease Control (CDC) by state health departments. In addition, EPA obtains
information about additional outbreaks from state water-supply agencies. Both
CDC and EPA are aware that data on waterborne outbreaks have limitations and
must be interpreted with caution. The data collected represent only a small part of a
larger public health problem. The number and kind of reported outbreaks and of
some ctiologies may depend upon the interest or capabilities of a particular state
health department or individual. They do not reflect the actual number of
outbreaks, cases, or etiologies of disease associated with drinking water.

Many small outbreaks are not reported to state health departments. There is
no law or regulation requiring state authorities to report all gastroenteritis cases to
CDC. In 1975, CDC reported 24 waterborne disease outbreaks involving 10,879
cases. No etiologic agent was found for the two largest outbreaks (Sewickley,
Pa., 5,000 cases and Sellersburg,
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APPROACH TO THE STUDY 13

Ind., 1,400 cases). In fact, no etiologic agent was identified in 17 of the 24
outbreaks. These 17 outbreaks accounted for 9,760 cases, or 89%, of the total
reported in 1975.

Conclusions in the microbiology chapter, based on epidemiological data, are
subject to the limitations of the reporting system and to our limited ability to
identify etiologic agents in outbreaks known to be associated with drinking
water.

The microbiological contaminants selected for consideration in this report
are those for which there is epidemiological or clinical evidence of transmission
by drinking water. They include a variety of bacteria, viruses, and protozoa.
Methods of detecting these contaminants of drinking water were reviewed, and
the quantitative relationships between dose levels and infectivity were examined.
Because current drinking water standards place major emphasis on detection of
microbiological contaminants, attention was devoted to the validity and health
significance of microbiological standards.

PARTICULATE CONTAMINANTS

Finely divided solid particles of mineral and organic composition are
commonly found suspended in some drinking water, particularly those supplies
that do not practice coagulation and filtration. To discover whether or not the
long-term ingestion of these materials in water is likely to produce adverse
effects on human health, their occurrence, composition, and properties were
reviewed.

This review indicated that many kinds of particulate matter may indirectly,
through adsorption, facilitate the transport of toxic substances and pathogenic
organisms and affect the efficiency of disinfection. Particles of organic
composition also may indirectly give rise to chlorinated compounds by reaction
with chlorine in water treatment.

Only in the case of particles derived from asbestos minerals, however, are
there grounds for suspecting that direct effects on human health could be
involved. Fibrous particles of asbestos minerals are known to be associated with
increased incidence of cancer, including gastrointestinal cancer, among workers
who inhale asbestos-laden air. Experiments on the inhalation of asbestos mineral
fibers by animals have also demonstrated a carcinogenic effect. The particulate
matter in drinking water often includes similar particles.

Although epidemiological studies have not indicated an increase with time in
cancer death rates that can be ascribed to fibrous contamination of the drinking
water, these negative findings do not exclude the
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possibility that such an increase may be detected in the future, because many
cancers have long induction periods.

For these and other reasons, detailed elsewhere, it is believed to be
important that research on the analysis of fibrous mineral particles in water, and
on the toxicity of these materials when ingested, should be strongly pursued.

INORGANIC SOLUTES

The Interim Primary Drinking Water Regulations list maximum allowable
concentrations for six metallic elements—barium, cadmium, chromium, lead,
mercury, and silver. Ten additional metals were reviewed in this study—
beryllium, cobalt, copper, magnesium, manganese, molybdenum, nickel, tin,
vanadium, and zinc. Sodium, which is also a metal, was considered separately,
because the problems it poses are quite distinct from those associated with the
other metallic substances. In addition, the effects on health of several other
inorganic constituents of drinking water were studied. These include arsenic,
selenium, fluoride, nitrate, and sulfate. The relationship between water hardness
and health also received attention.

The sources of inorganic ions in groundwater, surface water, water-
treatment chemicals, and from the storage and distribution system are considered
along with the health effects resulting from the total intake from food, air, and
water.

ORGANIC SOLUTES

Of the 298 volatile organic compounds so far identified in drinking water, 74
were selected for detailed study along with 55 pesticides. A compound was
selected for consideration if any of the following criteria applied:

1. Experimental evidence of toxicity in man or animals, including
carcinogenicity, mutagenicity, and teratogenicity.

2. Identified in drinking water at relatively high concentration.

3. Molecular structure closely related to that of another compound of
known toxicity.

4. Pesticide in heavy use; potential contaminant of drinking water
supplies.

5. Listed in the Safe Drinking Water Act or National Interim Primary
Drinking Water Regulations.
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The evaluation of toxicity was based on a critical review of the scientific
literature. The available data were of variable quality and quantity and, in some
instances, inadequate for proper assessment of toxicity. In those cases where
sufficient data were available, professional judgment was used to determine
which  compounds are carcinogenic, mutagenic, teratogenic, and
noncarcinogenic.

The limitations that are inherent in the extrapolation of high-dose animal
bioassay data to low-dose human exposure and the difficulty of making
predictions for species that may have different metabolic rates and pathways for
handling carcinogens, or different target-organ responses, are well known. Such
risk assessment and extrapolation procedures are further compromised by the
limited information that is available concerning the mechanisms by which these
agents act (such as initiators, promoters, and modifiers) and the almost total lack
of data regarding the potential synergistic and antagonistic interactions of these
agents with each other and with other environmental agents. The risk of ingesting
known or suspected carcinogens was estimated by the methods described in
Chapter I1. These methods are based on an assumption that there is no threshold
in the dose-response relationship. The risk-estimate approach may provide unique
advantages for other areas of toxicologic evaluation.

The more traditional approach of combining the maximum no-observed-
adverse-effect level with an uncertainty (safety) factor to calculate an acceptable
daily intake (ADI) was used for agents that were not considered to be known or
suspected carcinogens and for which there was adequate toxicity data from
prolonged ingestion studies in man or animals. Several alternative terms other
than ADI were considered, but it was concluded that the introduction of new
terms might lead to confusion and that the use of a widely recognized and
generally acceptable term would be preferable for this report. Although the ADI
has been used previously as an internationally established standard for the
toxicological evaluation of food additives and contaminants, the concept is
applicable to other cases of exposure by ingestion. The ADI is an empirically
derived value that reflects a particular combination of knowledge and uncertainty
concerning the relative safety of a chemical. The uncertainty factors used to
calculate ADI values in this report represent the level of confidence that can be
justified on the basis of the animal and human toxicity data. ADI values were not
calculated for agents where the data were considered to be inadequate.

Since the calculation of the ADI values is based on the total amount of
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a chemical ingested, the ADI values calculated in tiffs report do not represent the
safe level for drinking water.

Little or no data are available on the toxicity of many organic compounds
identified in drinking water. There is a need to determine which of these
compounds should be subjected to extensive toxicity testing. Some of the criteria
used for developing the order in which compounds should be tested are:

1. The relative concentrations of the compounds and the number of
people likely to be exposed.

2. The number of supplies in which they occur.

Positive responses in in vitro mutagen screening systems.

4. Positive responses in in vitro prescreening systems for potential
carcinogens (mammalian cell transformations).

5. Similarity of the chemical structure of the test compound with that of
other compounds having defined toxic properties (i.e., structure-
activity relationships).

6. Relationships of dose from water to total body burden.

w

RADIOACTIVE CONTAMINANTS

Because the presence of ionizing radiation is one of the standard features of
the earth's surface, the adverse effects on health that may be ascribed to
radioactive contaminants of drinking water were assessed in relation to the
average background radiation dose, from all sources, of 100 mrem per year.

Previous estimations of the biological effects of the background radiation on
human health were reviewed in the light of more recent scientific knowledge and
used to calculate the magnitude of three kinds of adverse health effects that
radiation can produce; namely, developmental and teratogenic effects on the
fetus, genetic disease, and somatic (principally carcinogenic) effects.

When these estimates are related to the concentrations of radionuclides that
are commonly found in drinking water, it is seen that consumption of 2 liters of
water per day contributes such a small fraction to the total radiation background
that the incidence of developmental, teratogenic, and genetic disorders is not
increased enough for the change to be detectable.

Where somatic effects are concerned, it is estimated that the radionuclides in
drinking water typically account for less than 1% of the incidence of cancers that
may be attributed to the natural background of
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radiation. Only certain bone-seeking radionuclides (chiefly radium), in a few
regions, reach concentrations in drinking water that are high enough to cause a
significant increase in the incidence of bone cancer.

SUSCEPTIBLE SUBGROUPS AND OTHER CONSIDERATIONS

Groups that are more susceptible than the normal population are considered
in the chapters on various classes of contaminants.

This report is concerned only with water used for drinking. Although all
contaminants may cause problems when present in water used in health care
facilities, the health hazards associated with such diverse uses of water as in
humidifiers, kidney dialysis units, laundries, heating and cooling equipment, or
many special uses that require further treatment of tap water, have not been
considered. References and summaries of the scientific literature in this field have
been published by DeRoos et al. (1974).
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II

Chemical Contaminants: Safety And Risk
Assessment

The hazards of ingesting pollutants in drinking water can be assessed in two
general ways: with studies of toxicity in the laboratory and with epidemiological
studies. Studies in the laboratory may employ a variety of experimental systems,
ranging from chemical effects of pollutants on DNA, through exposure of
bacterial or mammalian cells in culture, to lifetime feeding studies on
experimental animals. They are prospective studies, in which relatively small
numbers of cells or animals are exposed to characterized pollutants at known
concentrations. Epidemiological studies deal with human populations. Their
design is constrained by external circumstances, and they involve large numbers
of people whose exposure to the pollutant in question is commonly uncertain and
confounded by exposure to other pollutants.

The aim of studies of both types is to allow the risk to man to be estimated.
The first can give precise information on relatively high risks related to
individual pollutants in this or that animal species—to which human exposure and
risk may be compared. The second can provide less precise information on the
human risk related to one pollutant (isolated, it is hoped, from other pollutants).

Toxicity data obtained from laboratory animals will generally have to be
relied on for estimating human risk, if we are to control human exposure to
carcinogens. Epidemiological studies have discovered causes of disease and can
buttress, supplement, or contradict laboratory data. Imaginative comparisons
between laboratory and epidemiological data
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are of the utmost importance, particularly in the area of metabolic pathways and
fate of chemicals found to be carcinogens in animals.

Efforts to develop rapid assays for mutagenesis and carcinogenesis have
recently been greatly expanded. Methods that show promise include tests for
mutagenicity that make use of bacterial, cell transformation, and organ culture
systems. There appears to be high positive correlation between mutagenicity, as
determined by some of these methods, and carcinogenicity in agents already
studied (McCann et al., 1975; McCann and Ames, 1976; Ames, 1976). The utility
of these rapid methods will depend on experimental demonstration that their
results are well correlated with those obtained from conventional long-term
studies of carcinogenicity with well-designed animal systems. High priority
should be given this research because it offers a reasonable probability of success
in a relatively short time and at lower cost than long-term testing, and there is an
urgent need for a primary screen for selecting compounds for long-term assay
(DHEW, 1977).

The committee is fully conscious of these modem methods for determining
genetic and physiological phenomena. Their use, when appropriate, and their
further development is strongly encouraged.

Pollutants in water have many different effects. At one extreme, they can
impart a disagreeable taste or odor. This is quickly perceived by the community,
and the process of characterization and identification of the offending pollutant is
generally prompt and fairly straightforward. At the other extreme, the effects on
human health of a carcinogen present in drinking water will probably go
undetected, particularly if it produces only a modest increase in the incidence of a
common cancer.

The major toxicological and epidemiological efforts should therefore be
directed to characterizing and identifying pollutants whose biological effects
include chronic, irreversible, and progressive diseases, such as cancer. It is
necessary to develop risk estimates for large human populations of varied
susceptibilities that are exposed to small concentrations of such toxic pollutants,
including carcinogens.

The development of safety factors for pollutants whose toxic effects are
reversible and nonprogressive involves empirical calculations based on past
history of use and concentrations that appeared safe for the public. These safety
factors are usually applied to the highest dose or concentration at which no
adverse effect was observed. The chosen dose or concentration is divided by a
"safety factor" that varies over a wide range, depending on the adequacy of the
data.

Whether or not the "safety factor" approach can be used with pollutants that
cause chronic, irreversible, and progressive disease in laboratory animals is
controversial. Those who argue for safety factors,
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and thereby thresholds, find it inconceivable that very small concentrations can
cause a cancer to develop, claiming that body defenses can surely protect at doses
smaller than the threshold value. Those who argue that safety factors are
inadequate and that almost no thresholds can be determined, or theoretically
developed, suggest that even one or a very few molecular events have a finite
probability of initiating a successful malignant or neoplastic transformation in a
cell, and that this can lead to a lethal cancer. Although one malignant cell can lead
to death by cancer, many liver or kidney cells can be killed or damaged (but not
malignantly transformed), without causing any detectable disease. Furthermore,
man is never exposed to one carcinogen at a time, but is exposed to low
concentrations of many at the same time.

Accordingly, we have adopted a "nonthreshold" approach for estimating
risks from pollutants that have been shown to be carcinogenic in laboratory
animals.

Demonstration that a pollutant is carcinogenic, and application of
nonthreshold risk estimates to it, do not imply that its use must be prohibited.
Such a proscription might itself give rise to even greater risks to health or other
disadvantages. In some cases, a net risk must be estimated, and society must
attempt to use the pollutant in such a way as to minimize risk and maximize
benefit. Nowhere is this better illustrated than in the use of chlorination to
disinfect water. Chlorination controls pathogenic organisms, but introduces
chloroform, which is carcinogenic in animal-test systems. Methods must be
devised to minimize concentrations of chloroform and chlorinated hydrocarbons,
from whatever source, in drinking water. But before alternative methods for
control of pathogenic organisms are instituted, toxicological studies must show
that they are as effective as, and pose no greater risk than, chlorination. We
perceive that society is willing to accept some risks to health if the attendant
benefits are demonstrably greater.

Drinking water contains low concentrations of many chemicals, some of
which, if ingested for a long time, could have delayed toxic effects. The insidious
effect of chronic exposure to low doses of toxic agents is difficult to recognize,
because often there are few early warning signs and, when signs are ultimately
observed, the effects may have become irreversible. Subchronic toxicology
studies may not offer reliable means for assessment of long-term toxic effects in
animals, let alone extrapolation to chronic effects in man; hence, different
considerations have to be applied in assessing risk. The methods and principles of
acute toxicology do not offer any easy, straightforward methods for extrapolation
of such experimental data to calculate risks for large human populations.

Two important questions must be answered: What assay procedures
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are required for a valid assessment of chronic toxicity of chemicals in
experimental animals? How can the data from such procedures be extrapolated to
estimate risks in humans? In dealing with these question, we use the specific risk
of cancer as our major example, although other toxicities are considered. This
report seeks to summarize the state of the art in extrapolating to man the results
of experiments on animals, chiefly in relation to carcinogenesis.

EFFECTS ON HEALTH

The purpose of drinking-water standards is to ensure protection from acute
poisoning and from long-term, or "chronic," effects. In recent years, numerous
short-duration, presumptive tests in vitro have been developed that may help to
predict carcinogenesis. Nonetheless, studies of chronic toxicity continue to be
required for safety evaluations. These are necessary because there is no general
way to predict carcinogenic effects on the basis of the observed short-term effects
of chemical-biological interactions. [The significance to health of the finding that
a pollutant is mutagenic in the new test systems is unknown (See Drake, 1975;
DHEW, 1977). But, because evidence of the correlation between mutagenicity
and carcinogenicity continues to accumulate, we suggest that a conservative
safety factor be provisionally applied to the mutagenicity data and that, if new
information (such as the results of a reliable carcinogenicity study) is lacking 4 yr
from the time a mutagenicity study is completed, nonthreshold methods be used
to establish risk.]

Chronic exposures and chronic effects are different (Casarett, 1975). The
former means frequent ingestion over a long period of time. The latter implies
injury that persists, either because the injury is irreversible or progressive, or
because the exposure is prolonged and the rate of new injury exceeds the rate of
repair. Chronic exposure in animals is generally considered to be at least half the
life span. In man, it can be much less.

Injury from chronic exposure may occur in at least three ways: by
accumulation of the chemical to a critical concentration at sites of action
sufficient to induce detectable injury; by accumulation of injury until
physiological reserves can no longer compensate (i.e., repair is never complete);
or after a long, latent period beginning with an exposure that has an unrecognized
biological effect, and precipitates the eventual appearance of injury. In the first
case, knowledge of the kinetics of chemical absorption, metabolism, and
excretion obtained in short-term studies may allow computation of the amount of
the toxic chemical that will accumulate in long-term use. Such investigations will
improve the
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usefulness of long-term, low-dose, chronic-exposure studies. To predict chronic
accumulation, or latent development, of injury from the results of short-term tests
requires knowledge of the kinetics of injury and repair. There are few, if any,
substances for which such understanding is at hand.

Reversibility of Chemical Injury

Reversible effects disappear after exposure ends. The time required for
return to normal should be a small fraction of the remaining lifetime of an
organism. During the period of return to normal, the organism must be at no
greater risk (than one that was never exposed) of further or other damage from
other sources. For some effects, reversibility may be qualified by the normal
lifetime of a specific cell or macromolecule that serves as the end point of the
effect. A nonreversible effect is one in which the damage does not regress
completely, or may progress after exposure ceases.

Some effects of toxic chemicals are unmistakably irreversible. They include
terata, malignant tumors, mutations in offspring of exposed animals, and some
neurological changes. These are gross manifestations of specific chemical-cell
interactions, and it is possible, or probable, that there are early reversible effects,
either in the cellular process first affected or at intervening stages. Prediction of
adverse effects from short-term studies is possible if the critical dose and the
rate-limiting factors that determine reversibility are known. Without this
knowledge, evaluation of toxicity will generally deal more with the possibility of
irreversible effects than with speculatively reversible effects.

Net reversibility varies from one tissue, species, strain, or individual to
another. It is generally impossible to measure the specific processes involved in
injury and repair in the standard toxicity-evaluation study. However,
measurements of reversibility in short-term studies should provide useful
information that may allow extrapolation to the longer term.

The predictive value of such tests does not necessarily depend on the
persistence of the chemical in the test organism. If the chemical produces a
reversible effect and then is rapidly detoxified or excreted, it may be possible to
compute the doses or schedules of exposure that would not produce cumulative
and ultimately nonreversible or irreversible effects (see definitions below). But
other factors might be overriding. For example, rapid reversibility after a single
dose might not indicate the rate of reversal after repeated doses, if the first dose,
in addition to the measured effect, altered the repair process or processes
responsible for detoxification (Murphy, 1967). To evaluate repeated-dose effects,
sub
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chronic- and chronic-exposure studies should include groups of animals that are
removed from exposure at selected intervals during the experiment. The rate of
reversal of effects in these animals can be measured at intervals, or at some
critical time after exposure ceases.

If the chemical persists in the organism, quantification of rates of reversal is
more complicated. Data are needed on absorption and disposition to correspond
with data on rates and reversal of effects.

Perspectives and Perceptions of Effects

Whether an effect is reversible, nonreversible, or irreversible might be
shown by experiments (or epidemiological studies) that include observations
during exposure-free "recovery" periods similar to those made at the end of the
exposure period. Nonreversible and irreversible injuries are of greater concern
than reversible injuries in evaluating human health effects. However, frequently
recurring reversible injury may lead to greater morbidity than a nonreversible or
irreversible injury that appears only late in life. Characterization of an effect as
reversible implies that there is a dose below which health will not be
compromised. This assumes, of course, that any subliminal cellular injury that is
responsible for the manifest effect is also reversible. Full understanding of
thresholds, margins of safety or safety factors, and extrapolations of estimated
risk requires understanding the underlying cellular mechanisms of injury.

An alternative to the safety-factor approach for reversible toxicity may be
considered. The nonthreshold approach is attractive partly because of the idea
that one transformed cell could lead to fatal neoplastic disease. What number of
damaged (but not transformed) or killed kidney, liver, or lung cells is compatible
with a healthy Fife? If these numbers, or fractions of total organs, could be
estimated for a number of species, including man, and if experimental dose-
response curves for fractional damage to all vital organs could be obtained, the
numbers of damaged cells that are compatible with health could be estimated.
This might constitute an initial approach to the development of rational risk
estimates for toxic effects other than cancer. Clearly, a major research effort is
needed.

Where it was once common to refer to "no-effect doses" of chemicals and
"safe" doses, it is now more appropriate to speak of "no-observed-adverse-effect"
doses and "acceptable risk" when describing permissible use or exposure to
chemicals. This change has been accompanied by an increasing concern for the
health of the most susceptible individuals in
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the population, besides that of the average individual. Many scientists now
distinguish between injuries produced by chemicals for which there is likely to be a
threshold dose and effects (e.g., carcinogenesis and mutagenesis) for which there
is likely to be either no threshold dose or no way presently known to estimate one
for large, heterogeneous populations. [A report of another committee of the
National Academy of Sciences expresses some doubt about the validity of the
threshold concept for any type of biological effect (NAS, 1975); see also Drake
et al., 1975, and Hoel et al., 1975.] From another point of view, Weil (1972),
considering statistics and judgment in safety evaluation, wrote: "No matter what
the biological effect, at some concentrations under some sets of conditions, a dose
level must exist below which no biological damage will occur during the life-span
of the great majority of men. No matter how small the dose, however, one, or a
few, of millions of subjects may exhibit the critical response."

It is more prudent to treat some kinds of toxic effects that may be self-
propagating or strictly cumulative, or both, as if there were no threshold and to
estimate the upper limits of risk for any given exposure. Included among these
are effects that result from an initial, chemically induced alteration in cellular
genetics that is transmitted by cell propagation. Carcinogenesis and mutagenesis
are examples in which a single cell transformation has the theoretical potential
for irreversibility, which might involve self-propagation, even in the absence of
further exposure.

Other injuries may become self-propagating—e.g., advanced stages of
cirrhosis—but they are usually preceded by detectable injury that is reversible.
The initial effects should have a dose-response threshold, inasmuch as the nature
of cellular injury that precedes them can be detected while the injury is still
reversible.

Some forms of injury may be strictly cumulative, because the cells in which
they occur are not repaired or replaced. (For example, destruction of enough
neurons leads to a decrease in central nervous system function.)

Congenital malformations appear to be irreversible. In this case, injury
occurs from exposure during only a brief period. In addition, it is probable that a
threshold dose could be estimated from adequate experimental or
epidemiological data.

Current knowledge of the proper principles for extrapolating toxicological
data from high dose to low dose, and from one species to another, is inadequate.
Nonetheless, standards for drinking water must be developed. Whenever
possible, a maximal no-observed-adverse-effect dosage should be identified.
Three major categories of effects should be
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considered, and different ways of arriving at standards can be proposed for each.

Irreversible (Self-Propagating) Effects

(These are likely to become life-threatening even after exposure has ceased)

1.

Genetically self-propagating effects, e.g., somatic or germ-cell
mutation that culminates in a malignant neoplasm or is transmitted to
later generations: Assume no threshold, assume a linear dose-
response at low doses, and estimate risk. Set standard at something
other than zero only if exposure cannot be eliminated by reasonable
means, or if material has no safer substitute, and if it has great utility
or social value. An acceptable degree of risk arrived at by a case-by-
case consideration involving numerous scientific, technological,
economic, and societal issues and values should determine the
permitted dose.

Nonreversible Effects

Effects that are sequels to probably detectable, reversible injury, but
that may become self-propagating (such as cirrhosis): If a threshold
can be demonstrated, use it as an upper limit, with application of an
appropriate safety factor. If not, proceed as in "Irreversible Effects.”
Death of irreplacable cells, cumulative with continued exposure,
e.g., central nervous system disease, as in exposure to methyl
mercury. If a threshold can be demonstrated, use it as an upper limit,
with application of an appropriate safety factor. If not, proceed as in
"Irreversible Effects."

Reversible Effects

Life-threatening or major morbidity, e.g., inhibition of a vital enzyme
system. If a threshold can be demonstrated, use it as an upper limit.
If not, proceed as in "Irreversible Effects."

Minor morbidity, e.g., sensory irritation without histological change.
Determine the range of sensitivities and choose an upper limit low
enough to minimize occurrence in the population.

No detectable functional or sensory decrement, but possibly
predictive precursor of more serious effect, e.g., plasma
cholinesterase inhibition, or small increase in liver enzymes in
plasma. Proceed as in 2.
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IRREVERSIBLE TOXICITY

Many factors make the assessment of long-term health risks to human
populations difficult—for example:

1. The sensitivity of the test systems used to detect carcinogenic effects
depends on the number of animals used in each test and on the
duration of their survival.

2. Any series of experiments will yield false-positive and false-negative
results.

3. Detection of neoplastic changes in treated animals requires extensive
gross and microscopic examination of many tissues by trained
people.

4. Time, resources, and money required to conduct an adequate test are
all substantial.

Controversies have arisen because of the above problems and because of
inadequate testing for long-term effects. False-positive results can cause
unnecessary public concern and the removal of useful materials from the market,
and false-negative results can endanger the health of large groups of people.
Long-term effects are particularly difficult to detect and treat because they are
discovered only after many years, by which time they are often irreversible.

The main question to be answered is: "Within the limitations of present-day
capabilities, what are the minimal requirements for an adequate test (on
experimental animals) of the long-term effects of potentially toxic agents, and
how can these results be used to estimate possible risk to the human population?"

Summary of Principles for Extrapolating Animal Toxicity To
Humans

Despite wide gaps in our knowledge of the metabolism and ultimate fate of
chemicals in man, properly conducted experiments will yield results that can
improve our estimates of the risk to human populations from long-term
exposures.

Many mechanisms for chemical carcinogenesis have been postulated. If the
mechanism involves somatic mutation or alteration, there is no threshold dose for
long-term exposure; if the mechanism is unknown, it is prudent to assume that
DNA damage is involved. The idea that there is a "safe" dose of such chemicals
may be conceptually valid, but "safety" cannot be established by any
experimental method now available. Every dose
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should be regarded as carrying some risk. A "most probable risk" can be
estimated by appropriate statistical treatment of the results of experiments on
animals, and once the benefits of use of a chemical have been defined and
estimated, it is possible to weigh the health risks against the health benefits. The
balance between them should then be the overriding consideration in regulating
the amounts of such substances in the environment.

The method used in classical toxicology for determining safe doses for
short-term exposure of humans to drugs is to estimate a maximum exposure that
is tolerated without adverse effects in a group of animals, and to apply a safety
factor. This procedure is valid only for estimating the risk of reversible toxic
effects. "No-observed-adverse-effect dose" is a better term, because it makes
clear that the exposure can often be a function of the size of the experiment—the
larger the experiment, the lower this dose can be.

Studies in laboratory animals must be used to predict the safety of
environmental chemicals. Human epidemiological studies cannot be used to
predict nor assure safety, for several reasons:

1. Epidemiology cannot tell what effects a material will have until after
humans have been exposed. One must not conduct what might be
hazardous experiments on man.

2. [If exposure has been ubiquitous, it may be impossible to assess the

effects of a material, because there is no unexposed control group.

Statistics of morbidity obtained before use of a new material can

sometimes be useful, but when latent periods are variable and times

of introduction and removal of materials overlap, historical data on
chronic effects are usually unsatisfactory.

It is usually difficult to determine doses in human exposures.

4. Usually, it is hard to identify small changes in common effects,
which may nonetheless be important if the population is large.

5. Interactions in a "nature-designed" experiment usually cannot be
controlled.

W

With the possible exception of arsenic and benzene, the known human
carcinogens are carcinogenic in some laboratory species. Therefore, animal
studies of carcinogenesis in laboratory animals are useful for predicting effects in
man.

Thus, for ethical and practical reasons, data derived by using animals for
toxicity testing are essential for protecting the public from harmful effects of new
chemicals in the environment and probably also necessary for evaluating the
potential harm of "old" chemicals. By the same token,
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epidemiological surveillance studies are necessary for detecting the errors that
will surely arise from use of the animal studies alone. Thus, epidemiological
studies are both a last line of defense and a means for verifying and adjusting the
conclusions from animal studies.

The General Problem of Extrapolation

The knowledge and insight that provide a basis for more successful
extrapolation are rapidly increasing. The value of tests on laboratory animals is
most easily estimated when the chemical agents tested are ultimately
administered to, or confront man in a manner similar to the animal exposure, as in
the drug-development process. The sequence of animal tests of a new chemical
agent, after toxicological studies, continues with studies conducted in order to
determine: the mechanism through which the laboratory animals respond to the
agent, the nature of its metabolism in tissues and organs, and the rates and routes
of elimination of the agent and its derivatives. Thus, damage observed in an organ
of an animal provides clues that lead to an understanding of the metabolism and
organ involvement of the substance in humans. Similarities and differences
between humans and animals can be noted, and the validity of the laboratory-
animal test systems can be better estimated. This approach is most useful for
observing early effects that occur soon after the substance is administered. The
use of such data for assessing long-term effects in humans has many difficulties.

When a mouse or man is exposed to a chemical, a number of events can
occur that can greatly influence the final reaction, which may appear as the
observed toxic effect. These events include: absorption; distribution and storage;
metabolism, excretion, and reabsorption; arrival at the site of action; reaction with
the biological receptor; and interaction with other constituents of the
environment. They can be compared among various animal species and among
strains and  individuals. = Anatomical, = biochemical, physiological,
pharmacological, and pathological differences and similarities can and have been
identified, and there have been efforts to characterize systematically the
differences and similarities between species for some compounds and classes of
compounds. These are appropriate subjects for research.

Chemicals to which man is exposed can be divided into two classes: those
deliberately administered for therapeutic, diagnostic, or nutritive purposes, which
contribute to health, and those with uses that do not directly benefit health, but
reach man through a variety of routes.

To some extent, the acute toxicity of the first class can be observed directly
in man. If the chemicals are already in use, the laboratory-animal
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toxicity tests provide a type of pre-screening or early warning system. However,
chemicals of the second class are generally not tested in man, and their potential
hazard can be estimated only through laboratory animal testing, epidemiological
studies, or observation.

Extrapolation of data from laboratory animals to man is difficult to treat in a
systematic and comprehensive fashion. Although vast amounts of data have been
accumulated on the toxicity of compounds in animals and the effects of drugs and
other chemicals on human health, experiments that generate the data tend to be so
diverse that comparison is usually impossible. Good quantitative data on the
toxicity of compounds in man are rare. Most commonly, there is neither
knowledge of the amount of a chemical to which man was exposed nor of the
incidence and severity of toxic effects.

Toxicologists rely heavily on "experience" for successful extrapolation of
toxicity data to man. Unfortunately, experience is interpreted differently by
different people and thus is a variable guide. For some of the most serious toxic
effects, it can also be very misleading. For example, some cancers may take
decades to develop in man after exposure to a carcinogen, so it is difficult for
investigators to develop experience that will permit them to link exposure to
ultimate effect. Tests for mutagenic effects in the human population are
inadequate today, and it is possible that such effects from chemicals are already
appearing. However, who has had enough "experience" to infer that man has
changed because of some specific chemical in, say, the last 50 yr? Statistical
observation of small changes is usually difficult. For example, if 20% of all
pregnant women used a chemical that caused stillbirths in 5% of the women who
used it, the resulting increase in stillbirths would be 1% (0.20 % 0.05 = 0.01), and
it is likely that it would not even be noticed. If 5% of all pregnant women used a
chemical that caused a delayed effect in 20% of their offspring, this also would
probably escape notice. Even if the chemical caused a 10% increase in a most
common form of cancer in the offspring of the 5% of women (e.g., cancer of the
colon, which would mean an increase of 200 deaths per year), the effect would
very likely go undetected.

Specific Problems in Extrapolation

Experiments on laboratory animals are generally performed under highly
standardized conditions, with controlled diet, temperature, humidity, and light-
dark cycles, and usually with genetically homogeneous animals, such as inbred
mice, rats, or beagles. Thus, one obtains reasonably precise and reproducible
information on the toxicity of a substance under
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specified conditions, in animals from specific genetic pools. However, large and
diverse segments of the human population may be exposed to the compound.
Humans are not genetically homogeneous: They live under various
environmental conditions, they eat a great variety of foods, and they are exposed
to large and increasing numbers of substances. We would like to protect the
whole population—its most sensitive members as well as the average. Therefore,
environmental and genetic variability must be considered in the process of
extrapolation.

Man is generally exposed to toxic pollutants in the water supply through his
gastrointestinal tract, and laboratory animals should be exposed in the same way.
However, some problems inherent in the use of animals must be kept in mind
when one is using animal studies to predict the carcinogenic potential of a
substance for man.

Size of Animals

Size tends to determine the rate of distribution of substances in the body; in
large animals, they are distributed more slowly and tend to persist longer. In
general, large animals metabolize compounds more slowly than do small
animals. Large mammals have many more susceptible cells; thus, if the
carcinogenic event is rare, it would be more likely to occur in a large mammal
than in a small one (a mouse experiment using 1,600-2,000 animals represents
about the same number of susceptible cells as are contained in one man).
Obviously, however, a mouse is not the equivalent of a very small man; nor is a
man the equivalent of a very large mouse. In the mouse, the ratio of cardiac
output per minute to blood volume is 1:1. In man, the ratio is 1:20. Thus, blood
circulates approximately 20 times as rapidly in a mouse as in a man. (This
difference is not a peculiar species difference, but typifies the differences between
very small and relatively large animals.) The implication is that the time a
substance spends in the plasma (excluding metabolism) is longer in a larger
mammal than in a smaller one. Thus, for the same milligram-per-kilogram dose,
human tissues are exposed to a substance for a much longer time than mouse
tissues. This is consistent with data obtained in studies of anticancer drugs, which
showed that—on a milligram-per-kilogram basis—a mouse required 12 times as
much drug to respond as did man, a rat 6 times as much, and a dog and a monkey
2-3 times as much. When the data were expressed on a milligram-per-square-
meter basis, the differences between species were sharply reduced. In addition,
the cell-division rate is greater in small animals: e.g., the cycle time of mouse gut
or marrow cells is about half that of man. The life span of a man is 35 times that
of a mouse. Thus, there are many more cell

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

CHEMICAL CONTAMINANTS: SAFETY AND RISK ASSESSMENT 32

divisions in man, and therefore a greater opportunity for neoplastic change.

These observations suggest that small mammals that are routinely used for
toxicity testing are often more resistant than man to toxic compounds. This
implies that small animal systems are likely to produce many false-negative
results, and has important implications for establishing safety factors or using
"conservative" techniques for extrapolation.

Number of Animals

The number of exposed animals is important. Typically, about 10%-103
experimental animals are tested, whereas the population of humans to be
protected may be 103-10°.

The human population is genetically heterogeneous, whereas test
populations of animals, as a rule, are relatively inbred. Genetic traits can affect
many aspects of susceptibility to pollutants.

Selectivity influences the test-animal population in that only healthy,
vigorous animals are started on test, whereas the exposed human population may
contain subpopulations that are ill and weak.

Environmental Differences

Nutritional differences and the physical environment (heat, light, ionizing
radiation, etc.) can affect response to pollutants. The chemical environment-from
drugs to air pollutants—with its overwhelming number and types of substances,
provides the possibility for synergistic toxicity. Synergistic effects have occurred
with therapeutic drugs, are well known in experimental carcinogenesis, and are an
ever-present danger.

Absorption

Rates of absorption of chemicals through the gastrointestinal tract are
generally comparable in laboratory animals and man. The barriers within the
gastrointestinal tract and the cell membranes, which prevent the free passage of
organic compounds, are quite similar among mammalian species. These barriers
are either the cells themselves or the intercellular junctions, which are "dosed" or
"tight" and which, in general, force substances to move through cells, rather than
between them. It should be recognized, however, that there are differences
between one animal and another and between man and animal. The ratio of
surface area to volume in the gastrointestinal tract, and the transit time through it,
often differ among and within species. These factors affect absorption. The pH
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differs in various parts of the gastrointestinal tract in different species; this can
affect the absorption of some partially ionized compounds. The possibility that
intact proteins can be absorbed in neonates of some species suggests that
absorption in the neonate can be nonspecific.

The presence of bacteria in the gastrointestinal tract can affect absorption
indirectly. Bacteria may convert the original substance into one that is more or
less absorbable, and thus alter the apparent toxicity of a chemical, or they may
convert a nontoxic substance into a toxic one. For example, reduction of nitrate to
nitrite permits the formation of highly carcinogenic nitrosamines by reaction with
secondary amines from the diet. The bacterial populations in the gastrointestinal
tract vary between species and within species, and in the same individual from
time to time, often changing with changes in diet.

Distribution and Storage

Once a compound is absorbed, it is distributed throughout the body, largely
by the circulatory system. This gives the opportunity for binding to plasma
protein or tissue, and storage in such depots as fat and bone. There can also be
differences between species with respect to plasma protein and tissue binding.
These differences do not seem to be of major importance, but small mammals,
such as mice, tend to bind substances less extensively than man. Research on such
subjects as storage depots is needed.

Metabolic Differences

The primary organs that metabolize substances are the liver, the lungs, and
the kidneys. With respect to hepatic metabolism—often considered to be the
most important—small mammals generally metabolize substances more rapidly
than large mammals, and herbivores more rapidly than carnivores. There are
other interspecific differences; this is a field in which research is active.

Excretion and Reabsorption

There are few comparable data contrasting renal or hepatic excretory rates
of substances in mice, rats, dogs, monkeys, and man. What data there are suggest
that small mammals excrete compounds via the kidneys considerably more
rapidly than large mammals. There are too few data to show systematic
differences in hepatic excretion and the extent of reabsorption after hepatic
excretion. Some substances are excreted
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through the hepatic system more rapidly by rodents than by dogs and other large
animals. After excretion via the bile, reabsorption from the gastrointestinal tract
may occur.

Differences in Receptor Sites

The action of cellular and intracellular membranes is also of concern. An
unaltered substance or its metabolites, after distribution through the body, must
pass through a variety of cellular and intracellular membranes to arrive at the site
of action. Many of these membranes are of major importance in determining the
ultimate toxicity of the substance. The blood-brain and blood-testicular barriers,
for instance, effectively modulate the chemical composition of the fluid
surrounding the central nervous system cells and the developing sperm cells.
These barriers can also avert or delay the arrival of potentially toxic compounds
at the sites of action. Similarly, the placenta acts as a barrier between the
maternal circulation and the developing fetus. In addition to the passive barriers,
active-transport systems influence the movement of foreign organic compounds.
This is a subject in which research is moving rapidly, and there is a great need for
unified systematic theories on interspecific relationships. In general, if a
substance reaches a site of action, the ultimate toxic reaction seems to be
consistent among species. Development of a lesion will then follow this reaction.
With some of the more serious manifestations, such as malignant change and
mutagenic change, development of a lesion may depend on the extent of damage
(e.g., severely damaged cells will die; generation time of the cells and rates of
repair processes may be affected). For instance, the generation time of the rapidly
proliferating cell population in the mouse is about half of that in man; therefore,
cancer is likely to appear earlier in the mouse.

Design of Laboratory Experiments on Animals

In designing assay procedures, the route and type of human exposure should
be duplicated as closely as possible. Because it is often impossible, a priori, to
determine specific susceptibility—and because man may often be the most
susceptible species—more than one species of laboratory animal should be used.
Short-lived species, such as rats and mice, should be chosen so that tests can be
completed in a short time. Doses should be selected for long-term studies, so that
exposure to the test substance causes little or no weight loss or shortening of life
of animals under test. Sufficiently great exposures in animals need to be used to
compensate for the possibly higher sensitivity of the human population and the
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uncertainties involved in extrapolation. However, the dose should not be so high
as to produce acute toxic effects.

Some logical and statistical considerations in the design and conduct of the
animal experiments affect the extrapolation. Two major considerations are the
structure of the experiments—how many doses, how spaced, inbred vs. outbred
animals—and the size of the experiment—how many animals at each dose. If
several doses are used, it may be possible to derive a dose-response relationship.

The faith that can be placed in an experimental result is also related to the
size of the experiment. An experiment using 1,000 animals that shows no
untoward effects at a high dose elicits much more confidence that there truly is no
effect than does an experiment using 10 animals—even if it is conducted at a
similarly high dose. A low response rate, 1-2%, is almost impossible to establish
with an experiment that uses fewer than 500 animals. If the animals were spread
out among several doses (some of which might give a 0.1% or 0.01% response),
the number of animals needed to yield reliable figures would be in the hundreds
of thousands.

Man is genetically heterogeneous and lives in a heterogeneous environment,
so some experimenters feel more confident in their extrapolations if there are
non-inbred animals in their experiments. Using such animals generally requires
larger experiments to give reproducible results. One approach to this problem is
to conduct many experiments, in several species, using inbred animals of each
species.

Current Capability to Extrapolate

More and more patterns that are useful for extrapolation to man are being
recognized and can be identified in the course of studying pharmacological
disposition of a substance. Most of the differences that have been observed
suggest that man is more sensitive than the usual experimental animal, and this
must be kept in mind in establishing permissible exposures for humans.

There are great difficulties in comparing the median animal to the not-so-
average man. Man is not genetically homogeneous and is usually exposed to a
much wider range of environmental conditions than the usual experimental
animal. Differences in environmental factors are known to affect the toxicity of a
substance. Differences in the genetic makeup of the individual can affect
toxicity. These must be considered in the extrapolation of laboratory-animal
toxicity data to man. We must predict for, and protect, the highly sensitive
individual as well as the average or median person. Because of the multitude of
man-made chemicals, the different habits and life-styles of populations, and the
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different eating habits of populations, there is considerable variation in the intake
of, or exposure to, environmental pollutants. These must also be considered in
establishing permissible exposures to environmental agents.

In the last decade, large genetic differences in metabolism of toxic agents
have been found in man, and study of these effects has led to a new branch of
pharmacology—pharmacokinetics. The range of variability is illustrated by the
observation that, in a group of about 20 patients, the steady-state plasma
concentrations of two tricyclic antidepressants varied by about 30-fold, and the
half-time of disappearance from the plasma varied about 10-fold (Hammer and
Sjoqvist, 1967). Also, the plasma concentration of isonicotinic acid hydrazide has
been found to vary by a factor of almost 100 in different people, and this appears
to be genetically controlled (Weber, 1976).

Many examples of unexpected toxic reactions to therapeutic agents have
been caused by interactions of compounds that were normally safe when given
alone (Conney and Bums, 1972). The likelihood that such synergistic interactions
will occur with environmental pollutants is high. An early and striking example
of unexpected synergistic interactions (hypertensive crisis) occurred in patients
who, while taking monoamine oxidase inhibitors, ate cheese that contained
bioactive amines. Although theoretically predictable, this effect had not been
suggested in the literature before it was observed in patients.

Many sources of variation within the population of any species, such as age,
sex, pregnancy, disease, can affect the response to foreign substances. An
example is the difference between sexes in metabolism and toxicity of
acetylsalicylic acid (Menguy et al., 1972).

In addition, such environmental variables as temperature, lighting,
barometric pressure, humidity, and diet are known to affect the toxicity of
environmental pollutants. For example, the oral absorption of pentobarbital is
greatly altered by the prior ingestion of a small cheese sandwich. In this case,
peak pentobarbital concentration in plasma is diminished by about 50%, and the
duration of the effective plasma concentration is doubled (Bush ef al., 1966).

Another difficulty in extrapolating from laboratory animals to man is the
dose-duration problem. The lifetime of a mouse is about 2 yr. A man's life
expectancy is close to 70 yr, and a woman's 5 yr longer. Because man usually
excretes compounds more slowly than mice, this means that man, with a very
small daily intake, can develop a greater accumulation of a compound over many
years.

It is currently impossible to estimate the effects of all the genetic and
environmental variability in the human population.
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Although gains are being made in predicting effects of pollutants in man,
safety testing must, for the present, continue to rely on the results of
administration of high doses of substances in test animals to provide a basis for
protecting the human population.

THRESHOLDS

Biological Considerations

Whether or not a particular effect follows a dose-response relationship that
has a threshold depends entirely on the mechanism of the effect. Many effects
have thresholds. For example, the gastrointestinal-radiation syndrome, acute drug
toxicity, and radiation or drug control of some tumors all have dose-response
curves that show thresholds. The curves are sigmoid, and below a particular dose
there is zero probability of producing the effect, because it requires many
independent occurrences and will not occur until the number of such events
exceeds some critical value. The gastrointestinal-radiation (or drug) syndrome is a
case in point. An animal will not die until the number of intestinal crypt cells that
have been killed exceeds some value that is critical to the integrity of the organ.
Any radiation or drug dose that kills fewer cells than this critical number can be
considered to be "safe" (at least for this one syndrome).

We are used to thinking in terms of thresholds and sigmoid dose-response
curves. For example, if it costs $4,000 to buy an automobile, we do not imagine
that we will have a 50% chance of buying the same vehicle for $2,000. If 100
aspirin tablets constitute a lethal dose, we do not calculate that we will have a 1%
chance of dying if we swallow a single tablet. Because we know the mechanisms
underlying these events, we expect thresholds to the dose-response curves, and
indeed they are evident.

However, other effects may well not have threshold dose-effect
relationships. If an effect can be caused by a single hit, a single molecule, or a
single unit of exposure, then the effect in question cannot have a threshold in the
dose-response relationship, no matter how unlikely it is that the single hit or
event will produce the effect. Mutations in prokaryotic and eukaryotic cells can
be caused by a single cluster of ion pairs produced by a beam of ionizing
radiation. We would expect that mutations can be caused by a single molecule or
perhaps group of molecules in proximity to the DNA. The necessary conclusion
from this result is that the dose-response relationship for radiation and chemical
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mutagenesis cannot have a threshold and must be linear, at least at low doses.

It is one step further to correlate mutagenesis with carcinogenesis.
Nevertheless, the evidence is strong that there is a close relationship between the
two (McCann et al., 1975; McCann and Ames, 1976; Ames, 1976; DHEW,
1977).

We therefore conclude that, if there is evidence that a particular carcinogen
acts by directly causing a mutation in the DNA, it is likely that the dose-response
curve for carcinogenesis will not show a threshold and will be linear with dose at
low doses.

Consideration of the Dose-Response Relationship

In considering the possibility of thresholds for carcinogenesis, it is
important to understand that there is no agent, chemical or physical, that induces a
form of cancer in man that does not occur in the absence of that agent. In other
words, when there is exposure to a material, we are not starting at an origin of
zero cancers. Nor are we starting at an origin of zero carcinogenic agents in our
environment. Thus, it is likely that any carcinogenic agent added to the
environment will act by a particular mechanism on a particular cell population
that is already being acted on by the same mechanism to induce cancers. This
reasoning implies that only if it acted by a mechanism entirely different from that
already operating on the tissue could a newly added carcinogen show a threshold
in its dose-response curve.

Examination of Experimental Dose-Response Curves

The most extensive information on carcinogenesis both in experimental
animals and in humans is with ionizing radiation (BEIR, 1972). Although there is
evidence implicating thresholds in some animal tissues (Walburg, 1974),
thresholds have in general not been established for most tissues. If such
thresholds exist, they occur at sufficiently low doses that it would require
massive, expensive, and impracticable experiments to establish them. In view of
the common finding—for example of a linear dose-response relationship
(unaffected by dose-rate)—for cancer induction in animals by high LET
radiation, it is unlikely that such thresholds exist. Linearity is not essential to the
no-threshold argument since nonlinear, dose-response relationships do not
necessarily imply the existence of thresholds.

Recent reviews by Barendsen (1975) and Brown (1976) suggest that the
dose-response curve for mutation induction, the production of chromo
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some aberrations, and the induction of tumors in mammals is linear with low-LET
radiation up to about 50-100 rads. Brown (1976) concluded from the available
human data that this also applies to man. Such findings argue against a threshold
for ionizing radiation. Because many carcinogenic agents act like radiation in
producing mutations, chromosome aberrations, and cell killing, we see this as an
additional argument against the likelihood of thresholds in the dose-response
curves of these agents.

Heterogeneity of the Population

The human population in the United States—the population we are trying to
protect—is a large, diverse, and genetically heterogeneous group exposed to a
variety of toxic agents. Genetic variability to carcinogenesis is well documented
(Strong, 1976), and it is also known that individuals who are deficient in
immunological competence (for genetic or environmental reasons) are
particularly susceptible to some forms of cancer (Cottier et al., 1974). It seems,
therefore, that even if we were to postulate an average threshold for a particular
cancer induced by a particular agent, we would in practice need a series of
thresholds for different individuals. It would be extremely difficult to establish a
single threshold.

We conclude from these arguments that, despite all the complexities of
chemical carcinogenesis, thresholds in the dose-response relationships do not
appear to exist for direct-acting carcinogens. If they do exist, they are unlikely to
be detected and, hence, impossible to use. This means that there can be no totally
"safe" exposure to a particular carcinogen, nor can the term "margin of safety"
have any meaning. Any dose of a carcinogen must be considered to be associated
with a risk, and even if that risk is vanishingly small, it must be estimated.

Statistical Considerations

Many quantitative theories of carcinogenesis that have been proposed relate
the frequency of detectable tumors to the intensity of exposure to the carcinogen.
The purposes of these theories are twofold: to elucidate the mode of action of the
carcinogen and the nature of the neoplastic change, and to estimate—from
animal experimentation—the risk to human populations exposed to
environmental concentrations of the carcinogen.

One of the earliest quantitative theories was that of Iversen and Arley
(Iversen and Arley, 1950; Arley and Iversen, 1952). Their model was basically a
one-step transition process, in which a single "normal" cell is
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regarded as having some probability of being transformed to a cancer cell. Iversen
and Arley assumed that this transition probability was a linear function of the
amount of the carcinogen, the intercept of this linear function representing the
background or spontaneous transition probability, as would be obtained if none
of the carcinogen were present. After transition to a cancer cell, Iversen and Arley
assumed, growth of the clone could be represented by a pure birth process with a
birth rate independent of the initial amount of the carcinogen. It was assumed
that the clone would become a detectable tumor when it reached a given size.
This model is commonly referred to as the one-hit model and implies that the
expected number of tumors within a lifetime will depend only on the total dose
and not on the pattern of exposure. The mathematical forms of several hit-theory
models have been reviewed by Turner (1975), including generalizations that take
account of variations in susceptibility and the number of critical targets.

Both Nordling (1953) and Stocks (1953) carried the Iversen-Arley model a
step further when they proposed theories in which a single cell can generate a
tumor only after it has undergone more than one change or mutation; these could
be termed multievent theories of carcinogenesis. They assumed that, within some
time-frame, the probabilities of transition from one state to the next were the
same and proportional to both time and the concentration of the carcinogen. Like
Iversen and Arley, Nordling and Stocks assumed that the growth time of the
tumor (after the last event had occurred) was either independent of the carcinogen
or negligible. When the number of necessary changes is about 6 or 7, this model
yields age-specific, cancer-incidence rates that are proportional to the fifth or
sixth power of age and in this respect is consistent with human incidence data.
However, the model also predicts that cancer incidence is proportional to the
same high powers of the concentration of the carcinogen; this is not in agreement
with the results of human and animal data. To avoid this discrepancy, Armitage
and Doll (1954, 1961) modified the theory of Nordling and Stocks by assuming
that the probabilities of transition between events were not all equal. They also
assumed that only some of the transitional events depended on the carcinogen and
that the remainder had a probability of spontaneous transition independent of the
concentration of the carcinogen in question. With this modification, the model
became consistent with both human and animal data that showed tumor incidence
as related to either dose or the square of dose, but not higher powers. It should be
noted that the theories of Nordling, Stocks, and Armitage and Doll are based on
the concept that carcinogenesis has a single-cell origin, whereas a theory
proposed by Fisher and Holloman (1951) is multicellular in concept.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

CHEMICAL CONTAMINANTS: SAFETY AND RISK ASSESSMENT 41

They proposed that a tissue of N cells must contain at least K cells that have
undergone some transformation if a tumor is to occur in the tissue. This
theoretical approach leads to a model very similar in form to the multievent
model. Other multievent theories have been proposed that incorporate the
concepts of cell death or loss of ability to divide (Burch, 1960), and modifications
that permit cells in intermediate stages to grow more rapidly than normal
(Armitage and Doll, 1957).

Crump et al. (1976) discussed many of these models of carcinogenesis from
the viewpoint of low-dose kinetics. They made two basic assumptions: that the
cancer process is single-cell in origin, possibly with multiple steps between
initiation and complete alteration, and that the growth period of the completely
altered cell is basically independent of the degree of exposure. For direct
carcinogenic processes, in which the agent or its metabolite acts at the cellular
level to produce an irreversible change, they concluded that most models of
carcinogenesis will be linear for low doses. In addition, they showed that, if it can
be assumed that the environment contains carcinogens that act in conjunction
with the test agent, then all the models thus far proposed will be linear for low
doses.

In all these theories, the emphasis is mainly on the stochastic nature of the
changes involved in the carcinogenesis process. The role played by the
carcinogen is considered to a much lesser degree. It is commonly assumed that
transitional events in the process that are attributable to the carcinogen occur with
probabilities proportional to the degree of exposure. This is undoubtedly a gross
oversimplification of the actual process. The actual exposure is no doubt modified
by absorption, distribution, metabolism, and excretion of the chemical substance,
and the effective exposure should probably be the actual concentration of the
carcinogen at and within the target cells. Other factors that may affect delivery of
the carcinogen to intracellular compartments are membrane permeability and
enzyme binding. Therefore, the "effective dose" may well be some complex
function of the actual exposure and the biochemical and physiological
characteristics of the host. Most of these mathematical models incorporate the
dose as it is actually administered in animal experiments or human exposure. The
function relating administered dose to "effective dose," if it is not a simple case
of proportionality, can have a profound effect on the dose-response relationship.
As a simple example, consider a linear model relating dose (effective dose) to
response. If the effective dose is proportional to the administered dose, then a
linear model obtains for administered dose versus response If the dose
relationship is concave, which would obtain if the incremental increase in
effective dose decreases with higher doses, then the relationship between
administered dose and response would also be concave. Thus, the various
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dose-response curves that have been observed may not be indicative of different
carcinogenic processes once the agent has reached the target cell, but rather may
indicate different functions relating administered dose to effective dose. This
problem will probably relate more to chemical carcinogenesis, as opposed to
radiation-induced cancer.

Even if a normal cell has been transformed to some intermediate stage in the
carcinogenic process, this would not necessarily mean that cancer must occur.
Cell repair or recovery or some other response from the immune mechanisms
may be sufficient to stop or reverse the process before the final stage is reached.
In addition, the death of these transformed cells may occur before the process has a
chance to continue toward the eventual cancer. This is one of the major
arguments in favor of the existence of a threshold. However, if there is some
probability that these recovery mechanisms will not complete their role before the
occurrence of another event or transformation, this type of threshold will not
exist.

Thresholds may be considered from two viewpoints—an "actual" threshold,
which is an exposure below which any carcinogenic response attributable to the
specific agent is impossible, and a "practical" threshold, which is an exposure
below which an attributable carcinogenic response is highly unlikely. In
discussing carcinogenic thresholds, Mantel (1963) has argued that it is
immaterial whether or not "actual" thresholds exist, and that one should consider
the "practical” thresholds when estimating human risk. Mantel and Bryan (1961)
stated that a risk of cancer of 1 in 10® could be thought of as a "practical”
threshold and that efforts should be made to estimate exposures that would
produce no more than this risk. Using mathematical models that relate the latency
period (time between initiation of exposure and appearance of cancer) to the
exposure, Jones (1976) suggested that a "practical" threshold could be defined as
an exposure for which the latency period is beyond the normal life span.

Experimental or observational evidence of the existence of an "actual"
threshold is usually presented in the form of a dose-response graph, in which the
percentage of animals with tumors or the average number of tumors per animal is
plotted against the dose of the carcinogen. Either the existence of doses that do
not lead to an increase in tumor incidence over controls, or the extrapolation of
such curves to low doses that apparently would result in no tumor increase, is
cited as an indication of the existence of a threshold below which no response is
possible. This type of reasoning is an exercise in self-deception.

In the first case, failure to observe positive responses does not guarantee that
the probability of response is actually zero. From a
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statistical viewpoint, zero responders out of a population of size N is consistent at
the 5% significance level with an actual response probability between zero and
approximately 3/N (e.g., when N = 100 and zero responders are observed, the true
probability of response may be as high as 3%).

In the second case, when an observed plot of dose against tumors is
extrapolated downward to find a no-effect dose, it is assumed that the observed
dose-response relationship, usually linear, will obtain throughout the entire
spectrum of doses and that one threshold exists for the entire population at risk.
The assumption of linearity throughout the entire dose spectrum can easily lead to
erroneous conclusions. For example, consider the true dose-response relationship
shown by the dashed curve in Figure II-1.

This curve is convex, which would be consistent with a multievent theory of
carcinogenesis in which more than one event is affected by the carcinogenic
agent. This type of convex dose-response relationship, when sampled in an
animal experiment over only a part of the dose range, could be thought to imply
the existence of a threshold if simple linear extrapolation is used. If the animal
experiment is performed at doses between 4 and B, one could conclude that a
threshold exists at dose d; if the experiment is performed at doses between B and
C, the conclusion could be that a higher threshold exists at dose d5. In fact, with
convex dose-response curves, simple linear extrapolation will always imply the
existence of a threshold, if the experiment is performed over any range of doses
that appears to produce linearity between dose and response.

In addition, the assumption of one threshold is unrealistic. It is much more
likely that, if thresholds do exist, not all members of the population have the same
one. The human population is a very diverse, genetically heterogeneous group
that is exposed in different degrees to a large variety of toxic agents. Many
different disorders may affect the frequency of mutational events in specific
tissues. Disorders characterized by chromosomal instability have been found to
be predisposed to malignancy. Patients with xeroderma pigmentosum are highly
susceptible to ultraviolet-induced skin cancer, and it has been found that they
have deficient DNA repair mechanisms (Robbins et al., 1974). In Bloom's
syndrome, there is an immune deficiency and increased risk of leukemia and
cancer of the colon (German, 1972). These systems may provide a model in
which the risk of mutation and subsequent malignancy after exposure to an
environmental carcinogen may be genetically determined. If malignancy is the
result of a series of mutational events, there must be subpopulations at various
degrees of risks or with various thresholds for the carcinogenic agent. Therefore,
the search for thresholds should not be
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a search for one specific no-effect dose applicable to all members of the
population at risk; rather, the problem is to find many thresholds for each of the
subgroups within the population.
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Figure II-1

Linear extrapolation from a convex dose-response curve.

This variability in thresholds or susceptibility to carcinogenic agents has
been shown by Mantel et al. (1961) to induce an increased convexity in dose-
response curves at low doses. They demonstrated that a linear dose-response
curve with a fixed threshold will become convex at low exposures, if the
individual thresholds are allowed to vary. Therefore, the extrapolation of
observed dose-response curves, when the individual thresholds actually vary in
the population, will, at best, simply lead to the average threshold of the
population at risk. This estimate of the average threshold will have little practical
utility, because many members of the population will have individual thresholds
below this value. In addition,
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if we are willing to assume that threshold variability is the likely state in nature,
then from a statistical viewpoint it is practically impossible to distinguish between
mathematical models that hypothesize different thresholds and multievent models
that hypothesize no thresholds, because the shapes of the two models can be very
similar, and in some cases identical. For example, a one-hit, dose-response model
with a threshold may be written as,

i[l d<A

dix) =
e li—eet@-2 g3

where P@}) represents the dose-induced response rate at a dose level d and
A is the threshold below which no response can occur. If we assume that the
population consists of individuals with different thresholds, and that these
thresholds vary according to some probability distribution F(L), then the
variable-threshold model is simply the convolution of P@lA) with F()),

Pa)=f ' P@NaF)

If, for computational simplicity, we choose F(A) to be an exponential
probability distribution, then this variable-threshold model takes the
mathematical form,

Pa@y=1- &0 et
1 —aff

The interesting aspect of this particular mathematical model is that, as the
ratio o/f approaches unity, the model becomes

P(d)=1-(1-ad)e

which is the mathematical form of a two-hit model for dose response.

Discrimination among these models on the basis of animal experiments is
often impossible. These three models were fitted to data from an experiment by
Terracini et al. (1967), in which dietary concentrations of dimethylnitrosamine
(DMN) of 0-20 ppm were fed to female rats. The experiment was continued for
120 weeks, and the appearance of liver tumors was the response variable. The
data are shown in the following table.

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

CHEMICAL CONTAMINANTS: SAFETY AND RISK ASSESSMENT 46

DMN in Diet (ppm) 0 2 5 10 20
Number responders/at risk 0/29 0/18 4/62 2/5 15/23
Response rate 0.0% 0.0% 6.5% 40% 65%

The fixed-threshold and variable-threshold models, in addition to the two-
hit model, all fit these data equally well. There is no statistical basis on which to
prefer one over the others. Experimental results like these, although appearing to
give evidence of a threshold, will provide no statistical evidence either in favor
of, or opposed to, the existence of such thresholds. Therefore, statistical analysis
of standard animal carcinogenicity experiments is not—and probably will never
be—in a position to resolve the threshold question. There are too many
"biologically reasonable" mathematical models, both implying and denying the
existence of thresholds, that will fit the observed results.

The quantitative theories of carcinogenesis that have been proposed are all
stochastic. They consider the probabilistic aspects of the occurrence of some
series of events. If one is willing to assume that these events have transition
probabilities that can be affected by the carcinogen (no matter how small the
concentration); that the systems of distribution and metabolism have some chance
of allowing some amount of the carcinogenic agent to reach the target cells (no
matter how small the chance or the amount); and that the repair and recovery
systems may not do a perfect job (no matter how small the chance that this will
happen), then there will be no exposure that will have a zero probability of
leading to a cancer.

In addition, when considering the possibility of carcinogenic thresholds, one
should keep in mind that no agent has been found to induce a type of cancer that
has not been previously described. It is possible, perhaps even likely, that many
carcinogenic agents act by the same mechanism on the same target cells. This
would imply that, inasmuch as there are many carcinogenic agents in our
everyday environment, some additional carcinogen could act in a simple additive
manner and thus that any exposure would simply be added to the background.
This means that for a population already exposed to carcinogenic agents, any
additional carcinogen would simply increase the expected tumor incidence in a
continuous manner, no matter how low the exposure to the additional agent.
Therefore, despite all the complexities of the mechanisms of chemical
carcinogenesis, became of genetic variation among members of the population at
risk and because statistical analysis cannot resolve the question one way or the
other, the search for an "actual" carcinogenic threshold is probably fruitless, and
any human exposure to
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a carcinogen should be considered to be associated with some risk, no matter how
small that risk may be. The current mathematical models that relate exposure to
attributable risk arc, at best, extremely crude. Much work needs to be done to
refine these theories.

HIGH-DOSE TO LOW-DOSE EXTRAPOLATION

Dose-Response Models

Animal experiments must be performed at doses high enough to produce
tumors, and environmental concentrations must be low enough to produce few, if
any, tumors. Therefore, to estimate the probability of response at dose levels
outside the experimental range, it is necessary to make an assumption concerning
the form of the dose-response relationship at low doses. As noted above, many
quantitative theories of carcinogenesis have been proposed that relate the
occurrence of detectable tumors to both the quantity and the duration of exposure
to the carcinogenic agent. Most of these theories start with the premise that the
carcinogenic process consists of one or more stages that occur at the cellular
level, but that not all of these stages are related to the carcinogen. These stages
may be cell mutations or other biological or chemical events and may be
monocellular or multicellular in origin. The probability of transition to an event
related to the carcinogen is assumed to be proportional to the exposure. The exact
nature and causes of these events are largely unknown. However, the most
important aspect of these quantitative theories of carcinogenesis is that most of
them lead to mathematical models for which the probability of tumor occurrence
is generally related to a polynomial function of dose. For low exposure, the region
of most importance, they are all well approximated by a simple linear function of
dose (Iversen and Arley, 1950; Fisher and Holloman, 1951; Muller, 1951;
Nordling, 1953). This class of dose-response models may be considered as
models that are "linear at low dose," Other mathematical dose-response models
have been proposed for this problem of extrapolating from high doses to low
doses, the most notable being the log-probit method of Mantel and Bryan (1961).
These types of models have little biological justification in what is known about
the carcinogenic process. In addition, some require use of preselected parameters
chosen without regard to the particular experimental situation or results. A dose-
response model selected for extrapolation purposes should, at the very least, be
consistent with current knowledge of the carcinogenic process.

The mathematical models that relate dose to response rate fall into two
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categories: dichotomous-response models, for which the important experimental
fact is whether a particular condition, such as a malignant tumor, is present by a
particular time (in chronic exposure experiments, this time is usually the animal's
normal lifetime); and time-to-response models, for which the actual time to
occurrence of the particular condition is known for each animal in the
experiment. (For the latter type of model, the relationship of time since initiation
of exposure, to response can be ascertained together with the relationship between
exposure and response). Each type of model is completely specified, except for
some unknown parameters that are to be estimated from the experimental results.
These estimates and the functional form of the assumed dose-response model
will provide an estimate of the risk attributable to the carcinogen at any desired
dose.

In the dichotomous-response situation, the multievent theory of
carcinogenesis proposed by Armitage and Doll (1961) leads to a mathematical
model that relates the probability of response P(d) to the dose d by

Pd)=1-—eho*Aid +22d2 + .+ apdk)

where k represents the number of transitional events in the carcinogenic
process that are related to the carcinogen under test and As, Ax Agywhe  are
unknown nonnegative parameters. As with the other "linear-at-low-dose"
models, for small enough values of the exposure d, this dose-induced response
rate will be approximately equal to A;d (assuming that A, is the "background"
rate). Therefore, in extrapolating from high dose levels to low doses, the risk
attributable to the carcinogen, after correcting for background, will depend on the
magnitude of the coefficient, A;.

When estimating risk with this model, the function is to be fitted to the
experimental data by some such procedure as maximal likelihood (Guess and
Crump, 1976). A point estimate of the attributable risk may be obtained from the
model with the estimated parameters, but to incorporate the vagaries of random
sampling, it would be prudent to include the upper-statistical confidence limit on
this risk estimate.

Appropriateness of Data for Low-Dose Extrapolation

Before extrapolation is attempted, considerable attention must be given to
the appropriateness of the experimental data. Bioassay procedures must be of
high quality in order to avoid misleading risk estimates. Also, oral administration
of the carcinogen is necessary, because we are concerned with estimating the
risks associated with drinking-water
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consumption. The experimental animals should receive a lifetime administration
of the carcinogen, because this corresponds to the human situation that we are
attempting to estimate. It is not correct to assume that the tumor yield in a partial
lifetime study will be equivalent to a lifetime study with the same total dose. This
follows from the multistage models for carcinogenesis which assume that the
cancer-incidence rate is proportional to a power (often 3 to 5) of duration of
exposure. It may be possible to extrapolate from partial to full-lifetime exposure,
but it must be done on a sound biological basis.

Serious problems also develop from the actual data generated by the assay.
These problems have to do with the need for some observed dose-response
information. Often, the experimental doses are very high, and this produces
cancers in almost all the experimentally treated animals. This may be because the
assay protocols are designed for the determination of carcinogenicity, and not for
low-dose extrapolation and dose-response estimation. If all of the treated animals
produce high incidences of tumors, one has no useful idea of where the dose-
response curve actually is (particularly the lower convex portion of the curve).
The true dose-response curve could be badly underestimated—even with the use
of a straight-line extrapolation. Therefore, one must have some information
concerning doses at which the tumor incidence is in the lower convex portion of
the dose-response curve.

Although low-dose extrapolations are out of the question for high-incidence
data, one can calculate some relative dose information that can be used in
expressing concerns over possible adverse health effects. Essentially, the
exposure that is of interest in man is converted to the equivalent dose in animal
study. The ratio of the lowest experimental dose to the equivalent human dose is
then calculated. Clearly, the closer this ratio is to unity, the greater the concern.

One final point should be made. The extrapolations should generally be
conducted on total tumor yields, as opposed to specific tumor types, because we
wish to estimate total cancer risk in man.

INTERACTIONS

A major concern in carcinogenesis, and in assessing the safety of a single
material, lies in the answer to the question "How does this material behave in the
presence (or absence) of other materials?" Is the response to two materials the sum
of the individual responses? Do the effects come about as if doses were added? Is
there more (or less) than additivity? Do some things cancel each other out?
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Some experience in man begins to give answers to these questions. The few
known interactive effects in man are related to exposures to cigarette smoking
combined with some other exposure—industrial or social. These are the
combined effects of: cigarette smoking (inhaled); asbestos exposure (Selikoff,
1968); inhalation of radon, as in the case of the uranium miners (Lundin, 1971);
and the use of alcohol (Rothman, 1972). All of these show risks that are more
than additive. For example, the heavy smoker has about two times the risk of the
nonsmoker of dying of cancer of the oral cavity. The heavy drinker-heavy
smoker has about 15 times the risk of the nonsmoker, nondrinker. Reports from
Great Britain support the idea that the recent reduction in male lung cancer
mortality, particularly in Greater London, with small changes in cigarette
smoking and large changes in air pollution have come about through an
interaction between urban air pollution and cigarette smoking (Lawther, 1976).

Animal experimentation (Berenblum, 1947) showed an initiator-promoter
effect, in which each material applied separately (to the skin of test animals) had
little or no carcinogenic effect. The two materials, applied in the appropriate
sequences, however, were highly carcinogenic. At one time it appeared that there
were materials that were purely initiators (they started the process) and there were
others that were purely promoters (they moved the process along to frank
cancer). More recent views suggest that some materials are both initiators and
promoters, sometimes acting as one, sometimes as the other, and sometimes as
both, giving a "complete" carcinogen (Berenblum, 1974).

The exact nature of initiation and promotion is not clear, and there is
evidence that there is initiation-inhibition as well (Falk, 1971). Thus, it may be
possible that the carcinogenic effect of one material may be inhibited by another
material. Genetic susceptibility can be included in the initiator-promoter model.
Increased genetic susceptibility may be providing an initiator step, while
increased genetic resistance will look like initiation-inhibition. Some instances of
this are evident in man. For example, ultraviolet radiation leads to skin cancer,
mostly in people with fair skin, light hair and light eyes (Urbach, 1969). We know
that these latter characteristics are genetically determined and so we speak of
genetic susceptibility. Dark-skinned, dark-eyed, dark-haired people have genetic
resistance. It is not nearly so obvious, nor do we know the genetics involved, in
the case of the higher susceptibility to breast cancer among women from "breast
cancer families." Women who come from families where a mother, sisters, or the
fathers' sister(s) have breast cancer are at higher (twofold to threefold) risk than
women from non-breast-
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cancer families (Lilienfeld, 1963). There is nothing so obvious nor so directly
involved as skin pigmentation to give any leads here.

A possibly unifying concept concerning interactions is the "fertile ground"
idea. If the carcinogen falls on fertile ground, it will lead to cancer growth. If not,
no cancer. This implies a whole set of questions about the nature of the "fertile
ground." Some animal experimentation seems to imply that, with the induction of
mammary tumors in the rat by hormonal stimulation, the ground is made fertile
by earlier viral infection (Shellabarger, 1976). Similar results seem to be shown in
the induction of (mouse) cancers through the combination of malaria infection
and exposure to the Moloney mouse-tumor virus (Wedderburn, 1970). A similar
mechanism has been suggested for the development of Burkitt's lymphoma in
children in East Africa, in malaria infection associated with appropriate viral
infection (Morrow, 1976).

Another way that fertile ground can arise is through a deficiency interaction.
Here, the absence of some element, material, or vitamin may reduce the ability of
repair mechanisms, so that a level of a carcinogen that produces little or no
cancer in a population capable of repair produces much cancer in a population of
repair-deficient individuals. An example is the high cancer rate in Xeroderma
pigmentosum patients—people with a low ability for DNA repair (Robbins,
1974; Cleaver, 1968). A similar mechanism (on a grosser level) may be involved
in the high incidence of cancer of the esophagus in central Asians, whose bread
and tea diet may not contain the elements necessary to permit repair of tissue
affected by low levels of a nonidentified carcinogen (Mahboubi, 1973).

Much of the classical toxicology of dose-response assumes a distribution of
sensitivities in a population. Individuals with thresholds lower than the dose given
will respond by developing the condition. Individuals with higher thresholds will
not. The existence of dose-response curves that are not simple step-functions
(zero response at dose d, 100% response at dose d + e, where e is some very
small increment of dose) suggests these host-environment interactions.
Individuals with high gluathione and sulthydryl levels in their livers may be able
to "handle" (to metabolize to some nonactive form) toxicants much better than
individuals with low levels (Gillette, 1974).

According to Brown (1975), no carcinogen has been found to induce a
cancer of an entirely new, never-before-seen histological type. A possible
explanation of this is that many carcinogencic agents or processes act through the
same ultimate mechanism in the same target cells. He writes " . . . since there are
many carcinogenic agents in our . . . environment, [a new] carcinogen could actin a
simple, additive manner and thus any level of exposure would . . . be added to the . . .
existing
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background." This kind of interaction phenomenon has important implications for
the models used in extrapolation. It implies that these models may not assume any
threshold for a new material in a world already populated by many carcinogens.
It also leads to the conclusion by Crump et al. (1976) that "all models of
carcinogenesis thus far proposed will be linear at low doses."

The discovery of interactions will require more sophisticated experimental
techniques than are now being used. Testing combinations of materials multiplies
the number of tests that must be done (100 materials, tested two at a time, will
require 100 x 99/2! tests;,—tested three at a time will require 100 x 99 x 98/3!
tests). New techniques for multiple testing will have to be developed. Uncovering
deficiency interactions will require entirely new and different approaches.

SUMMARY—CHEMICAL CONTAMINANTS: SAFETY AND
RISK ASSESSMENT

Large populations are repeatedly exposed to potentially toxic contaminants
in the drinking water—in minute amounts over many months or years, or over
whole lifetimes. Delayed, essentially irreversible, effects can occur. Methods and
criteria of classical, conventional toxicology do not offer reliable means for
assessing long-term toxic effects such as carcinogenesis in man by extrapolation
from animal data; hence, novel considerations have to be applied in assessing
risk.

The insidious effects of chronic exposure to low doses of toxic agents is
difficult to recognize, because there are few, if any, early warning signs and,
when signs are ultimately observed, they often imply irreversible effects. For
example, cancer induction in experimental animals, even with the most potent
carcinogenic chemicals, requires at least several months and in many instances a
whole lifetime. There are as yet no easy, straightforward methods for
extrapolating even chronic-exposure experimental data to calculate risks to large
human populations. Teratogenic effects are easier to establish by animal
experimentation, but there are similar uncertainties in extrapolating to human
populations. Mutagenic effects are difficult to assess experimentally in
mammals, and such effects are particularly insidious, in that they appear only in
later generations.

Various measures used in assessing acute toxicity—such as LD, LDs,, and
maximal tolerated dose—are generally found to be quantitatively similar among
most animals. On the basis of dose-per-unit of body surface, toxic effects in man
are in the same range as those in experimental animals, such as mouse, rat,
hamster, dog, and monkey. On a body-weight basis, man is generally more
vulnerable than the
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experimental animal, probably by a factor of 6-12. Comparative studies have
shown generally that absorption, metabolism, and excretion of various drugs are
slower, dose-for-dose, in man; that there is greater retention of such drugs; and
that higher concentrations occur in body fluids and tissues in man than in small
mammals. With an awareness of these quantitative differences, appropriate safety
factors can be applied to calculate relatively safe therapeutic dosages for man.
These methods and principles of classical toxicology are useful for assessing
toxic effects that are reversible and nonprogressive. They are much less useful in
dealing with the problems of chronic irreversible toxicity or the effects of long-
term exposure. This subject has not been considered widely in the past.

From the review of available information, two major questions emerge:
"What types of experimental-assay procedures are required for a valid
assessment of chronic toxicity of chemicals in experimental animals?" "How can
such data be extrapolated to estimate risks in humans?" In dealing with these
questions, our recommendations are restricted to a specific risk—namely, cancer
—with the understanding that the same considerations will apply at least partially
to the problems of mutagenesis and teratogenesis. Furthermore, we consider only
carcinogens whose mechanisms involve somatic mutations.

Some principles that underlie efforts to assess the irreversible effects of
long-continued exposure to carcinogenic substances at low dose rates are outlined
below.

Principle 1

Effects in Animals, Properly Qualified, are Applicable to Man

This premise underlies all of experimental biology and medicine, but
because it is continually questioned with regard to human cancer, it is desirable to
point out that cancer in men and animals is strikingly similar. Virtually every form
of human cancer has an experimental counterpart, and every form of
multicellular organism is subject to cancer, including insects, fish, and plants.
Although there are differences in susceptibility between different animal species,
between different strains of the same species, and between individuals of the
same strain, carcinogenic chemicals will affect most test species; and there are
large bodies of experimental data that indicate that exposures that are
carcinogenic to animals are likely to be carcinogenic to man, and vice versa.

Evidence that circumstances leading to cancer induction in humans are also
applicable to experimental animals stems from the very first observation of
chemical carcinogenesis—the appearance of cancer of the
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scrotum in chimney sweeps, observed by the British surgeon, Percival Pott, in
1775. It was not until modern times that a substance implicated in human cancer
was found to be carcinogenic in animals, when the Japanese scientists, K.
Yamagiwa and K. Ichikawa, found in 1915 that extracts from coal tar cause
cancer when applied to the skin of experimental animals. Many pure carcinogenic
chemicals have since been isolated from a wide variety of "tars" derived from
incomplete combustion of organic matter, such as coal, wood, and tobacco. There
is little doubt that these and other chemicals, alone or in combination, are
responsible for the greatly increased incidence of lung cancer among smokers.
With the possible exception of arsenic and benzene, all known carcinogens in
man are also carcinogenic in some species, although not in all that have been
tested.

Principle 2

Methods do not Now Exist to Establish a Threshold for Long-Term Effects
of Toxic Agents

With respect to carcinogenesis, it seems plausible at first thought, and it has
often been argued, that a threshold must exist below which even the most toxic
substance would be harmless. Unfortunately, a threshold cannot be established
experimentally that is applicable to a total population. A time-honored practice of
classical toxicology is the establishment of maximal tolerated (no-effect) doses in
humans based on finding a no-observed-adverse-effect dose in chronic
experiments in animals, and to divide this dose by a "safety factor" of, say, 100,
to designate a "safe" dose in humans. There is no scientific basis for such
estimations of safe doses in connection with carcinogenesis. For example, even if
no tumors are obtained in an assay of 100 animals, this means only that at a 95%
confidence level, the true incidence of cancer in this group of animals is less than
3%. Even if we were to carry out the formidable task of using 1,000 animals for
assay and no tumors appeared, we could only be 95% sure that the true incidence
were less than 0.3%. Obviously, 0.3% is a very high risk for a large human
population.

In fact, there are no valid reasons to assume that false-negative results of
carcinogenicity tests are much less frequent than false-positive ones. To dismiss
all compounds that did not induce tumors in one or two mouse and rat
experiments as noncarcinogenic is wrong. Labeling as "carcinogens" all
substances that gave rise to increased incidence of tumors is justified only if there
is conclusive evidence of a causal relationship. The "relative risk" of compounds
that are not found to
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induce tumors in animal experiments must also be considered. But this requires
evaluation of data other than those collected in chronic toxicity studies on
rodents.

Experimental procedures of bioassay in which even relatively large numbers
of animals are used are likely to detect only strong carcinogens. Even when
negative results are obtained in such bioassays, it is not certain that the agent
tested is unequivocally safe for man. Therefore, we must accept and use possibly
fallible measures of estimating hazard to man. This reasoning leads us to the
statement of Principles 3 and 4.

Principle 3

The Exposure of Experimental Animals to Toxic Agents in High Doses is a
Necessary and Valid Method of Discovering Possible Carcinogenic Hazards
in Man

The most commonly expressed objection to regulatory decisions based on
carcinogenesis observed in animal experiments is that the high dosages to which
animals are exposed have no relevance in assessment of human risks. It is
therefore important to clarify this crucial issue. Practical considerations in the
design of experimental model systems require that the number of animals used in
experiments on long-term exposure to toxic materials will always be small,
compared with the size of the human populations similarly at risk. To obtain
statistically valid results from such small groups of animals requires the use of
relatively large doses so that effects will occur frequently enough to be detected.
For example, an incidence as low as 0.01% would represent 20,000 people in a
total population of 200 million and would be considered unacceptably high, even
if benefits were sizable. To detect such a low incidence in experimental animals
directly would require hundreds of thousands of animals. For this reason, we have
no choice but to give large doses to relatively small experimental groups and then
to use biologically reasonable models in extrapolating the results to estimate risk
at low doses. Several methods of making such calculations have been considered
and used, but we think that the best method available to us today is to assume
that there is no threshold, and that the incidence of tumors is directly proportional
to dose. However, it is important to recognize that such calculations may give
either too small or too large an estimate risk. The actual risk to humans might be
even greater over a human lifetime, because it is about 35 times that of a mouse;
and there is evidence that the risk of cancer increases rapidly with the length of
exposure. Moreover, experimental assays are conducted under controlled dietary
and environ
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mental conditions with genetically homogeneous animals, whereas humans live
under diverse conditions, are genetically heterogeneous, and are likely to include
subpopulations of unusual susceptibility.

It should be emphasized that these general considerations give only a
minimal estimate of human risk; moreover, they do not take into consideration
differences in susceptibility between species. For example, beta-naphthylamine is
well established as a human carcinogen on the basis of epidemiologic studies of
occupationally exposed workers, whereas experiments have not shown it to be
carcinogenic in the hamster, which is relatively resistant.

Not all substances that cause a given incidence of cancer in the rat are
equally carcinogenic for man. This means that chronic-toxicity studies, which are
imperfect assay systems for carcinogenicity testing, should not be used as the sole
criterion in the assessment of risk.

Principle 4

Material Should be Assessed in Terms of Human Risk, Rather Than as
"Safe" or "Unsafe"

The limitations of the current experimental techniques do not allow us to
establish safe doses, but with the help of statistical methods we may be able to
estimate an upper limit of the risk to human populations. To calculate such a risk,
we need data to estimate population exposure; a valid, accurate, precise, and
reproducible assay procedure in animals; and appropriate statistical methods.
Several general guidelines may be presented. First, no rigid, generally applicable
procedure can be recommended for testing all toxic agents. Substances differ too
much in their overall effects, and the design of appropriate assays will ultimately
have to be left to the well-informed judgment of expert investigators. If
substances that affect large populations are found to be carcinogenic, experiments
of much wider scope may have to be conducted to obtain more detailed
information on their possible effects in humans. As a pragmatic guideline, it
would be desirable to test a compound for carcinogenicity in at least two species,
such as the mouse and the rat, and the strains of animals used should have a
rather low incidence of spontaneous tumors under the conditions of the test. It is
important to include "positive" controls, with known carcinogens, under the same
conditions used for the test animals. This has been a point of considerable
controversy.

Experiments should be conducted over as much of the lifetime of the
experimental animal as possible. The highest dose should be the
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maximum that is tolerated without shortening the lifespan through muses other
than cancer. Every animal, whether it dies during the exposure period or is
sacrificed at the end of the experiment, should be examined grossly and
microscopically, and all toxic effects (not only cancer) should be noted.

Risk constitutes but half the essential comparison that should be made in the
assessments of human hazard; the other half is benefit to the exposed population
of the agent for which hazard has been identified. Decisions cannot involve
merely the risk. Statements of benefits should include the nature, extent, and
recipient of the benefit. Technology has always been associated with some risk.
But the acceptability of risk should depend on the specific benefits derived, the
nature of the population exposed, and the availability of practical alternatives.

It is not possible to guarantee a risk-free society; nor is a risk-free society
necessarily the best society. It is often necessary to accept the risks of chemicals
—such as drugs and pesticides—when the benefits warrant their use. Risks
imposed on persons who gain no benefits are generally not acceptable. Personal
choice and personal values enter into the risk-benefit comparison. For major
benefits—for example, in the treatment of otherwise incurable or incapacitating
diseases—much higher risks are allowable than otherwise. An important principle
in risk-benefit assessment is that each person must be allowed the widest possible
choice—supported by full information on risks, as well as benefits—so that
intelligent choices may be made.

The benefit portion of the equation should be well defined by knowledgeable
experts, and based on data at least as good as the risk data. It is important,
therefore, that the benefit-risk comparisons be established with the active
cooperation of people who are qualified to assess the usefulness of a substance
and the consequences to those in need of it, as well as to the population at large.

Finally, mankind is already exposed to many carcinogens whose presence in
the environment cannot be easily controlled. In view of the nature of cancer, the
long latent period of its development, and the irreversibility of chemical
carcinogenesis, it would be highly improper to expose the general population to
an increased risk if the benefits were small, questionable, or restricted to limited
segments of the population.

Principles To Be Used for Noncarcinogens and Nonmutagens

The nature and reversibility of the toxic effect must be considered.
For carcinogens that are not shown to be mutagens, some sort of
extrapolation must be postulated.
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For noncarcinogens for which it seems likely that there are thresholds for
toxic effects, the acceptable dose should be below the threshold. If a threshold
cannot be shown, the acceptable dose must be related to the data from animal
experimentation and consideration of the seriousness of the toxic effects, as well
as the likelihood and ease of reversibility, the variability of the sensitivity of the
exposed population, and the economic and health-related importance of the
material.

RESEARCH RECOMMENDATIONS

Research must be supported to develop an understanding of the mechanisms
by which water pollutants produce toxic effects. This includes pharmacokinetics,
toxication-detoxication mechanisms, and biochemical and pathological
mechanisms of action.

Estimates of margin of safety can be made more precisely and rationally as
more is known about what happens to a chemical in the body and what the
chemical or its metabolites do to the body. The results of such research also are
necessary to develop rapid, inexpensive, accurate screening tests for various
critical forms of toxicity.

It is recognized that much of this research is going on, but the Committee is
convinced that more must be done. In protecting the population of the United
States from environmental pollution there is no more important or potentially
productive effort than the support of this kind of research. Since these studies are
long-term in nature and must be closely coupled to basic biomedical research,
they should be supported primarily by research rather than regulatory agencies.

There are many research needs in the field of chronic disease epidemiology.
Manpower is in critically short supply. There are critical problems of data
resources.

Research on statistical methods and mathematical models for estimating low
dose effects should be encouraged. Statistical work is practically nonexistent for
effects other than carcinogenesis. Although a considerable effort has been
expended on dose-response estimation for carcinogenesis, very little has been
done on species variability and susceptible subgroups. This area could at least be
studied from an empirical standpoint so that there would be a better
understanding of the precision of low-dose risk estimates.

These recommendations are summarized below:

1. Studies of the physiological and biochemical mechanisms by which
the toxic substances in water produce their effects.
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2. Development of rapid, inexpensive, and precise tests to identify
substances that may produce important toxic effects at low doses and
dose rates.

Epidemiological studies of chronic disease.

4. Research on statistical methods and analytical models for describing
and estimating the effects of long exposure to low doses of toxic
substances. Studies should not be limited to carcinogenesis and
should consider, also, differences between species, and particularly
sensitive subgroups in the population.

w
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1111

Microbiology of Drinking Water

The principal microbiological contaminants found in drinking water of the
United States are bacteria, viruses, and pathogenic protozoa. Each is considered
in a separate section of this chapter. Helminths are included along with the
protozoa. Little information is available on mycoplasma, pathogenic yeast, and
pathogenic fungi in drinking water. Microbiological contaminants, such as fungi
and algae, do not seem to be important causes of waterborne disease, although
they are sometimes associated with undesirable tastes and odors.

EPIDEMIOLOGY

The average annual number of waterborne-disease outbreaks in the United
States reported since 1938 is shown in Figure III-1 (Center for Disease Control,
1976b). There was a decrease in the number of outbreaks during the late 1930's
and 1940's, but this trend was reversed in the early 1950's. There has been a
pronounced increase in the outbreaks reported by the Center for Disease Control
(CDC) in Atlanta, Georgia, since 1971. The reason for this apparent increase is
not entirely clear, but it could be either the result of improved reporting or an
overloading of our treatment plants with source water of increasingly lower
quality. Since 1971, the CDC, the Environmental Protection Agency (EPA), state
epidemiologists, and engineers in state water-supply surveillance agencies have
cooperated in the annual reporting of outbreaks. The purposes of such
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reports are to control disease by identifying contaminated water sources and
purifying them, and to increase knowledge of disease causation. The roles of
many microbial agents, including, for example, Yersinia enterocolitica and
mycoplasma, remain to be clarified.
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Figure III-1
Average annual number of waterborne disease outbreaks, 1938-1975.

The most important waterborne infectious diseases that occurred in
1971-1974 are listed in Table III-1. The etiologic agent was determined in only
53% of 99 disease outbreaks that involved 16,950 cases (Craun et al. 1976). The
remainder were characterized as "acute gastrointestinal illness of unknown
etiology."

Shigellosis was the most commonly identified bacterial disease (2,747
cases) in 1971-1974. Most of the cases were associated with non-municipal water
systems. Four typhoid fever outbreaks affected 222 people and involved
semipublic and individual water systems.

In 1974, 28 waterborne-disease outbreaks, comprising 8,413 cases, were
reported to the Center for Disease Control (1976a). The largest was an outbreak
of giardiasis that occurred in Rome, N.Y., with an estimated 4,800 cases. The
second largest involved about 1,200 cases caused by Shigella sonnei. In the third
largest, which involved 615 cases of acute gastrointestinal illness, the etiologic
agent was not definitely determined, but Yersinia enterocolitica was suspected.
The fourth largest was caused by Shigella sonnei and involved 600 persons.
Nineteen states reported at
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least one outbreak. Craun et al. (1976) stated that "this probably reflects the level
of interest in investigating and reporting in different states rather than the true
magnitude of the problem within the state."

Semipublic water systems were associated with 55% of the outbreaks and
accounted for 32% of the total cases in 1971-1974. Municipal systems accounted
for 31% of the outbreaks, but 67% of the cases. Individual systems accounted for
14% of the outbreaks and only 1% of the cases, but outbreaks associated with
individual systems probably are under-reported, as opposed to those associated
with municipal and semipublic systems.

Deficiencies in treatment and contamination of groundwater were
responsible for a majority of the outbreaks (65%) and cases (63%) in 1971-1974.
Inadequate or interrupted chlorination was involved in 31% of the outbreaks and
44% of the cases.

Craun et al. (1976) have drawn attention to the large number of waterborne
disease outbreaks involving travelers. In 1971-1974, 49 (72%) of the 68
outbreaks that occurred in connection with semipublic and individual systems
affected travelers, campers, visitors to recreational areas, or restaurant patrons;
and 86% of the 49 outbreaks occurred during April-September.

Outbreaks on cruise ships are excluded from the above tabulations, but they
are of interest and should be mentioned because they involve the traveling
public. For example, in June 1973, about 90% of 655 passengers and 35% of 299
crew were affected by an outbreak of acute gastroenteritis. An epidemiological
investigation identified Shigella flexneri type 6 among early cases, and
contaminated water and ice aboard the ship were implicated as vehicles of
transmission (Center for Disease Control, 1973). In 1975, outbreaks of diarrhea
on 8 ships affected between 9% and 61% of the passcagers. In most of these
outbreaks the causal agents and vehicles

TABLE III-1 Etiology Of Waterborne Outbreaks and Cases, 1971-1974

Disease Outbreaks Cases
Gastroenteritis 46 7,992
Giardiasis 12 5,127
Shigellosis 13 2,747
Chemical poisoning 9 474
Hepatitis-A 13 351
Typhoid fever 4 222
Salmonellosis 2 37
TOTAL 99 16,950
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of transmission were unknown; water was identified as the vehicle in one of them
(Center for Disease Control, 1976b).

In 1975, 24 waterborne disease outbreaks involving 10,879 cases were
reported to the Center for Disease Control (1976b). No etiologic agent was found
for the two largest outbreaks (Sewickley, Pa.—5,000 cases and Sellersburg, Ind.
—1,400 cases). The third largest outbreak, involving over 1,000 persons,
occurred at Crater Lake National Park, Oreg. Enterotoxigenic E. coli was isolated
from residents of the park who became ill, and from the park's water supply.

Seventeen of the 24 outbreaks and about 90% of the cases reported to CDC
were designated as "acute gastrointestinal illness." This category includes cases
characterized by gastrointestinal symptoms for which no specific etiologic agent
was identified. Cases resulting from water treatment deficiencies (2,695) or
deficiencies in the water distribution system (6,961) accounted for almost 89% of
the total cases in 1975. As in the past, most of the cases occurred in the spring and
summer.

The reported numbers of outbreaks and illnesses represent only a portion of
the true totals. Craun et al. (1976) called attention to the outbreak at Richmond
Heights, Fla., in 1974 as an example of why good disease surveillance is
necessary and of the way in which many illnesses may go unnoticed. Initially,
only 10 cases of shigellosis in this outbreak were recognized by authorities. An
epidemiologic investigation revealed that approximately 1,200 illnesses actually
occurred. This large outbreak might not have been detected if local health
authorities had not been conducting shigellosis surveillance. In another outbreak,
some 1,400 residents of Sellersburg, Ind. (31% of the town's population)
experienced gastroenteritis. The high attack rate, rapid onset of the outbreak,
review of water sampling data, and the town-wide survey suggested that the
illness was waterborne, but no bacterial or viral pathogens or chemical toxins
were found in the town water supply. Until improved detection and reporting
systems are in use, the available epidemiological data will represent only a small
fraction of the waterborne-disease problems in this country.

BACTERIA

The principal bacterial agents* that have been shown to cause human
intestinal disease associated with drinking water are: Salmonella typhi,

*Nomenclature in this report follows the 8th edition of Bergey's Manual of
Determinative Bacteriology (Buchanan and Gibbons, 1974).
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typhoid fever; Salmonella paratyphi-A, paratyphoid fever; Salmonella (other
species and a great number of serotypes), salmonellosis, enteric fever; Shigella
dysenteriae, S. fiexneri, and S. sonnei, bacillary dysentery; Vibrio cholerae,
cholera; Leptospira sp., leptospirosis; Yersinia enterocolitica, gastroenteritis;
Francisella tularensis, tularemia; Escherichia coli (specific enteropathogenic
strains), gastroenteritis; and Pseudomonas aeruginosa, various infections.
Several other organisms have been associated with gastroenteritis, such as those
in other genera of the Enterobacteriaceae: Edwardsiella, Proteus, Serratia, and
Bacillus.

Number of Cells Required to Infect

In attempting to assess the hazards in drinking water, it is important to know
how many viable pathogenic cells are necessary to initiate an infection.
McCullough and Eisele (1951a,b,c,d) found that a dose of 10°-10% salmonellae
per person was necessary for most strains, although 103 cells of some strains
could infect. More recent studies by Dupont, Hornick, and associates on selected
enteric bacterial pathogens are summarized in Table III-2. Some enteric
pathogens are highly virulent, causing infection when relatively few cells are
administered (e.g., Shigella fiexneri and S. dysenteriae), whereas others require
large numbers to infect (e.g., Salmonella typhosa and Vibrio cholerae).

Virulence is a genetic trait and can vary markedly from strain to strain
(Meynell, 1961). Phenotypic variation in virulence can occur within a given
clone. A small percentage of the cells in a population may be unusually virulent
(Meynell, 1961; Meynell and Meynell, 1965). Thus, it does not always follow
that because large numbers of cells are required for infection in feeding trials,
that large numbers in drinking water are necessary to cause infection. Some few
individuals may become infected by small numbers of unusually virulent cells.
Recent evidence also indicates the possibility of genetic transfer of virulence from
invading microbes into the resident intestinal population, providing another
means by which small numbers of organisms might initiate a disease state.

The consequences of an increasing prevalence in livestock and their excreta
of coliform organisms containing infectious plasmids and giving rise to clinical
conditions were not examined in detail because of time constraints and their lack
of immediate relevance to standard setting. Similarly, the consequences of adding
antibiotics to animal and poultry feed and the enhanced hazards of spreading
drug-resistant organisms were not examined.

The infecting dose also varies with the age and general health of the
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host population (MacKenzie and Livingstone, 1968). Infants and the aged may be
particularly susceptible. Previous exposure to a given pathogen is important, in
that coproantibodies may prevent infection with a strain that is generally present
in the population, whereas a new serotype introduced into the water supply may
present an increased hazard.

TABLE III-2 Infective Doses For Man of Bacterial Enteric Pathogens

Subjects

Infected/Total

Tested

Enteric Pathogen

Dose: Viable o' 102 10° 10* 10° 10° 107 108 10°
Cells

Shigella

dysenteriae

Strain M131 1/10 2/4  7/10 5/6

Strain A-1 1/4 2/6

Shigella fiexneri

Srain 2A# 6/33% 33/49> 66/87 15/24

Strain 2A# # 1/4 3/4 7/8 13/19 7/8
Salmonella typhi

Strain Quailes 0/14 32/116 16/32 8/9 40/42
Vibrio cholerae

Strain Inaba

With NaHCO; 11/13 45/52 2/2

No NaHCO; 02 0/4 0/4 2/4 172
Enteropathogenic

E. coli

Strain 4608 0/5 0/5 4/8

SOURCES: Shigella dysenteriae: Levine et al., 1973; Shigella fiexneri: Dupont et al., 1972b; Dupont
et al., 1969; Salmonella typhi: Hornick et al. 1970; Vibrio cholerae: Cash et al., 1974;
Enteropathogenic E. coli: Dupont et al., 1971.

2 Dose: 1.8 x 102,

® Dose: 5 x 10°.

Not all strains of Shigella are highly virulent. Shaughnessy et al. (1946)
determined infecting doses of four strains of Shigella while studying
immunization in volunteers. They found that infectivity in mice could not be
directly correlated with infectivity in humans and that doses of 10° organisms or
higher were needed to produce human infection. In their extensive studies to
develop a Shigella vaccine, Hornick, DuPont, and associates observed the
infective dose for several strains. With S. flexneri 2A, 30 of 39 volunteers became
ill from a dose of 10°-108 organisms
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(DuPont et al., 1969). They showed that Shigella must penetrate the intestinal
mucosa to produce symptoms of classic dysentery and that addition of
bicarbonate facilitated this process. Two vaccine strains of S. flexneri 2A, a
hybrid of a Shigella mutant, E. coli, and a streptomycin-dependent strain, could
be safely administered orally in doses of 10'° organisms or higher (DuPont ef al.,
1972a). A virulent strain could cause symptoms in doses of as few as 180
organisms (DuPont et al., 1972b). With Shigella dysenteriae 1 (Shiga strain)—an
organism that has two pathogenic modes, invasiveness and enterotoxin
elaboration—the infecting dose in man was shown to be as low as 10 organisms
(Levine et al., 1973).

With such high infectivity of Shigella, why are waterborne outbreaks not
more common? One possibility is that Shigella survives poorly in water. Wang et
al. (1956) pointed out that, in a number of bacillary dysentery outbreaks
involving water, the organism was not, or could not be, isolated. Over several
years of studying irrigation water in Colorado, Wang et al. (1956) and Dunlop et
al. (1952) were not successful in isolating shigellae, although salmonellae were
frequently isolated. The survival of shigellae in water appears to be shorter than
that of many other bacteria; Dolivo-Dobrovolskiy and Rossovskaya (1956) found
Shigella survival times of only 0.5-4.0 h during the warmest time of the year.
However, enteric pathogens may survive much longer times in lake or river
sediment than in free waters, and resuspension of such pathogen-loaded
sediments at a later time may introduce a "slug" of bacteria into the waters that is
not completely removed by treatment systems.

Estimation of Disease Potential by Direct Quantitation of
Bacterial Pathogens

The detection of bacterial pathogens in water polluted with human or animal
fecal matter is relatively easy when large numbers of organisms are present
(American Public Health Association, 1975). Pathogenic bacteria have been
isolated from relatively clean reservoirs, rivers, streams, and groundwater; large
samples, concentration techniques, and often elaborate laboratory procedures are
used. However, detecting the presence of these pathogenic organisms in
processed and disinfected water is far more difficult.

Scientific literature presents a vast array of media and methods for direct
pathogen detection in finished water (Geldreich, 1975). The greatest emphasis
has been on the Salmonella-Shigella group of enteric organisms. Numerous
modifications of well-known media are used for
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pre-enrichment, enrichment, selective inhibition, and isolation, and there are
many recommended modifications of incubation temperature and time. Some
methods use the classic most-probable-number (MPN) procedure for
quantification; others use membrane filtration. Reviews of proposed procedures
may be found in the Journal of the Water Pollution Control Federation
(Geldreich, 1968, 1969, 1970b; Van Donsel, 1971; Reasoner, 1972, 1973, 1974,
1975). A recent review appeared in the fourteenth edition of Standard Methods
(American Public Health Association, 1975).

There are serious limitations to the use of direct isolation of specific
pathogenic bacteria for evaluating water quality. First, there is no single
procedure that can be used to isolate and identify all these microorganisms.
Second, only for salmonellae are the available procedures sufficiently accurate;
the methods for other major pathogens—such as Shigella, Vibrio, and Leptospira
—are inadequate. Third, none of the available procedures is applicable to
quantitative isolation of small numbers of pathogens in drinking water. Fourth,
even if procedures could be recommended, it is doubtful whether laboratories
doing routine bacteriologic studies of water would have the expertise to carry out
the procedures reliably.

In outbreaks caused by gross contamination, the standard procedures would
be of value. Recently, Reasoner and Geldreich (1974) reviewed several of the
rapid-detection methods proposed for water and concluded that the cost per test,
although perhaps higher than for conventional procedures, must be tolerated for
potable-water quality assessment in emergency situations created by natural
disasters, treatment breakdown, or rupture in the distribution network. None of
these procedures would provide protection to the public as great as that provided
by the currently used indicator organism, the coliform.

Indicator Organisms

The term "indicator organism," as used in water microbiology, means: a
microorganism whose presence is evidence that pollution (associated with fecal
contamination from man or other warm-blooded animals) has occurred. Indicator
organisms may be accompanied by pathogens, but do not necessarily cause
disease themselves.

As noted above, pathogens are usually more difficult to grow, isolate, and
identify than indicator organisms, and often require special media and
procedures. Indicator organisms, rather than the actual pathogens, are used to
assess water quality because their detection is more reliable
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and less time-consuming. Pathogens appear in smaller numbers than indicator
organisms and are therefore less likely to be isolated. An indicator organism
should have the following characteristics:

» Applicable to all types of water.

» Present in sewage and polluted waters when pathogens axe present.

* Number is correlated with the amount of pollution.

» Present in greater numbers than pathogens.

* No after growth in water.

* Greater survival time than pathogens.

» Absent from unpolluted waters.

 Easily detected by simple laboratory tests in the shortest time consistent
with accurate results.

» Has constant characteristics.

* Harmless to man and animal.

No organism or group of organisms meets all these criteria, but the "coliform
group" of organisms fulfills most of them.

Escherichia Coli and the Coliform Group

Escherichia coli is commonly found in the human intestine. It is not
normally a pathogen, although pathogenic strains are known. Physiologically, E.
coli and members of the genera Salmonella and Shigella are quite similar. All are
classified as enteric bacteria of the family Enterobacteriaceae (Cowan, 1974).
They are facultatively anaerobic, and are able to ferment sugars with the
production of organic acid and gas. These three genera carry out a type of
fermentation called "mixed-acid fermentation," but differ in a number of
physiological characteristics. Many physiological differences between various
enteric bacteria axe known (Ewing and Martin, 1974), but at the beginning of the
twentieth century this was not so. In the early days of water bacteriology, some
simple operational distinctions were necessary. The lactose-fermentation test
became the prime diagnostic tool: E. coli ferments lactose with the formation of
acid and gas; Salmonella and Shigella do not ferment lactose.

One source of confusion is the necessity to distinguish between E. coli and
the "coliform group" of bacteria. Although the taxonomy of bacteria is constantly
undergoing revision (see Buchanan and Gibbons, 1974, for the latest version), the
genus Escherichia is well defined. It is distinguished from other mixed-acid
fermenters of the Enterobacteriaceae primarily on
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the basis of sugar-fermentation reactions, motility, production of indole from
tryptophan, lack of urease, inability to utilize citrate as sole carbon source, and
inhibition of growth by potassium cyanide. However, the "coliform group" is not
so precisely defined. The "coliform group," as defined in Standard Methods
(American Public Health Association, 1975), comprises all "aerobic and
facultative anaerobic, gram-negative, non-spore-forming, rod-shaped bacteria
which ferment lactose with gas formation within 48 hr at 35 C." This is not a
taxonomic grouping, but an operational one that is useful in water-supply and
sewage-treatment practice. It includes organisms in addition to E. coli, most
importantly Klebsiella pneumoniae and Enterobacter aerogenes, which are not
mixed-acid fermenters. The entry of the term "coliform" into sanitary
bacteriology was associated with a policy established by H. E. Jordan when he
became editor of the Journal of the American Water Works Association ; he stated
that he would substitute "coliform" for " E. coli" in papers submitted to him
(Jordan, 1937).

Although most isolates classifiable as Escherichia by modern methods
ferment lactose, about 5-9% of them do not (Ewing and Martin, 1974). No
isolates of the genus Sal/monella, either in the species S. typhi or in other species,
produce gas from lactose (Ewing and Martin, 1974); therefore, a water sample
containing Salmonella and a lactose-negative E. coli would be negative on the
coliform test and would probably be discarded without further examination,
because of the definition of "coliform." Even if glucose were substituted for
lactose in a coliform analysis, a significant fraction of organisms would be
missed, inasmuch as about 9% of isolates of Escherichia do not form gas from
glucose (Ewing and Martin, 1974).

Because there are two procedures—the multiple-tube-dilution or most-
probable-number (MPN) technique, and the membrane-filter (MF) technique—
the coliform group of organisms requires two definitions (American Public
Health Association, 1975). On the basis of the MPN technique, the group consists
of all aerobic and facultatively anaerobic, gram-negative, non-spore-forming,
rod-shaped bacteria that ferment lactose with formation of gas within 48 h at
35°C. On the basis of the MF technique, the group consists of all organisms that
produce a dark colony (generally purplish-green) with a metallic sheen within 24 h
of incubation on the appropriate culture medium; the sheen may cover the entire
colony or appear only in a central area or on the periphery. These two groups are
not necessarily the same, but they have the same sanitary significance.

If the coliform group is to be used as an indicator of fecal pollution of water,
it is important to know that the coliforms do not lose viability in the water
environment faster than pathogenic bacteria, such as salmonel
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lae and shigellae. Little information exists on the survival of bacteria in finished
water, and the data on other types of water are scattered and fragmentary.
McFeters et al. (1974) recently reviewed previous work and presented their own
data on die-off of intestinal pathogens in well water. As seen in Table III-3, die-
off rates for pathogens and coliforms are approximately the same. Earlier work on
the survival of salmonellae in water was reviewed by McKee and Wolf (1963).

TABLE III-3 Comparative Die-Off Rates (Half-Time)a of Fecal Indicator Bacteria and
Enteric Pathogens

Bacteria Half-time (h) Number of strains
Indicator Bacteria

Coliform (avg.) 17.0-17.5 29
Enterococci (avg.) 22.0 20
Streptococci (from sewage) 19.5

S. equinus 10.0 1
S. bovis 4.3 1
Pathogenic bacteria

Shigella dysenteriae 22.4 1
S. sonnei 24.5 1
S. flexneri 26.8 1
S. enteritidis, paratyphi A&D 16.0-19.2 2
S. enteritidis, typhimurium 16.0 1
S. typhi 6.0 2
V. cholerae 7.2 3
S. enteritidis, paratyphi B 2.4 1

2Time required for 50% reduction in the population. From McFeters et al. (1974).

Another factor to be considered is the relative sensitivity of coliforms and
bacterial pathogens to disinfection. Although this subject has been studied little
recently, the older work (Butterfield et al., 1943; Butterfield and Wattie, 1946;
Wattie and Chambers, 1943) indicated that there was essentially no difference
between these different organisms in sensitivity to disinfection. This is not true
when the coliform group is compared with viral pathogens. Viruses survive
longer than bacterial pathogens (Colwell and Hetrick, 1976).

Some Deficiencies of Coliforms as Indicator Organisms

Coliforms meet many of the criteria for an ideal indicator organism
previously listed; however, there are some deficiencies. There is after-
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growth in water—some strains do not disappear, but adapt to the new
environment, and may become part of the natural flora. They are often found in
waters, having entered through storm runoff. And they do not have constant
characteristics; it is this property more than any other that has recently caused
some water bacteriologists to question the continued use of coliforms as indicator
organisms. False-negative and false-positive test results are not uncommon. The
following summarizes the objections which have been raised by workers to the
continued use of coliforms:

* Atypical lactose reactions, the concern of bacteriologists as early as 1899
(Parr, 1939), have occurred.

* Coliforms may be suppressed by high populations of other organisms,
especially in untreated groundwater (Allen and Geldreich, 1975) or
where there is no free residual chlorine (Geldreich ef al., 1972).

» Coliforms do not represent a homogeneous group; it-has been suggested
(Dutka, 1973) that the definition of "coliform" include any organism
defined by Edwards and Ewing (1972) as Enterobacteriaceae (this might
require the addition of the oxidase test to the definition of the group,
because all Enterobacteriaceae are oxidase-negative).

* The genus Aeromonas is a common cause of false-positive results in
warm weather (Bell and Vanderpost, 1973; Ewing et al., 1961; Ptak et
al., 1973). These can be eliminated by the use of the oxidase test, since
Aeromonas is oxidase-positive and coliforms are oxidase-negative.

» False-negative results by strains that are unable to ferment lactose can
give an unwarranted sense of security.

In the final analysis, testing for coliform, while not perfect bacteriologically,
is still the most reliable indicator of the possible presence of fecal contamination
and therefore of the pathogens that may be present in water.

Other Indicator Organisms

Because of certain limitations of the coliform group as general indicators of
water quality, workers have continually searched for better indicator organisms.
No other organism has been found that is better than the coliform group, but it is
pertinent to mention briefly some of these other indicators (Geldreich, 1975).
Fecal coliforms (defined as those organisms which develop on media incubated
at 44.5°C) have frequently been used in stream and lake pollution work, but are
not suitable as indicators of drinking water quality because the number of fecal
coliforms is considerably lower in source waters than total coliforms, making the
test
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less sensitive. Fecal streptococci (defined as those organisms able to grow on
medium containing sodium azide) have been used in water pollution work, but
have not proven suitable for drinking water analysis because of low recovery
rates, poor agreements between various methods, and uncertainty as to their
significance in water. Several other organisms have been suggested as indicators
but have found even less acceptance: Clostridium perfringens, Bifidobacterium,
Pseudomonas, Staphylococcus. It would be undesirable and extremely risky to
substitute any organism for the coliform group now, although research studies
that compare other indicator organisms with coliforms are warranted.

Rapid Methods for Coliform Counts

There is great need for a rapid method of coliform counts which could give
results in a shorter time than the 18-24 h required by the membrane-filter
method. A rapid method would permit early detection of system problems, and
would considerably increase public health protection. Correlation of any rapid
method used with accepted standards methods is essential, at least to the degree
that the MF and MPN methods correlate. Unfortunately, no suitable rapid method
for drinking water exists at present, but we will mention several methods briefly,
in order to encourage research in this area.

One theoretically-feasible method would be a direct microscopic method, in
which coliform cells would be concentrated on a membrane filter and stained by a
specific staining procedure. The most commonly suggested staining procedure
has been the use of fluorescent antibodies specific for the coliform organisms
(Danielsson, 1965; Ginsburg ef al., 1972). Unfortunately, this method is unlikely
to succeed because there are at least 145 serotypes of E. coli, plus several more
for the Klebsiella and Enterobacter group, so that a polyvalent antibody
containing all of these antibodies would be necessary. Also, the number of cells in
drinking water is likely to be so low that inconveniently long observation times
would be necessary for quantifying the organisms present. Another disadvantage
is that fluorescent antibodies might not distinguish living cells from dead, so that
nonviable cells (perhaps resulting from a disinfection treatment) would also be
counted.

Another rapid method that was suggested involves the use of radioactively
labeled lactose and measurement of the radioactive CO,, liberated as a result of
metabolism of the coliforms. This procedure was first suggested by Levin ef al.
(1961) and has been studied further by Scott et al. (1964). The EPA in Cincinnati
(Reasoner and Geldreich, 1974) is currently attempting to improve this method.
One of the desirable
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features of such a method is that it could be automated and run on-line. A
disadvantage of the system is that, at present, it is not sensitive enough to detect
10 or fewer organisms after 6 h of incubation. It seems unlikely that such a
method could ever be made sensitive enough to detect single coliform cells in
100-ml water samples, so that it probably will never replace standard methods,
but it might prove useful in process control in large water systems.

The EPA at Cincinnati has also developed a 7-h fecal coliform test,
employing a membrane filter technique (Reasoner and Geldreich, 1974). Several
other rapid methods which have been under study can be found in: Cady and
Dufour (1974); DeBlanc ef al. (1971); and Newman and O'Brien (1975).

Sampling for the Coliform Test

Water bacteriologists and sanitary engineers agree that the weakest link in
the chain of water-monitoring and -testing is the collection of the sample. Too
often this is left to the semiskilled or untrained worker.

The USEPA Interim Regulations (Federal Register, Dec. 24, 1975) follow
the USPHS 1962 Drinking Water Standards: the number of required samples per
month is based on the population served. Prior to 1925, when water quality
standards were under the jurisdiction of the Treasury Department, bacterial
sampling was left to the discretion of the local health and water utility officials
and varied widely according to local practices and the capacity of the laboratory.
This, of course, was unsatisfactory, and was so recognized by responsible water
utility people.

In 1941, a conference was called by the USPHS to revise the drinking water
quality standards, and among the subjects under consideration were the frequency
of sampling, the location of the sampling points, and the increased number of
samples from the distribution system rather than from the plant final effluent. The
deliberations of this 1941 conference, which resulted in the adoption of new
Standards in 1942, can be found in the Journal of the American Water Works
Association: 1941, 33:1804; 1942, 35:135; 1942, 35:93; and 1941, 35:2215-2226.

The principal changes adopted by the U.S. Public Health Service in 1941
were as follows:

1. The number of samples to be examined monthly from the distribution
system would depend on the population served. During this
discussion, the quality of the source water, the treatment procedure,
the sanitary condition of the distribution lines, and the daily volume
delivered to the consumers were also considered. Apparently, these
latter
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factors made the final decision so complicated that in the final
standard, only the size of the population served was used to decide on
sampling frequency.

2. The detection of potential hazards in the distribution system due to
faulty plumbing, cross-connection, post-contamination, and faulty
plant and distribution system operation was included in the
standards.

Samples were to be taken from representative points throughout the
distribution system, with the frequency to be such as to determine the
bacteriological quality of the water. The minimum number of samples per month
was to be determined from the graph appearing in the Journal of the American
Water Works Association (35:93-104,1942). Apparently, this graph became the
basis of the 1962 standards and the present interim regulations. According to F.
Donald Maddox, Chief, Water Supply Systems Section, Region V, USEPA
(personal communication to Walter Ginsburg), the subject of sample frequency
was again discussed by the Committee that revised the 1962 Drinking Water
Standards, and no changes were made. It is Maddox's opinion that the original
1942 curve was based on a number of water supply systems of different sizes
which were known to have good treatment facilities and to be sampling at what
was considered to be adequate frequency. The curve was plotted using these
selected cities as a base line.

Richard L. Woodward, who served on the 1946 and 1962 Standards revision
committees (personal communication to Walter Ginsburg) bears out the
contention that the decision as to the number of samples to be examined was
based on these elements of expert judgement.

One inherent weakness of this frequency graph has been discussed in the
Federal Register (Dec. 24, 1975, p. 59568). It concerns the question of preparing
monthly coliform averages from monthly percentages of positive samples. When
four or fewer samples are examined each month, and one sample exceeds 4/100
ml, there is no way that the monthly average can conform to the recommended
standards, even though the other three samples are negative. The regulations give
the states the authority to average over a 3-month period when four or fewer
samples are the required rate, but this hardly affords a community the protection
it needs when the water system is doing a poor job of treatment.

The Community Water Supply Survey by the USEPA in 1969 (McCabe et
al., 1970) showed that 85% of the systems surveyed did not collect the required
minimum number of samples. Such improper sampling frequency is one of the
most abused requirements. This can cause problems in the distribution system to
go undetected (Geldreich, 1971; Miller, 1975).
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In light of this discussion, it is clear that considerable research is necessary,
with modern statistical methods, to develop better sampling protocols for water
systems that serve different populations.

Coliform Standards

United States Standards

The first U.S. national standards for bacteriological water quality were
established in 1914 (Public Health Reports, 1914). These standards were
specifically applicable to water used on interstate carriers, but were adopted quite
early (formally or informally) by many states. Morse and Wolman (1918)
concluded that the standards are not precise and accurate indices of quality, but
simply a convenient mode of analysis for comparative purposes that must be used
with considerable caution.

It is obvious that with drinking water that meets the standards there is no
absolute assurance of the absence of pathogens, only confidence that their
presence is unlikely; hence, the probability of waterborne-disease transmission is
decreased. The decline in morbidity and mortality from some diseases, such as
cholera, typhoid fever, salmonellosis, and shigellosis, provides some evidence of
the validity of this confidence, although some of the decline may be due to the
generally better health of the population, making people less susceptible to
infection.

The latest standards adopted by the PHS were those of 1962 (U.S. Public
Health Service, 1962). Although none of the bacteriological numerical values
was changed, a major procedural revision was made; the membrane-filter
technique was accepted as an equivalent alternative to the multiple-tube-dilution
(MPN) technique that had been in use since 1914. The MF standard was set at
one coliform/100 ml.

The interim regulations of the EPA (Federal Register, Dec. 25, 1975) have
broadened the applicability of the standards to all public water systems, specified a
sample size of 100 ml when the MF technique is used, and modified the required
frequency of sampling. A monthly mean of less than one coliform/100 ml is still
the standard.

International Standards

Although many countries have their own drinking-water standards, two
standards have international status—the World Health Organization European
Standards (World Health Organization, 1970) and the International Standards
(World Health Organization, 1971). In their preparation, individual national
standards were considered.
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The International Standards are proposed as "minimal standards which are
considered to be within the reach of all countries throughout the world at the
present time" (World Health Organization, 1970). They distinguish between piped
supplies (roughly equivalent to the EPA definition of community public systems)
and individual or small community supplies (comparable with the EPA definition
of noncommunity systems) and between water leaving the treatment plant and
that in the distribution system. For treated, disinfected supplies, water entering
the distribution system should be of such quality that no coliform bacteria can be
demonstrated (by the specified procedures) in 100 ml of water. For undisinfected
water, the samples should yield no E. coli and three or fewer coliforms/100 ml.
Within the distribution system, the standards are specified that "(1) Throughout
any year, 95% of samples should not contain £. coli in 100 ml; (2) No sample
should contain more than 10 coliform organisms per 100 ml; and, (3) Coliform
organisms should not be detectable in 100 ml of any two consecutive samples." In
nonpiped systems, the coliform count should not exceed 10/100 ml.

The European Standards are comparable to the International standards, but
do not distinguish—in terms of quality—between disinfected and undisinfected
water. The standard of 95% of 100-ml samples—showing no coliform bacteria
throughout a year—"corresponds to an average density of about one coliform
organism in 2 liters of water." Despite the numerical differences between the
U.S. and the international standards, it is the intent of both sets of standards that
coliform bacteria be absent from drinking water, to provide protection against
disease.

Statistical Limits

In discussing numerical standards of bacteriological quality of drinking
water, the accuracy and the statistical limits of the tests must be considered. In
using the classical, multiple-tube-fermentation test for coliform bacteria, it has
been recognized that the procedure itself has a large inherent error (Morse and
Wolman, 1918). A more recent discussion of these limits (Prescott et al., 1946)
concluded that "because of the marked inaccuracy of the dilution MPN method . . .
any tendency toward fictitious accuracy in expressing the result should be
discouraged." Table III-4, reproduced from Standard Methods for the
Examination of Water and Wastewater (American Public Health Association,
1975), clearly shows this.

The membrane filter technique, because it is equivalent statistically to a
plate count, has a much smaller error. Thomas and Woodward (1955)

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

MICROBIOLOGY OF DRINKING WATER 80

compared the two methods and concluded "that, on the average, the former MPN
gave higher indications of density by a factor of 1.0-1.9 with an average of 1.3
for the specific techniques used. . . . However, the difference is not regarded as
important from a practical viewpoint because of the inherent lack of precision of
the individual MPN value."—and that, "With nearly all of the samples listed, the
precision attained with a single filter was found to be two to five times greater
than that of a 5-5-5-tube MPN" (note that the drinking water standards require
only 5 tubes at one dilution with a corresponding greater lack of precision).

TABLE III-4 MPN Index and 95% Confidence Limits for Various Combinations of
Positive and Negative Results, Using Five 10-ml Samples

No. of Tubes Giving Positive MPN Index per 100 ml ~ 95% Confidence Limits
Reaction out of 5 of 10 ml Each

Lower Upper
0 <22 0 6.0
1 2.2 0.1 12.6
2 5.1 0.5 19.2
3 9.2 1.6 294
4 16. 33 52.9
5 > 16. 8.0 Infinite

From American Public Health Association (1975).

The Health Significance of the Coliform Test

Several pathogens, notably those in the genus Shigella, are able to initiate
infection in humans even when introduced in very low numbers. Because it is not
feasible to assay for bacterial pathogens directly in water, it is important to
consider the utility of the coliform test in ensuring the bacteriologic safety of
drinking water.

A direct approach to assessing the significance of the coliform count would
be to obtain evidence of a correlation between numbers of coliforms and numbers
of pathogenic bacteria (e.g., salmonellae or shigellae). One attempt to seek such a
correlation was the study of Kehr and Butterfield (1943). Although imperfect,
this is the only study found that attempts to relate the coliform count directly to
disease incidence. In the discussion below, this study is analyzed in some detail in
order to present a picture of the approach necessary to place the coliform
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standard on a firmer scientific basis. (It is perhaps of historical interest that the
motivation for their study was an adverse decision by the Illinois Supreme Court
as to the value of the coliform count in indicating that water is unsafe.)

The approach used by Kehr and Butterfield involved two aspects. First, data
on the relative proportions of Sa/monella typhosa and coliforms in various types
of water (such as river, sewage, and sludge) were obtained from the literature, and
the numbers of S. typhosa per 10° coliforms were calculated. These data, obtained
from cities throughout the world, were then plotted on the ordinate on log-log
paper, with typhoid fever morbidity on the abscissa (Figure III-2). An
approximately straight line was obtained. The point here was that the excretion
rate of coliforms would be the same in a healthy as in a sick population, but that
the latter would also excrete typhoid bacteria. Kehr and Butterfield then
considered the stability of the E. coli-S. typhosa ratio and showed that S. typhosa
and coliforms died off at approximately the same rate during sewage treatment,
during self-purification in streams and lakes, and during drinking-water
purification. The stability of this ratio is not surprising, when it is considered that
S. typhosa and coliforms are members of the same group of bacteria and are likely
to show similar tolerance and sensitivities to environmental influences.

From the data in Figure I1I-2 and from recorded waterborne outbreaks of
typhoid fever, Kehr and Butterfield estimated a minimal infecting dose of S.
typhosa for the general population and the percentage of persons infected by that
dose. In doing this, these workers considered only epidemics of typhoid fever of a
diffuse nature, i.e., characterized by a low attack rate but spread over a fairly
large population. Kehr and Butterfield wrote that such epidemics were common
at the time. Outbreaks with high attack rates, in which infection could arise more
or less directly from carrier or patient discharge, were not considered, in order to
avoid situations not likely to involve drinking water. In the diffuse typhoid
epidemics, a common observation is the additional widespread occurrence of
nontyphoid gastrointestinal disturbances. Considering the frequency of
occurrence of the diffuse pattern of epidemics, and the data on concentrations of
S. typhosa found in sewage and polluted waters (as given in Figure 11I-2), Kehr
and Butterfield concluded that it would be unlikely in such an outbreak for a
person to drink more than a single typhoid bacterium, or at most only a few, and
that a single typhoid organism could produce infection in a small percentage of
the general population. This conclusion is consistent with studies in experimental
animals, which have shown that infection can be initiated by single bacterial cells
(Meynell, 1961; Meynell and Meynell, 1965).
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Ratio of Salmonella typhi per million coliforms for varying typhoid fever
morbidity rates. From Kehr and Butterfield (1943).

But this conclusion is not unequivocal. Populations of bacteria, even if
derived from the same clone, can have a range of infectivities, and populations of
humans have a range of susceptibilities. Thus, although a single cell may initiate
an infection, not every cell-host contact will lead to infection. When the
pathogenic bacterial population is diluted by a large volume of drinking water and
spread over a large population, there is a probability that an appropriately
virulent cell will reach a susceptible person. This is the situation that Kehr and
Butterfield considered in their analysis of diffuse waterborne typhoid epidemics.

If the hypothesis that a single typhoid bacterium is infective can be
accepted, then it is possible to consider the significance of the typhi:coliform ratio
in drinking water. Assume that a water plant is treating source water with a typhi:
coliform ratio of 10:10°, corresponding roughly to the ratio found in many
polluted surface waters. Assuming equal destruction of typhoid bacteria and
coliforms during treatment, if the finished water contained one coliform/100 ml
(a reasonable possibili
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ty, even in many well-run plants), then the probability of consuming one typhoid
bacterium when drinking a liter of water would be 107; or, put another way, 10
people in a population of 1,000,000 could be infected. In an attempt to verify
this, Kehr and Butterfield analyzed a number of epidemics of waterborne disease
of the diffuse type, and concluded that the observed incidence of infection was
consistent with this hypothesis. Thus, it was concluded that water which does not
meet the coliform standard (one coliform/100 ml) can be responsible for
waterborne disease, both gastroenteritis and typhoid fever.

Even more important, this analysis raises the question of whether water that
meets the standard might bear disease-causing organisms. It is a simple exercise
in arithmetic to convince oneself that this could be the case, inasmuch as drinking
water with less than one coliform/100 ml, thus meeting the standards, could well
have pathogenic organisms. Suppose that, instead of analyzing 100 ml of water, 1
liter were analyzed, and one coliform was found. This would be a coliform count
of 0.1/100 ml, equivalent to one typhoid infection per 1,000,000 people
(assuming the same typhi: coliform ratio as in the previous paragraph). Since the
incidence of nonspecific gastroenteritis can be expected to be higher than that of
typhoid, water that meets the present coliform standard may be the bearer of
disease. However, existing epidemiologic data and reporting systems would not
permit detection of such waterborne incidents, because the number of organisms
would be below the detection limits of current surveillance methods.

The epidemiologic work of Stevenson (1953) added much weight to the
rationale of establishing a coliform standard for drinking-water sources. His
analyses showed that if raw water has fewer than 1,000 coliforms/100 ml, then it
would be very likely that the salmonellae in finished water would be below
infective levels.

Gallagher and Spino (1968) challenged the validity of the standards and
stated that "summarized data from several stream surveys over the past few years
showed little apparent correlation between quantities of total or fecal coliforms
and the probable isolation of salmonellae." Geldreich (1970a) challenged their
conclusion, on the basis of fecal coliform detections that showed a correlation
between coliform numbers and salmonellae isolations. He showed from
numerous previous studies that, when fecal coliforms were 200/100 ml or more,
there was a finite probability of isolating salmonellae. Smith and Twedt (1971)
corroborated these data in a study of two Michigan rivers.

There are well-known epidemiologic histories of the presence of bacterial
pathogens when the coliform index was low. Boring ef al. (1971) reported that
Salmonella typhimurium outnumbered coliforms by a factor
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of 10 in the Riverside, California outbreak. Similarly, a report by Seligmann and
Reitter (1965) showed that index organisms can be low in the presence of
pathogens. These sporadic reports of the failure of the index-organism concept
emphasize the need for more research on pathogen detection.

Conclusion on Coliform Standard

Thus, we conclude that the current coliform standard is of value in protecting
against frank outbreaks of bacterial diseases, but it may not protect against low
levels of virulent pathogens. It is clear that further protection could be achieved
by analyzing larger samples for coliforms. More important than analysis of larger
water samples for the protection of the public health—more frequent sampling,
especially at more points throughout the distribution system—should be
considered.

It has been reported repeatedly in the literature that the presence of any type
of coliform organism in drinking water is undesirable. The regulations essentially
demand that coliform-free water be distributed to consumers. Wolf (1972) has
ably summarized: "The drinking water standard presently in use (approximately
one coliform per 100 ml) is, in a sense, a standard of expedience. It does not
entirely exclude the possibility of acquiring an intestinal infection. It is attainable
by the economic development of available water supplies, their disinfection, and,
if need be, treatment in purification works by economically feasible methods. It is
not a standard of perfection.”

It is not clear that the coliform standard provides comparable protection
against virus disease. In fact, available information indicates that viruses may
survive considerably longer than coliform bacteria outside the human host, and
that the infectious dose may be very small (see section on viruses).

Good engineering and public health practices emphasize the need for using
raw water of the highest possible quality, and for providing adequate sanitary-
survey information. Bacteriological testing—or the imposed use of
bacteriological standards—are adjuncts, not replacements for good-quality raw
water, proper water treatment, and integrity of the distribution system. The
present coliform standards appear adequate to protect public health when: raw
water is obtained from a protected source, is appropriately treated, and is
distributed in a contamination-free system. Current coliform standards are not
applicable for water reclaimed directly from wastewater.
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The Standard Plate Count

The standard plate count (SPC) for drinking water, as described in Standard
Methods (American Public Health Association, 1975), is the plating of small
quantities (usually 1.0 or 0.1 ml) of a properly collected water sample in a
nutrient agar medium (plate count tryptone glucose extract agar) and incubating
aerobically for a fixed period at a prescribed temperature (35°C for 24 h or 20°C
for 48 h).* The SPC is often referred to by other names, such as "total count,"
"viable count," "plate count," "bacterial count," "water plate count," and "total
bacterial count." The organisms that develop into colonies on the agar plates
represent a portion of the total population of bacteria in the water. This portion
contains the bacteria that grow in the prescribed time in the specific environment
provided. Although the method described is standard, there is no universal
agreement on the acceptable concentration of organisms in drinking water. The
most common allowable bacterial numbers used by health departments, water-
supply agencies, and local jurisdictions vary from 100/ml to 500/ml of colony-
forming units.

Geldreich (1973) has summarized several ways in which a standard based
upon fecal-organism detection alone may not provide adequate health protection.
Information gained from continued surveillance of water supplies by a standard
plate count would provide an added degree of health protection. Even though
water treatment is adequate and chlorine disinfection is provided, quality could
deteriorate in the distribution system as a result of growth of organisms other than
detectable coliforms. Finished water containing floe, or unfiltered turbid waters,
may carry organisms past the disinfection treatment, or the organisms may be
protected by association with larger forms of life, such as nematodes (Chang et
al., 1960). Changes in water pressure in the distribution lines may cause release
of organisms from protected areas, dead ends, or protecting materials in the
system.

Geldreich et al. (1972) and Geldreich (1973) also reviewed the phenomenon
of suppression of fecal organisms by the presence of large populations of
organisms in common genera whose members normally show up in standard plate
counts. These genera include Pseudomonas, Bacillus, Streptomyces,
Micrococcus, Flavobacterium, Proteus, and various yeasts. It was concluded that
the presence of 1,000 noncoliform organisms

*In most tap waters, the number of organisms capable of growing at 20°C is
considerably higher than the number growing at 35°C. It is unlikely that most organisms
growing at 20°C will also grow at 35-37°C, and hence could riot be pathogenic to man. A
20°C count could still be of value in water works practice, in providing information about
filtration efficiency and about possible contamination of groundwater supplies.
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per ml could suppress the growth of coliforms. Geldreich (1973) speculated that
this type of suppression of coliforms below detectable concentrations may have
occurred in the Riverside, Calif., Salmonella typhimurium outbreaks, where
coliform analyses did not reveal the contamination (Boring et al., 1971). Plate
counts over 500/ml also seemed to make detection of salmonellae and shigellae
very difficult in a bacteriologic study of potable water in Karachi, Pakistan
(Armed et al., 1967). Although the genera of organisms detected by the SPC may
not be harmful or dangerous to normal humans when present in drinking water in
low numbers, under special circumstances (such as during therapy), these
organisms are known to produce severe acute or chronic human infections
(Geldreich et al., 1972). Geldreich (1973) proposed that a 500/ml limit be placed
on the standard plate count and that immediate investigation of water treatment
and distribution systems be undertaken whenever the limits were exceeded. He
recommended that water supplies be monitored routinely—at least every 3
months—to maintain the baseline data on the general bacterial population. A
summary from Geldreich's (1973) paper follows.

It should be clearly understood that the standard plate count is not a
substitute for total coliform measurements of the sanitary quality of potable
water. Rather, the use of a standard plate count limitation will:

1. Provide a method of monitoring for changes in the bacteriological
quality of finished water in storage reservoirs and distribution
systems.

2. Indirectly limit the occurrence and magnitude of Pseudomonas,
Flavobacterium and other secondary pathogenic invaders that could
pose a health risk in the hospital environment.

3. Reduce problems in the detection of low densities of total coliforms
due to interference by noncoliform bacteria.

4. Monitor the effectiveness of chlorine throughout the distribution
network and provide a warning of filter effluent-quality deterioration
and the occurrence of coliform breakthrough.

5. Indicate the existence of sediment accumulation in the distribution
network that provides a protective habitat for the general bacterial
population.

Finally, the noncoliform bacterial Population can be controlled by removing
sediment and slime deposits from the distribution network followed by
continuous application of chlorine in sufficient dosage to insure the maintenance
of a free residual throughout the system.

It should be emphasized that a standard plate count of 500/ml is attainable by
water systems. Control of the general bacterial population

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

MICROBIOLOGY OF DRINKING WATER 87

in a variety of public water-supply distribution systems was demonstrated by
Geldreich (1973), with a chlorine residue of approximately 0.3 rag/liter. In 60%
of 923 water systems, standard plate count densities of 10/ml or less were
obtained.

Although it is difficult to document, it is probably true that among the
reasons for the decline in use of the standard plate count for drinking water are
—the cost of the test, the lack of trained people to perform the number of tests
needed, the difficulty of implementing and monitoring the laboratories needed,
the resistance that would occur among the small and isolated water-plant
operators, and similar issues. Although these are valid criticisms, they do not
speak to the basic question of whether a regular system of plate-count
surveillance would provide a tool for assessing the health hazards of water.

Conclusions on Standard Plate Count

The standard plate count is a valuable procedure for evaluating the bacterial
quality of drinking water. Ideally, standard plate counts should be performed on
samples taken throughout systems. The SPC has major health significance for
surface-water systems that do not use flocculation, sedimentation, filtration, and
chlorination, and for those groundwater systems that do no chlorination. When it
is used, the sampling frequency should be at least 10% of the frequency of the
coliform analysis, except that at least one sample should be collected and
analyzed each month.

The scientific information available makes it reasonable to establish the
upper limit of the SPC initially at 500/ml, as developed in 35°C, 48-h plate count
procedure (using the procedures prescribed by Standard Methods (American
Public Health Association, 1975.)

Recommendations for Research on Bacterial Contaminants

A research program is needed to increase the value of the relatively simple
bacteriological tests in controlling the sanitary quality of drinking water. The
program should include:

1. Epidemiological studies of water quality and health, with application
of more sensitive methods for detecting pathogens in drinking water
and better reporting of outbreaks of waterborne disease.

2. Development of membrane-filtration methods to allow testing of
larger samples and to reduce interference by overgrowth and
disinfectants.

3. Improvement of procedures for making total plate counts and study
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of the utility of such tests for assessing the health hazards of drinking
water.

4. Research on more rapid and sensitive methods for detecting
pathogens and the use of such methods for monitoring the quality of
water.

VIRUSES

Viruses differ fundamentally from other microrganisms that may occur in
water. They are transmitted as submicroscopic, inert particles that are unable to
replicate or adapt to environmental conditions outside a living host. These
particles, or virions, have the potential to produce infections, and sometimes
disease, in people who ingest them with drinking water. A vital particle
eventually loses its infectivity with the passage of time, and with exposure to the
rigors of its environment.

The viruses important to human health that are most likely to be transmitted
by drinking water are the enteric viruses. These are primarily parasites of a
portion of the intestinal tract. The stomach and duodenum are seldom affected by
viruses, partly because of unfavorable conditions. Acid and proteolytic secretions
predominate in the stomach; these and bile empty into the duodenum. Only
viruses that can withstand such conditions will remain infectious and thus able to
implant further down the digestive tract.

The most important human enteric viruses are the enteroviruses (i.e., acid-
stable picornaviruses), reoviruses, parvoviruses, and adenoviruses (Fenner et al.,
1974). The virions of all these groups are roughly spherical, acid-stable, and lack
envelopes. All are relatively stable in the environment outside the host organism.
Enterovirus particles are small (20-30 rim) and contain single-stranded
ribonucleic acid (RNA). Reovirus particles are medium-sized (70-80 nm) and
contain double-stranded RNA. Parvovirus particles are small and contain single-
stranded deoxyribonucleic acid (DNA). Adenovirus particles are medium-sized
and contain double-stranded DNA. Hepatitis A (infectious hepatitis) is
transmitted by particles that closely resemble those of the enteroviruses (Provost
etal., 1975).

Unlike bacteria, the viruses are obligate intracellular parasites and cannot
replicate in a cell-free medium. Many viruses can be grown in cultured cells in
vitro. Some transmitted to man by water, most notably the virus of hepatitis A,
have not yet been cultivated in vitro.

Ordinarily, viruses are detected and enumerated on the basis of their
infectivity in cell culture or experimental animals. Testing of viruses for
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infectivity was greatly advanced by the finding that animal cells grown in vitro
would support the replication of human viruses (Enders et al., 1949). Infectivity
resides in the nucleic acid portion of the virus particle. When a suspension of
infectious particles is inoculated into a culture of susceptible cells, the particles
are engulfed by, or penetrate, host cells, and the cells produce progeny virus.
Death of the cells often results.

If diffusion of the progeny virus particles is restricted by gelling the medium
in which the cells are maintained, cell death occurs in a localized area called a
"plaque." Such a plaque can be initiated by one vital particle, so that plaque
enumeration has become an important method to measure animal viruses
(Dulbecco, 1952; Dulbecco and Vogt, 1954). However, a plaque is not always
initiated by a single viral particle, and many viral suspensions contain more
aggregates than single particles (Sharp et al., 1975); so the plaque-forming unit
(PFU) is not an absolute basis for determining the numbers of vital particles.

Knowledge of viruses was acquired much more rapidly after the advent of
cell-culture techniques. Nevertheless, transmission of enteric viruses by water had
already been surmised by the time cell cultures became available.

History of the Enteric Viruses

The first reported epidemic of poliomyelitis in the United States occurred in
New England (Putnam and Taylor, 1893). Caverly's (1896) observation that many
cases had occurred in the Otter Creek Valley in Vermont suggested that the
disease might be waterborne.

The poliomyelitis virus had been thought to infect people by the
nasopharyngeal route. Kling (1929) found more virus in patients' stools than in
their throats, but his findings were not generally accepted. Later, Harmon (1937)
reported isolating virus by inoculating monkeys with colonic washings of four
patients whose nasopharynxes yielded no virus. It was evident that infantile
paralysis was not a strictly neurotropic disease and that the causative agent was
strongly associated with the human intestines.

The picture was complicated by the presence of yet-unidentified agents
other than the polioviruses in stools. The criterion of neuronophagia, seen in the
spinal cords of inoculated monkeys, did not reliably distinguish the polioviruses
from these other agents. In 1948, Dalldorf and Sickles reported isolating viruses
from the stools of children by inoculation into suckling mice. The original stool
specimens came from Coxsackie, N.Y., but "coxsackieviruses" were soon being
discovered in many other locations.
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When cell cultures became available, tests of stool suspensions began to
yield viruses that were neither polioviruses nor coxsackieviruses (Robbins ef al.,
1951). The isolations of many such viruses were not clearly associated with any
disease; these agents were eventually designated "enteric cytopathic human
orphan" (ECHO) viruses. The National Foundation for Infantile Paralysis
convened a committee to identify and classify these new viruses (Committee on
the ECHO Viruses, 1955. The echoviruses were later classified with the
polioviruses and coxsackieviruses to form the enterovirus group, members of
which are numbered serially (Committee on the Enteroviruses, 1957, 1962).

The reoviruses were originally designated as members of the ECHO group.
In 1959, Sabin suggested the term "reovirus" to apply to three serologic types of
viruses that had common properties that differed from those of the echoviruses.
The reoviruses are common in wastewater; 80% of the viruses that were isolated
from wastewater by England et al. (1967) were reoviruses. The reoviruses have
been recovered from persons with a wide variety of illnesses, but in no case has
their etiologic role been established unequivocally (Hotsfall and Tamm, 1965).

The adenoviruses (Rowe et al., 1953) have produced large outbreaks of
acute respiratory disease in military populations, and were a serious problem
during World War II (Klein, 1966). They produce sporadic infections in the
general population but are not often associated with overt disease. They occur
frequently in sewage and wastewater and might thus contaminate drinking water.
Their significance to the health of the general public is uncertain.

Probably the most important viral disease sometimes transmitted by water is
hepatitis A. The disease was first described by Lurman in 1885. Its most common
route of transmission is fecal-oral, primarily by person-to-person contact. In
addition to water and personal contact, the disease is sometimes transmitted by
food. The largest epidemic of hepatitis known to have been transmitted by water
occurred in 1956 in Delhi, India; it was estimated that more than 30,000 cases
occurred after sewage contamination of drinking water (Anonymous, 1957;
Melnick, 1957). The virus has never been cultivated in cell culture, so that all
available evidence about the transmission of infectious hepatitis by polluted
drinking water is epidemiologic. Mosley (1967) suggested that the incidence of
waterborne infectious hepatitis is grossly underreported, but estimated that less
than 1% of the cases of this disease result from transmission by water.

Viruses that are still unidentified may also be responsible for waterborne
disease, since there are many episodes of waterborne gastroenteritis and diarrhea
of unknown etiology. Taylor ef al. (1972)
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listed gastroenteritis as the most common waterborne disease, on the basis of
number of outbreaks during 1961-1970. It is not clear which of the enteric
viruses, if any, produce this common illness.

Epidemiology

Knowledge that a virus is shed in feces and may persist for a short tune in
wastewater is not proof that it is transmitted by water. Clearly, not every virus
that is present in feces is waterborne. Viruses transmitted by a fecaloral cycle can
always be transferred directly from person to person, but this requires close
contact. Several of the enteric viruses are known to be transmitted by water, but
only some of the time.

Eight outbreaks of poliomyelitis in Europe and North America were
eventually attributed to transmission by water, but Mosley (1967) believed that
only one of them was adequately documented. This occurred in "Huskerville,"
Nebr., in 1952; at least 45 people were made ill after contamination of a
municipal water system.

The viral disease most frequently reported to be transmitted by water is
hepatitis A (infectious hepatitis). Viral hepatitis became a reportable disease in
the United States in January 1952, but the two types of hepatitis (i.e., infectious
and serum hepatitis) were not separately notifiable until 1966.

The viral etiology of infectious hepatitis and transmission of the virus
through water were adduced by Neefe and Stokes in 1945. Published reports of
50 hepatitis A outbreaks, attributed to contaminated drinking water, were
summarized by Mosley (1967), who found the evidence of transmission by water
to be convincing in only 30 of the 50 outbreaks cited.

Craun et al. (1976) reported 13 outbreaks of waterborne hepatitis that
affected 351 people during 1971-1974. Although hepatitis A has been implicated
epidemiologically in some 66 waterborne outbreaks since 1946 (Table III-5),
there is no evidence of its transmission through correctly operated conventional
water-treatment systems, except where defects in the distribution system have
been found to be the source of contamination (Craun, 1976). About 40,358 cases
of hepatitis were reported in 1974 (Center for Disease Control, 1974), but only a
small fraction of these cases was transmitted by water.

Epidemiologists have techniques that permit a decision as to whether an
outbreak is waterborne or foodborne. These techniques require adequate and
thorough reporting of the outbreak and a follow-up of infected individuals, to
determine opportunities for contact with the
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disease agent. Since most waterborne outbreaks involve breakdowns or
deficiencies in water-treatment systems, they are usually signalled as waterborne
by their localization in one city or district and by evidence from coliform counts
of unsafe water.

TABLE III-5 Waterborne Outbreaks of Hepatitis A by Source of Contamination,
1946-1974

Cause Municipal Systems  Semipublic and Individual
Systems

Untreated surface water 1 10

Untreated groundwater 4 26

Inadequate or interruption of 3 5

disinfection

Contamination through 11 1

distribution system

Insufficient data to classify 3 2

TOTAL 22 44

Hepatitis A infections also result from the consumption of contaminated
shellfish (Denis, 1974; Dismukes et al., 1969; Dougherty and Altman, 1962;
Gard, 1957; Mason and McLean, 1962; Roos, 1956; and Ruddy et al., 1969).
Much information involving shellfish has been derived from studies with enteric
viruses other than the hepatitis agent. Clams (Hoff and Becker, 1969; Koff et al.,
1967; Liu ef al., 1966b), oysters (DiGirolamo et al., 1970; Hedstrom and Lycke,
1964; and Metcalf and Stiles, 1965), and mussels (Bellelli and Leogrande, 1967;
Bendinelli and Ruschi, 1969; and Duff, 1967) have been implicated. In water
polluted with human feces, the shellfish accumulate enteric viruses (Liu et al.,
1967; Metcalf and Stiles, 1965; and Mitchell et al., 1966), including the hepatitis
virus. Humans have become infected by eating improperly cooked shellfish
(DiGirolamo et al., 1970; Koff and Sear, 1967; Koff et al., 1967; and Mason and
McLean, 1962). The shellfish themselves do not become infected (Chang et al.,
1971); rather, the virus is confined largely to their digestive tracts (Liu et al.,
1966b; Metcalf and Stiles, 1968). If the shellfish are removed to water that is not
polluted, they will eventually free themselves of the virus (Liu et al., 1966a;
Metcalf and Stiles, 1968; and Seraichekas et al., 1968).

Neither the common cold nor gastroenteritis is a reportable disease; these are
probably the two most common (in the order named) human illnesses.
Gastroenteritis has been called "sewage poisoning," "summer flu," and
'unspecified diarrhea." Symptoms include nausea, vomiting, and diarrhea. No
single etiologic agent has been identified; comparable
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illnesses may be caused by Shigella sonnei, Salmonella typhosa,
enteropathogenic Escherichia coil, and Giardia lamblia, as well as nonbacterial
agents (Craun and McCabe, 1973). The "Norwalk agent" (Kapikian et al., 1972)
and other viruses may eventually take their places among the known etiologic
agents of gastroenteritis, but some questions as to how viruses may cause
gastroenteritis have not yet been answered (Blacklow et al., 1972). Infants whose
intestines are infected with oral poliomyelitis vaccine virus do not show the
symptoms of gastroenteritis.

There have been two outbreaks of gastroenteritis in the United States (one of
which led to hepatitis) in which enteric viruses were recovered from the drinking
water. In Michigan, restaurant patrons who drank unchlorinated well water
became ill within 30 h (Mack et al., 1972). Records showed that the well water
had been contaminated with coliform organisms several times during the
previous 6 months. No coliforms were detected initially in a 50-ml sample of the
water. After 9.46 liters (2.5 gal) were concentrated by ultracentrifugation, both
Escherichia coli and poliovirus 2 were recovered from the sample. No
salmonellae or shigellaec were recovered. A second 9.46-liter sample was tested
after chlorination, but neither E. coli nor poliovirus could be recovered. In Dade
County, Fla., the same migrant labor camp that had a water-associated typhoid
outbreak in February 1973 (Pfeiffer, 1973) was the site of an outbreak of hepatitis
A in March 1975 (Wellings et al., 1976). Samples of the chlorinated water taken
at the camp nursery, rectal swabs from children in the nursery, and water from the
evaporation pond all yielded echovirus. Poliovirus also was isolated from the
evaporation-pond water.

The present status of hepatitis A has been summarized as follows by Craun
etal. (1976):

There were thirteen outbreaks of waterborne viral hepatitis, affecting 351 people
during 1971-1974. Over the past several years, there has been considerable
controversy regarding the existence of viruses in treated water supplies and the
possible health consequences. Hepatitis A has been epidemiologically-
implicated in 66 waterborne outbreaks since 1946, and the data can be examined
to determine how these outbreaks occurred (Table III-5). Of the 22 outbreaks
occurring in municipal systems, three resulted from either inadequate or
interrupted disinfection, and five were related to the use of contaminated,
untreated surface or groundwater. Half (eleven) of the outbreaks in municipal
systems, however, occurred as the result of contamination of the distribution
system, primarily through cross-connections and backsiphonage. There is no
evidence, however, that the hepatitis A virus has been transmitted through
correctly-operated, conventional water-treatment systems, except where
distribution defects have been found as the source of the contamination. For the
semipublic and individual systems, the use of contaminated, untreated
groundwater was the important factor responsible for outbreaks of hepatitis-A.
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The cited epidemiological and laboratory evidence presents some
paradoxes. The virus of hepatitis A has been shown, epidemiologically, to be
transmissible in water, but has not been isolated in the laboratory from water
samples. Gastroenteritis is transmissible in water; however, at least some of the
time the disease is not caused by virus. Clearly, more research is needed to
resolve these problems.

Recovery and Identification of Viruses

Factors Influencing Recovery

More than 100 different serological types of human enteric viruses may
appear in wastewater (Berg, 1973). The chance that one or more of these viruses
will appear in a community source of potable water is steadily increasing, as
demands on available water make reuse increasingly necessary (Berg et al.,
1976). According to an EPA study of 155 cities that use surface-water supplies, 1
of every 30 gal that enter water-treatment plants has already passed through the
wastewater system of a community that is upstream (Culp ez al., 1973). With the
increasing use of renovated water, there is a need for methods that can detect the
enteric viruses that might occur in raw or finished water.

Detection methods based on virus infectivity are more sensitive than
immunochemical procedures, because more virus is needed to produce a
perceptible immunochemical reaction than would ordinarily be needed to infect a
cell culture. The amount of virus present in polluted surface-waters may vary
over a wide range. A calculated value of 38 plaque-forming units (PFU) per gal,
based on virus-shedding by children under 15 yr old, was derived from data
analyzed by Clarke ef al. (1964). A total of 330 PFU/gal was recovered from a
stream receiving wastewater effluent (Grinstein ef al., 1970). The available data
suggest that raw potable water sources, subject to pollution from wastewater
discharges, may contain significant numbers of enteric viruses.

Conventional treatment of a water supply (coagulation, sedimentation,
filtration, and disinfection) to produce finished water is expected to result in
removal or inactivation of a minimum of 6 log of virus (Clarke, 1976). Barring
gross contamination of finished water, only low numbers of viruses are likely to
occur in properly treated supplies. Such small amounts of virus are likely to be
detected only by highly efficient methods.

The general quality of the water is important in virus recovery. Turbidity,
organic matter, pH, salts, and heavy metals all influence virus recovery. Both
organic and inorganic solids suspended in water can
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adsorb viruses (Schaub and Sagik, 1975). In the testing of large volumes of water
containing suspended solids, virus adsorption to these solids complicates the
recovery process. Sample clarification that results in removal of the solids may
also result in removal of virus. Deliberate use of solids for recovery of virus may
not always succeed, because of failure to desorb the virus (Berg, 1973).

Organic material in water may influence the virus-recovery process by
interfering with the ability of the virus to adsorb to a collecting surface (Wallis
and Melnick, 1967a). The interference results in loss of the virus through
penetration of the collecting surface. Organic matter can also protect the virus.
Entrapment of enteric virus in fecal clumps would call for special procedures to
disrupt the clumps, and thus release the virus.

Acid pH and metal cations are known to enhance adsorption of the virus to
clay particles (Carlson et al., 1968) and to membrane-filter surfaces (Wallis and
Melnick, 1967b). Desorption of virus is favored by a pH of 9-11 and by the
presence of organic substances (Cliver, 1967).

Knowledge of the influence of these factors can be used to avoid loss of the
virus during sample collection, or can be applied to procedures to promote the
recovery of the virus from water.

In summary, detectability of waterborne viruses is limited by: the low
concentrations in which the virus occurs, the presence of interfering substances in
the water, adsorption or entrapment of the naturally occurring virus, and
inadequacies in the laboratory host systems (cell lines, experimental animals) in
which isolation must ultimately take place.

Cell-Culture Systems for Detection

The types and quantities of viruses that can be detected depend on which
cell cultures are used and how virus activity is manifested (plaquing versus
cytopathology). Primary-monkey-kidney, or human embryonic-kidney cell
cultures were originally recommended for maximal efficiency in detecting enteric
viruses (Lee ef al., 1965). One established primate cell line (BGM) was more
sensitive than primary primate cultures in detecting viruses in water (Dahling et
al., 1974). In another study, 31 echoviruses were recovered in human, diploid-
embryonic lung cells, but not in monkey-kidney cells (Zdrazilek, 1974). A cell
line that may eventually reduce the need for suckling mice in detecting
cosackievirus A has been evaluated by Schmidt et al. (1975). Plaquing (agar
overlay) and cytopathic (liquid overlay) methods in combination were
recommended for isolation of as many enteric viruses as possible (Hatch and
Marchetti, 1975). The
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enteric viruses and the host systems that are required to isolate them are shown in
Table I11-6.

TABLE III-6 Enteric Viruses and Host Systems Required for Isolation of Virus

Host System

Primate Human Mice®
Virus Group Number  Primary®  Continuous®  Primary® Continuous?
Enteroviruses
Polioviruses 3 + + + +
Coxsackievirus
Al 23 +
Coxsackievirus
B 6 + + + +
Echoviruses? 31 + + + +
Reoviruses 3 + + + +
Adenoviruses 31 + +
Hepatitis A3 3?
Gastroenteritis ?
viruses>:*

! Coxsackieviruses A-8, 9, 16, and perhaps others may be isolated in cell culture systems.

2 Human diploid-embryonic lung cultures were reported useful for isolation.

3 No acceptable host-cell system for routine laboratory use has been developed.

4 Identified as acute infectious nonbacterial gastroenteritis agents (AING).

2 Primary monkey-kidney, African Green monolayers (PMK-AG).

b Buffalo-Green monkey-kidney monolayers (BGM).

¢ Primary human embryonic-kidney monolayers (HEK).

4 Diploid human embryonic-lung monolayers (HEL).

¢ Swiss mice, 4 days of age or less.

Ideal host system use for maximum virus recoveries includes: (1) PMK-AG, agar and liquid
enterovirus, and reovirus, overlay media; (2) HEK, agar and liquid enterovirus overlay media; (3)
HEL liquid overlay medium; and (4) suckling mice.

The best available combination of laboratory host systems will not detect the
virus of hepatitis A and will miss other viruses. Cultures that are susceptible to a
given virus may differ in sensitivity, and wild strains of a virus may fail to form
plaques (or to produce cytopathology in the same way) as laboratory strains.

Recovery Procedures for Virus in Finished Water

There are extensive reviews of methods for recovering waterborne viruses
(Hill et al., 1971; Sobsey, 1976). Present methods seem generally adequate
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for recovery of enteroviruses, but perhaps not of reoviruses and adenoviruses
(Fields and Metcalf, 1975).

Representative recoveries of virus from seeded water-samples are shown in
Table III-7. Although there is no universal method for concentrating all enteric
viruses from water, some methods are quite effective for some of the enteric
viruses in some types of water. Flowthrough-filter adsorption-elution systems and
ultrafiltration methods with anisotropic, polymeric membranes in tangential-flow
systems are the best for recovery of small quantities of enterovirus in large
volumes of treated or finished water. Virus concentration from water by
adsorption to precipitable salts or polyelectrolytes, aqueous polymer two-phase
separation, reverse 0SMosis, hydroextraction, continuous-flow
ultracentrifugation, and forced-flow electrophoresis methods can generally be
applied only to samples of a few liters. Therefore, they are not suited to recovery
of a low number of infectious units of virus from large samples of water.

Identification of Viruses Recovered from Water

Serologic methods for virus identification are often based on virus
infectivity. In the serum-neutralization test, infectivity is blocked by the action of a
homologous antibody. Neutralization tests, using combination pools of
enterovirus equine antisera, are one of the reliable ways of identifying an
enterovirus isolate (Melnick et al., 1973). These tests are usually completed
within 48-72 h in cell cultures, after recovery of the isolate and passage in cell
culture. The total time required for completion of all these procedures depends on
virus growth-rates and may vary from a few days to weeks.

Immunochemical methods have been evaluated as a more rapid means of
virus  identification. Immunofluorescence (Katzenelson, 1976) and
immunoenzymatic (Kurstak and Morisset, 1974) procedures have been tested.
These procedures are based on antigen-antibody interactions whose results can be
seen sooner than the visible cytopathic effects required for interpretation of
serum-neutralization tests.

The concept of an indicator bacterium was discussed in some detail earlier in
this report. Indicator bacteria are organisms that, although not pathogenic in
themselves, are constantly present in intestinal discharges, so that their detection
in the environment constitutes a signal for possible fecal pollution. Is it possible
to consider certain viruses as indicator viruses? Such indicator viruses might
provide a clue to the inadequacy of source-waters, or water-treatment systems, in
terms of virus contamina
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MICROBIOLOGY OF DRINKING WATER 100

tion or removal, and hence could be useful in the control of waterborne virus
disease.

If a rapid serologic-identification test were available, it might be adaptable to
detection of some indicator virus whose presence has correlated with that of other
enteric viruses. The polioviruses (which are common in wastewater and easy to
detect) have been proposed as indicators of other enteric viruses that are more
difficult or impossible to detect by laboratory methods. A rapid immunochemical
method for detecting polioviruses might be attainable, but this does not validate
the use of polioviruses as indicators. Although polioviruses are the most common
group of enteric viruses recovered from polluted waters, they are not always
predominant or even present among the enteric viruses in field samples (Grinstein
et al., 1970; Metcalf et al., 1974b). Because recovery methods are essentially the
same, whether for polioviruses or for all the enteric viruses, there is little to be
gained by adopting such an indicator virus now.

Sensitivity of the Flowthrough Method

Laboratory-based trials of flowthrough equipment and methods, using at
least 100 gal of tapwater experimentally contaminated with poliovirus, regularly
yielded positive results from 500-gal samples that contained 3-5 PFU/100 gal,
and sometimes only 1-2 PFU/100 gal (Hill et al., 1976). Members of the
reovirus, echovirus, and coxsackievirus groups A and B, at inputs of 1 PFU/gal
or less, were also recovered when 100 or 500 gal of water were sampled.
Emphasis was placed on ability to recover small quantities of virus in large
volumes of finished water. Performance at extremely low concentrations of virus
was considered a better index of the merits of a method than high-percentage
recoveries based on very large test doses. The success of the laboratory trials has
led to inclusion of flowthrough procedures in the fourteenth edition of Standard
Methods for the Examination of Water and Wastewater (1975) as a tentative
method for finished water.

Perspectives in Testing Large-Volume Samples

Some of the assets of the flowthrough method may also be viewed as
liabilities. The portable concentrator permits the testing of large-volume samples
without transporting great quantities of water to the laboratory; however, a
probable consequence is that the laboratory virologist is not answerable for the
validity of the field-sampling procedures. The method enables detection of as
little as 1 PFU of virus in a 100-gal water sample,
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but the authenticity and significance of a positive test result is questionable when
very few PFU are found. The method can detect only viruses for which
susceptible tissue cultures or laboratory animals are available, so that the agents
of hepatitis A and most viral gastroenteritides will be missed. The vaccine
polioviruses have the highest overall probability of occurrence and detection, but
they do not themselves constitute a threat to human health. The vaccine
polioviruses, when compared to coliform organisms, may constitute a more
sensitive or valid indicator of the threat of waterborne virus pathogens; however,
this kind of comparison should be made only after more coliform tests have been
performed on much larger samples than 100 ml. Both the flowthrough method of
virus collection and larger-volume coliform tests may have a future as standard
methods for discretionary, intensive testing of finished water; neither should be
regarded as a routine monitoring method for on-line quality control.

Health Effects of Viruses in Drinking Water

Large numbers of enteric viruses are present in some human feces and,
therefore, in wastewater. These viruses may not be completely removed or
inactivated by wastewater treatment, so they may be discharged to surface water
that serves as another community's raw-water source (Clarke et al., 1964). If the
viruses are not completely removed or inactivated by water treatment, they may
be ingested. People infected by these ingested viruses do not always become ill,
but disease is a possibility in persons infected with the agent of hepatitis A or any
of the other enteric viruses. Several diseases involving the central nervous
system, and more rarely the skin and heart, are caused by the better-characterized
enteroviruses: polioviruses, coxsackieviruses, and echoviruses. Some reoviruses
and parvoviruses have been implicated in nonbacterial gastroenteritides. More
than 100 serotypes of enteric viruses are known and are recovered from
wastewater from time to time (Davis et al., 1967). Sporadic occurrences of
echoviruses and coxsackieviruses in a susceptible population may result from
transmission of the viruses through water, but this has yet to be proven.

Poliovirus infection by the oral route has been studied to some extent,
especially in connection with the development of attenuated poliomyelitis
vaccines for orally administration. The remainder of the enteric viruses have been
used only to a small extent in research of this kind. In the few studies of other
orally administered viruses, there was usually no attempt to determine how much
virus was needed to produce infection, or even how much virus was being
administered.
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Some of the particles in any collection of virus are perceptibly defective.
The rest apparently possess all the constituents necessary to initiate infection of a
cell and, by successive replication, of a host organism; such a particle might be
described as "nondefective."

A nondefective virus particle, inoculated into a culture of susceptible cells,
may or may not cause an infection. Incipient infections may be aborted in one
way or another, so the number of apparently nondefective particles greatly
exceeds the number of tissue-culture infections they can produce. Schwerdt's
(1957) ratios of particles to tissue-culture doses (the quantities of virus required to
produce perceptible infections in a tissue-culture, whether the infections are
perceived by cytopathic effects, plaque formation, or some other manifestation)
were about 36:1 to over 100:1, whereas Joklik and Darnell (1961) reported a ratio
of approximately 250:1. The latter study showed that the particles that had not
succeeded in initiating infections were not defective; but the ways in which
incipient infections were seen to abort would not account for an infectivity ratio
as high as 250:1.

However, only one poliovirus particle ordinarily infects a cell. Thousands of
nondefective, genetically identical progeny particles are produced in replication.
Once a cell is infected, its neighbors in a culture are virtually certain to become
involved. Nevertheless, if small numbers of nondefective particles have been
inoculated at the outset, infection of a first cell is unlikely to occur.

Poliovirus infection by the oral route had to be studied during development
of the "live-virus" poliomyelitis vaccines. Sabin found that nonhuman primates
could not be substituted for man in such investigations, because of species
differences in the relative susceptibility of the intestines to poliovirus infection.
He reported that, if fewer than 107 tissue-culture doses of vaccine poliovirus were
ingested by a human, the virus would bypass the pharynx, but would infect the
intestines (1957).

Ratios of physical particles to oral, infections doses for man, comparable
with those for tissue-culture doses, have not been reported. Orally administered
poliovirus doses have therefore been expressed in terms of tissue-culture doses,
even though infections of these two host systems have never been shown to be
analogous. Indeed, the disagreement (Bodian, 1957; Sabin, 1957) over which
intestinal cells are responsible for replication of poliovirus still seems to be
unresolved. Horstmann (1961) described 10° tissue-culture doses as "an average
minimal reliable dose for most strains," and thought it remarkable that some
strains would infect by the oral route when fewer than 10* tissue-culture doses
had been ingested.

The subjects in several of the early poliomyelitis-vaccine trials were
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infants in their first few days or months of life. They included babies born to
mothers who had various serum concentrations of antibody against polioviruses.
The criterion of infection was the shedding of the virus in the infant's feces after 1
week. Though large amounts of virus were often administered, not all vaccinated
infants became infected. The findings of several investigators are summarized in
Table I11-8. A study by Koprowski (1956) showed that two of three children, each
fed 2 PFU of vaccine poliovirus in enteric-coated capsules, became infected.
Plotkin and Katz (1967) presented data that they believe demonstrated a parity
between the quantity of vaccine poliovirus needed to infect a tissue-culture and
that which will infect a human subject by the oral route. Studies by others
indicated a need for more than 104 tissue-culture doses of vaccine in infants
(Gelfand et al., 1961).

TABLE III-8 Results of Feeding Various Quantities of Poliomyelitis Vaccine to
Infants

Dose No. Infected/ No. Fed Percent Infected References

PFU?

0.2 0/2 0 Koprowski, 1956

2 2/3 66 Koprowski, 1956

20 4/4 100 Koprowski, 1956

5.5 x 100 16/18 89 Holguin et al., 1962
TCDsP

1033 28/97 29 Lepow et al., 1962
1043 42/96 46 Lepow et al., 1962
1033 48/84 57 Lepow et al., 1962
1006 12/20 60 Krugman et al., 1961
107¢ 15/20 75 Krugman et al., 1961
1033 208/308 68 Warren et al., 1964
1055 133/169 79 Warren et al., 1964

1 3/10 30 Katz and Plotkin, 1967
2.5 3/9 33 Katz and Plotkin, 1967
10 2/3 67 Katz and Plotkin, 1967
1053 4/8 50 Gelfand et al., 1960
1073 9/9 100 Gelfand et al., 1960

2 Plaque-forming units.
b TCDs, = Tissue culture dose 50%.

The available data on polioviruses have important limitations;
unfortunately, far less information seems to be available concerning infectivity,
by the oral route, of other intestinal viruses. The does of coxsackievirus BS that
would infect 50% of newborn mice to which it was

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

MICROBIOLOGY OF DRINKING WATER 104

administered by the oral route was between 102 and 10 tissue-culture doses in
studies by Loria ef al. (1974). Their criterion of infection was disease, so they
were measuring the pathogenic dose, rather than the infecting dose. No other
reports of attempts to determine the minimal infecting dose of ingested human
intestinal viruses seem to be available—whether for humans or other species—in
terms of tissue-culture doses.

In sum, poliovirus infection at the cellular level appears to be initiated by a
single nondefective particle. If the ratio of nondefective particles to infections is
the same for ingested virus, this is fortuitous: the yet-to-be-identified cells in the
intestines to which the particles must attach may be either more or less
susceptible than tissue-culture cells, just as the susceptibility of different tissue-
culture cells may vary. Counts of virus particles are not likely to be useful in this
application, and some important intestinal viruses cannot be enumerated in
tissue-cultures at all. There is no valid basis for establishing a no-effect
concentration for viral contamination of finished drinking water.

Virus Removal in Water Treatment

When viral disease occurs in association with a drinking-water supply, one
first has to consider the possibility that cross-contamination or back-siphonage
may have admitted waste water into the distribution system. However, this source
will not be discussed here; the integrity of water-distribution systems is a
technological, rather than a virological, problem. If the integrity of a system is
not maintained, the most immediate consequences are more likely to involve
enteric bacteria than viruses.

Alternatively, viruses may occur in a community's raw water supply as a
result of intended or inadvertent "recycling" of wastewater. If viruses are not
removed or inactivated (a virus is said to be inactivated when it loses its ability to
produce infection) in the treatment of the water, disease may occur among those
who drink the finished product. The required degree of virus removal or
inactivation cannot be stated explicitly, because of lack of good information as to
how much virus must be ingested to cause disease. When goals in virus removal
are considered, it is also important to remember that less than 1% of water
consumed by a community is used internally by humans; more than 40 gal of
water per person per day are used for household purposes (Witt ef al., 1975).

One would like to know what amounts of virus might occur in raw water at
the point of intake. Most reports of virus in raw water are not quantitative: for
example, Foliguet ef al. (1966a) reported detecting enteroviruses in 13 of 162
raw-water samples tested in France during 1961-1963, but one cannot determine
the volume of water that each sample
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represented. The highest virus concentrations measured at or near water intakes
by Berg (1973) were somewhat less than 0.2 PFU/liter of water. Available data
(Chang 1968) indicate that 30 PFU/liter constitutes a "reasonable virus load in
moderately polluted water." One would hope to remove or inactivate all viruses
before the treated drinking water were considered "finished."

Berg (1973) has offered to resolve this difficulty by requiring that reclaimed
and other potable water be disinfected so as to destroy at least 12 logarithmic
units of a reference virus at 5°C and that the finished water be tested frequently to
ensure that there is not more than 1 PFU in a 100-gal (379-liter) sample of the
final product. An apparatus that will accommodate such samples has been
developed. Recently, 4 of 12 samples (100-105 gal, or 379-397 liters each) of
finished water from a modern, well-operated plant serving 600,000 people in
Fairfax County, Va. were shown to contain 1-4 PFU of poliovirus each (T.G.
Metcalf, unpublished data). The public-health significance of such findings is
uncertain. The infectious dose of poliovirus by the oral route is not yet known,
and the detected virus was apparently of vaccine origin and therefore
nonpathogenic. Any virus detected in finished drinking water may indicate that
other viruses, not detectable by laboratory techniques, are also present; however,
no outbreak of human illness has been associated with the water supply that was
examined.

The detection of very few tissue-culture doses of virus in extremely large
samples does not yet support the adoption of a numerical specification for the
volume of finished water from which detectable virus must be absent, or for the
projected viricidal effectiveness of a disinfection process. Safety of drinking
water, from the virus standpoint, cannot at present be defined in numerical terms.

None of the unit operations and processes used today in the treatment of
water supplies were devised originally to remove or destroy viruses. Still, almost
all these treatments have some antiviral effect. The potential antiviral
effectiveness of disinfection (chlorination) probably exceeds that of all other
available treatments combined. Any treatment for which there are substantial data
to indicate ability to remove at least 50% of incident-viruses will be considered
here. Many of the data have been obtained from bench-scale studies with
experimentally inoculated model viruses. Accurate measurement of virus
removal (by a treatment being evaluated) is possible only if the initial
concentrations of viruses are very high. The required concentrations of viruses
would not occur naturally in water destined for human consumption (except in
reclaimed wastewater), and would be difficult to attain by adding laboratory
viruses to pilot-scale batches of water. Such experiments are conducted under
more closely
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controlled conditions than may be attainable in practice, and the aggregation that
is always present in virus suspensions may differ in degree between inoculated
virus and naturally occurring virus. Results will not be reported here to a greater
degree of precision than seems reasonable to expect in practice.

Coagulation and Settling

An early step in the treatment of raw water often includes coagulating
suspended solids and allowing them to settle to the bottom of a tank. The
supernatant water is then collected for further treatment. Substances added to
induce coagulation may include primary flocculants (such as aluminum sulfate
and ferric chloride,), coagulant aids (polyelectrolytes), acids, alkalis, and even
clay used for supplemental turbidity. Four recent, extensive studies indicated that
virus removal from 90% to well above 99% can be achieved by coagulation and
settling under carefully controlled conditions (Foliguet and Doncoeur, 1975;
Manwaring et al., 1971; Schaub and Sagik, 1975; and Thorup et al., 1970). Either
aluminum sulfate or ferric chloride proved a good primary flocculant for virus
removal. Polycationic coagulation aids were useful in removing virus, but anionic
or nonionic polyelectrolytes probably would not be effective. Clays are
sometimes added, to ensure formation of a visible floc to which virus may
adsorb. Organic matter in the water interfered with virus removal by coagulation
and settling; this effect may be prevented by prechlorination or preozonation.
Finally, it should be noted that the virus removed had not been inactivated. Virus
adsorbed to floc was quite capable of causing infection.

Filtration and Sorption

Virus particles are too small to be retained mechanically on sand, or on most
alternate media used in water filtration. Virus retention by such media depends on
association of the virus with suspended matter that is large enough to be trapped
mechanically, or by direct sorption of free virus particles to the surface of the
filter medium.

When sand filtration follows coagulation and settling in the treatment
scheme, viruses that sorbed onto fine floc particles can be retained efficiently by
sand (Foliguet and Doncoeur, 1975). Virus removal by the filter ranges from 90%
to more than 99%, with the very highest figures resulting when the virus was
poorly removed by previous settling of the floc. Sand, by itself, is reputed to be a
poor medium for removing viruses from water (Chang, 1968). However, Lefler
and Kott (1974) removed
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more than 99% of their model viruses by slow sand filtration when the
suspending water contained calcium chloride and magnesium chloride at 0.01 N.

Diatomaceous earth has been evaluated by Brown et al. (1974) as a filter
medium for removing viruses from water. The medium was coated with ferric
hydroxide or a synthetic polymer developed for water treatment. The model virus
was removed from dechlorinated tapwater (pH 9.5) to the extent of approximately
98%, but the process was less effective at a lower pH (6.7-6.8), or in the absence
of coating. It is not clear whether this filtration process was intended principally
to follow or to supplant the coagulation and settling-steps in water treatment.

Activated carbon is another possible sorbant medium for removing viruses.
Cliver (1971) found that retention of virus on the medium could be 90% initially,
but was apparently lower after a column had been operated for some time.
Relatively little desorption seemed to occur when water, rather than wastewater,
was treated.

The possibility of virus desorption from a filter-medium, or of resuspension
of floc to which virus has adsorbed, must always be considered in evaluating
treatments such as those described above. None of these treatments appears to
inactivate the virus that has been retained. Indeed, if any of these treatments
proves less effective in practice than was indicated in bench-scale studies, it may
well be because of desorption or resuspension, rather than inadequate initial
retention of virus.

Water-Softening

Softening of water at the treatment plant may inactivate virus, rather than
simply remove it. Sproul (1971) summarized research in his laboratory that
showed modest virus removal with straight-lime softening, and more than 99%
removal with sodium hydroxide precipitation of magnesium ions, with excess
lime-soda ash softening. He used the term "inactivation" to describe this removal,
but he compared data from his and other laboratories which indicated that viral
infectivity is lost only in some cases at a pH near 11, which occurs in excess
lime-soda ash softening.

Disinfection

If all of the treatments described above were applied sequentially to raw
water, one could expect a total of 6 logarithmic units of virus removal or
destruction, without recourse to chemical disinfection. However, chemical
disinfection seems to be more reliable than the other treatments. Most
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chemical disinfectants that are effective against viruses are strong oxidizing
agents. The general principles of action of these substances on viruses have been
discussed by various authors, not all of whom reached the same conclusions. Liu
et al. (1971) emphasized differences in resistance among the groups of enteric
viruses (as well as the importance of clumping of virus particles) as a source of
confusion in interpreting inactivation data. Given the contact times likely to be
used, these differences are probably not critical to the success of an efficient
disinfectant. However, Krusé et al. (1971) emphasized that not all slowly
effective forms of disinfectants can be made to accomplish their task by
extending contact time. Treatment prior to terminal disinfection accomplishes two
purposes—reducing the virus load and preparing water for more effective
terminal disinfection, by removal of interfering substances.

Chlorination

Chlorine, applied in its elemental form or as hypochlorite, is the standard of
disinfection against which others are compared. Depending on the pH of the
water and on the presence of ammonia, the chlorine may take the form of HOCI,
OCl-, Cl,, or chloramines. The viricidal effectiveness of these forms apparently
decreases in the order listed.

Neefe et al. (1947) studied chlorine inactivation of the virus of infectious
hepatitis (in drinking water that was given to human volunteers). The results were
not quantitative, but they showed that, if viruses were added (as a suspension of
infectious feces) to water that was then coagulated and filtered, a chlorine dose
sufficient to yield a free residue of 0.4 mg/1 after 30 rain of contact would render
the virus noninfectious for the volunteers. Nothing has been done to refute or
augment these findings in the intervening period of almost 30 yr.

Clarke and Kabler (1954) showed that coxsackievirus A2 was inactivated
more slowly by chlorine at a pH of 9 than at a pH of 7, and more slowly at 3-6°C
than at 27-29°C. Not surprisingly, the inactivation rate also depended on the
concentration of free chlorine (hypochlorous acid and hypochlorite ion). Kelly
and Sanderson (1958, 1960) extended these results to other human enteroviruses
and showed that the antiviral action of chloramines is a great deal slower than
that of free chlorine.

Clarke et al. (1956) found adenovirus 3 to be more susceptible to chlorine
than the enteroviruses; destruction rate of the former was said to be comparable to
that of Escherichia coli. Liu et al. (1971) showed that the reoviruses were even
more chlorine-sensitive than the adenoviruses, and that some of the differences in
chlorine sensitivity among enteroviruses might be related to the degree of
aggregation of the viruses in suspension.
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The aggregation always seen in virus suspensions imposes significant limits
on the predictability of virus inactivation (Sharp et al., 1975).

Hypochlorous acid, which predominates below a pH of 7.5, is more active
against viruses than is hypochlorite ion (Chang, 1968). When the water contains
nitrogenous substances, chlorine should be added to the "breakpoint," beyond
which any further added chlorine will be free to inactivate viruses (Krusé et al.,
1971). Chlorine dioxide (CIO, may offer some advantages over other forms of
chlorine because it is less reactive with ammonia, and less affected by
temperature and pH (Chang, 1968).

Bromination

Bromine has been studied (to a limited extent) as an alternative to chlorine in
inactivating waterborne virus (Taylor and Johnson, 1974). It is clearly effective,
and it may be somewhat less subject than chlorine to "demand" losses in use.
Bromamine, for instance, is capable of significant virus inactivation. More study
will be required before bromine can be considered likely to supplant chlorine as a
general disinfectant. It does have advantages for some specialized uses.

Todination

Iodine is also capable of inactivating enteroviruses in water under controlled
conditions (Berg ef al., 1964). Although relatively high doses may be required,
Chang (1968) suggested that iodine may be useful in special situations. Studies by
Olivieri et al. (1975) on the comparative modes of action of the halogens on a
small bacterial virus (f2) indicated that iodine reacts with the coat protein,
whereas chlorine probably inactivates the viral nucleic acid.

Ozonation

Ozone is finding increasing use as a water disinfectant and is proving
effective against viruses. Although Majumdar et al. (1973) found that ozone was
relatively ineffective against poliovirus when the disinfectant was present at less
than 1 mg/liter, Katzenelson et al. (1974) found ozone to be faster and more
effective than chlorine against poliovirus, even at concentrations as low as 0.3
mg/liter. Ozone does seem to offer significant advantages as an antiviral
disinfectant for water. Its most conspicuous liability is that its activity cannot be
sustained in the water all the way to the consumer, so that it does not provide any
protection against post-treatment contamination.
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Effectiveness of Water Treatments

Virus may occur in some raw water; standard treatments, such as
coagulation and settling followed by rapid sand filtration (if carefully performed
under practical conditions) could remove a combined total of 6 logarithmic units
of virus present. Viruses removed in these ways are not inactivated.

A virus that is still present can be inactivated by chemical disinfection.
Ozone and chlorine seem most clearly suited to community use for water
disinfection. With raw water that sometimes contained virus, both ozone and
chlorine were found to produce finished water in which viruses could not be
detected by the methods used (Foliguet ef al., 1966b). In general, it appears that
current treatment technology, diligently applied, can consistently produce
finished water in which viruses are not likely to pose a threat to public health
(Clarke et al., 1974).

The theoretical model for virus removal or inactivation by each treatment
assumes that a zero concentration of virus will never be attained. This implies
that testing ever-larger samples of finished water will, in some instances, result in
detection of a virus. If the presence of virus in finished water results from
undertreatment of virus-contaminated raw water, treatment should be intensified
(to include coagulation, settling, filtration, and chemical disinfection, such as
breakpoint chlorination, if these are not already being done), and efforts should
be made to alleviate the contamination of raw water.

Bacterial Indicators and Viruses in Drinking Water

It should be clear from the preceding discussion that virologic tests are not
"routine" in the sense that many bacteriological methods are routine. Can
bacteriological methods be of any value in ensuring the virological safety of
drinking water?

Viruses differ fundamentally from bacteria in size and in biological
properties. Decreases in concentrations of bacterial indicators during water
treatment ought not to be expected to correlate directly with virus removal or
inactivation. Competent execution of water-treatment methods ultimately
determines the safety of the finished product.

In the event of a treatment break or a loss of integrity of the distribution
system, the presence of excessive turbidity, coliforms, or standard plate counts
will indicate the existence of an unsafe situation and a possible vital hazard. Even
though these indicators are only incidentally correlated with the presence of virus
in drinking water, they
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are important, because the) will evoke remedial action. Detection of viruses
themselves in drinking water will take at least 2 days, in the case of gross
contamination, and 1-2 weeks under most circumstances. The results of
virological tests on contaminated water are unlikely to be known before human
illness occurs. Microbiological indicators may have a limited correlation with
viral contamination, but they and chlorination afford more protection to public
health than does any available alternative approach to routine monitoring of
finished water.

Conclusions

1. The presence of infective virus in drinking water is a potential hazard
to the public health, and there is no valid basis on which a no-effect
concentration of viral contamination in finished drinking water
might be established.

2. Continued testing for viral contamination of potable water should be
carried out with the facilities and skills of a wide variety of research
establishments, both inside and outside the government, and
methodology for virus testing should be improved.

3. The bacteriological monitoring methods currently prescribed or
recommended in this report (coliform count and standard plate
count) are the best indicators available today for routine use in
evaluating the presence in water of intestinal pathogens including
viruses.

Research Recommendations

l.  Improved methods should be developed for recovery, isolation, and
enumeration of viruses from water supplies.

2. A laboratory method should be devised for detecting the virus of
hepatitis A in potable water.

3. More should be learned about the etiology of viral gastroenteritis;
special attention should be given to detection methods for
gastroenteritis viruses that are transmissible through water.

4. The amount of virus that must be ingested in drinking water to
produce infections and disease should be determined for several
different enteric viruses.

5. Additional research should be conducted on the ability of various
water-treatment methods to remove or inactivate viruses. Low-cost
modifications to increase the reliability and effectiveness of existing
methods should be sought.
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PATHOGENIC PROTOZOA AND HELMINTHS

Eggs and cysts of parasitic protozoa and helminths are deposited in the
environment with excreta, and may enter water supplies. Water-purification
processes have not been developed on the basis of considerations related to these
organisms; but, fortuitously, the introduction of flocculation, filtration, and
chlorination of water have been successful in diminishing the extent to which
water serves as a source of parasitic infection. Perhaps more than water
treatment, sanitary sewerage systems have diminished the spread of various
intestinal helminths. Eggs of these helminths are not easily killed in sewage-
treatment processes (Newton et al., 1948; Greenberg and Dean, 1958; World
Health Organization, 1964). Since there is a tendency for helminth eggs to be
concentrated in sewage sludges, there is some concern when sludges are used in
agriculture (Greenberg and Dean, 1958; World Health Organization, 1964). There
are specific drinking-water problems with protozoan parasites, such as
Entamoeba histolytica, the cause of amebic dysentery and amebic hepatitis, and
Giardia lamblia, a flagellate about whose pathogenicity there is no longer any
serious doubt (Moore et al., 1969; Wolfe, 1975; Warmer et al., 1963; Zamcheck
et al., 1963; and, Brandborg et al., 1967). The waterborne-disease outbreak with
the largest number of cases reported to have occurred in the United States in 1974
was due to Giardia lamblia (Center for Disease Control, 1976a).

Attention will be focussed here on the protozoan organisms that represent a
threat to human health. The intestinal helminths will be considered, especially in
terms of the characteristics that make then susceptible to elimination from sewage
effluents and that also make them unlikely to be found in raw or finished water.

Protozoa

Parasitic protozoa replicate in the human host, and may be responsible for
severe disease. Entamoeba histolytica (Craig, 1934; World Health Organization,
1969) has been found to be responsible for severe outbreaks of dysentery. It is
also capable of setting up chronic infections in the human host, with the eventual
development of abscesses of the liver and occasionally other organs. Giardia
lamblia is not so severe a pathogen, but is responsible for gastrointestinal
disturbances, flatulence, diarrhea, and discomfort. Both these organisms are able
—on occasion—to penetrate our sanitary barriers.
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Amebiasis

During the period 1946-1970, there were five reported outbreaks of
amebiasis due to Entamoeba histolytica transmitted by water. Four of these
outbreaks were related to private distribution systems, and involved a total of 50
clinical cases. The well-studied South Bend outbreak in 1953, in which there
were at least 750 infections and 30 clinical cases, with 4 fatalities, was due to
sewage contamination of a private water supply to a factory (LeMaistre et al.,
1956). One outbreak involved a public system and accounted for 25 cases (Craun
and McCabe, 1973). Before 1946, there were two major amebiasis outbreaks due
to contaminated water. The well-known Chicago epidemic of 1933 was traced to
cross-connections between sewage and water lines in a hotel (Bundesen et al.,
1936). The Mantetsu-apartment-building outbreak in 1947 (Ritchie and Davis,
1948) in Tokyo was similarly traced to sewage contamination of water due to
faulty distribution systems.

Facultatively Parasitic Amebae

In recent years, a relatively large number of cases of meningoencephalitis
have been reported as caused by free-living, facultatively parasitic amebae of the
genera Naegleria, Hartmanella, and Acanthamoeba. Most of these cases have
been related to swimming in fresh water ponds or swimming pools. However,
more recently (Baylis et al., 1936; Robert and Rorke, 1973) Naegleria fowleri and
Acanthamoeba sp. have been isolated from tapwater in association with cases of
primary amebic meningoencephalitis. It is possible that the occurrence of these
fresh water amebae will increase in surface water because of the leaching of
fertilizers from agricultural lands, and the other factors that are contributing to
accelerated eutrophication of ponds and lakes. Viable cysts, identified as
Naegleria and Hartmanella species, have been found in 8 of 15 finished-water
supplies in a survey of large-city supplies across the United States (Robert and
Rorke, 1973). The cyst densities were low, about 10-15/gal. Little is known
about the characteristics of the cysts and trophozoites of these organisms. It
seems likely that the cysts will be at least as resistant to chlorine as those of the
parasitic amebae and flagellates. Therefore, considerable emphasis must be
placed on flocculation and filtration processes, in order to to remove these
organisms from the waters in which they may be proliferating.
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Giardiasis

Giardiasis is emerging as a major waterborne disease. The largest outbreak
of giardiasis in the United States occurred in Rome, N.Y. (Center for Disease
Control, 1975). There were 395 cases of symptomatic giardiasis identified by
stool examinations in the 7-month period from November 1, 1974, to June 7,
1975. A random household survey, conducted during one week in early May
1975, identified 150 stool-positive cases of giardiasis among 1,421 persons. On
the basis of the survey data, the attack rate was 10.6%, and more than 4,800
persons may have been ill; a larger number probably harbored asymptomatic
infections. Ten samples of the raw water were collected with a large-volume
water sampler and were fed to 10 pathogen-free beagle puppies, of which 2, fed
from different samples, became infected. The Center for Disease Control's
diagnostic parasitology laboratory identified one G. lamblia cyst in one of the
water samples. The Rome water-supply system did not maintain a free chlorine
residual, but used only combined residual disinfection of surface water.
Information on this and other Giardia outbreaks is reported in Foodborne and
Waterborne Disease Outbreaks, Annual Summary 1974, Center for Disease
Control (1976a).

Veazie (1969) noted the occurrence of some 50,000 cases of gastroenteritis
in Portland from October 1954 to March 1955. Some of these cases were
attributed to infection with giardiae. A report of this outbreak appeared in the form
of a letter to the editor in the New England Journal of Medicine, after publication
of the study on the Aspen outbreak (Moore et al., 1969). Waterborne outbreaks
of giardiasis in the United States numbered 14 between 1969 and 1975 and
involved at least 700 diagnosed cases. Of these, 12 outbreaks occurred during the
period 1971-1974 (Craun 1975) and involved over 300 people. This apparent
increase in incidence may be due to greater awareness on the part of physicians;
much publicity was accorded to outbreaks of Giardia infections among tourists in
Leningrad, starting in 1970. According to Schulz (1975), a questionnaire survey
of 1,419 travelers to the USSR showed that 324 (23%) had acquired giardiasis.
The mean time between entry into the USSR and the appearance of symptoms
was 14 days, and the illness lasted 6 weeks. Leningrad was identified as the site
of infection, and attack rates were highest among travelers who drank tapwater.

All the U.S. outbreaks involving municipal systems, except for a large
outbreak at Aspen, Colorado, in 1965-1966, have been associated with surface-
water sources where disinfection was the only treatment. At Aspen, it is apparent
that wells that served as a source of water for part of
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the community were contaminated from old, broken sewer lines that passed close
to them (Moore et al., 1969).

Helminths

In the United States the most important intestinal worms that are transmitted
in drinking water include Ascaris lumbricoides, the stomach worm; Trichuris
trichiura, the whipworm; Ancylostoma duodenale and Necator americanus, the
hookworms; and Strongyloides stercoralis, the threadworm. All of these are
nematodes, or roundworms. The stomach worm and whipworm are transmitted
directly from one host to another by their eggs, after the eggs have had an
opportunity to develop outside the body; the development involves the formation
of an infective larva from the embryo contained in the egg. The hookworms live
in the soil, grow, and undergo two molts, until they reach a stage which is
infectious to man. They usually gain entry into their new host by penetrating the
skin and then wandering through the body until they mature in the intestinal tract.
The threadworm, like the hookworm, produces an infective larva that invades
through the skin. It has the option of passing through one or several free-living
generations before producing infective larvae; therefore, it can expand the
number of infective larvae derived from each egg.

In addition to the nematodes described above, there is one cestode, or
flatworm, that takes up residence in the human intestinal tract when it can. This
worm is Hymenolepis nana, the dwarf tapeworm. It is the only one of the
cestodes infecting humans that has a direct life cycle; i.e., the egg serves as the
infecting agent by the oral route. The larva and adult develop from the egg. The
adult produces a string of proglottides, up to 200; eggs are produced in each. The
gravid proglottides often rupture in the intestinal tract of the host, setting the eggs
free. The eggs are immediately infective when passed in the feces.

All other important helminthic parasites of man require intermediate hosts
for the development of larval stages infective to man. Except for the guinea
worm, Dracunculus medinensis, which develops as an infective larva in the water
flea, Cyclops, the ingestion of water is a minor factor in the spread of these
parasites from host to host. D. medinensis is not endemic in the United States.

The eggs of the stomach worm and the whipworm measure 60 x 45 pm and
52 x 23 um, respectively. Hookworm and threadworm eggs are similar in size.
The egg of the dwarf tapeworm is about 44 x 37 pm. All of these eggs are denser
than water. They are also of such a size that they can be entrapped in sewage-
treatment plants and in the sand filters of
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water-purification plants. However, motile larvae of the hookworms and of the
threadworm are capable of moving through sand filters in water-purification
plants, as has been shown to be the case with a number of free-living nematodes.
Like the free-living nematodes, and possibly to a greater extent because infective
larvae are resistant to the environment and do not ingest food, the larvae of these
parasitic worms can be expected to survive usual chlorination procedures.

All the parasites considered above are soil-transmitted parasites. It is
possible that surface runoff during heavy rains can bring eggs or larvae into raw-
water sources. In treatment, however, their large size practically ensures that they
will be entrapped in flocculation and filtration processes. Viable hookworm and
threadworm larvae, because of their mobility, might be able to traverse sand
filters. Because of an enormous dilution effect, and because even the larvae tend
to settle out in water, one would be hard-put to attribute a human infection with
one of these parasites to a water source, other than wells polluted from the
surface. One other factor should be mentioned: the worm burden acquired by a
host is directly related to the number of infective eggs or larvae to which the host
is exposed; there is no replication of the worms in the definitive host. Therefore,
the odds against the establishment of a serious worm infection in a human via a
water-distribution system are extremely high. It is unlikely that the transmission
of helminthic infections via water systems is significant.

Free-living nematodes that ordinarily are found in soil are occasionally
washed into river water by heavy rains, and can pass rapid sand-filtration barriers
and survive chlorination. These nematodes belong to the genera Cheilobus,
Diplogaster, Trilobus, Aphelenchus, Rhabditis, and others. They are not parasitic
and pose no direct threat to man. However, they are reported to produce a gummy
substance, small quantities of which confer an unpleasant taste to finished water.
Besides having this characteristic, the nematodes may pose a problem in that they
are resistant to chlorine; free residual chlorine at 2.5-3.0 ppm failed to immobilize
them in 120 m (Chang et al., 1961). Because these nematodes ingest bacteria, it is
conceivable that they could serve to protect pathogenic organisms from chlorine
and therefore take them to the consumer. However, the chances of this appear
small, because the nematodes pass the bacteria when they are active, and shed
bacteria if they molt to a sheathed (resistant) stage. As examples of actively
motile nematode larvae, such as infective hookworm and Strongyloides larvae,
these nematodes indicate the ease with which such organisms can penetrate sand
filters. Statistically, however, the chances are small that water-distribution
systems contribute significantly to the spread of parasitic nematode infections, or
that viable
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free-living nematodes will carry any significant numbers of bacterial pathogens
past the disinfection systems.

Water-Treatment Practices and Parasite Removal

Cysts of Entamoeba histolytica are resistant to high concentrations of
chlorine (Brady et al., 1943; Stringer et al., 1975). Concentrations of chlorine
required to kill cysts in raw water in 20-30 m can exceed 9 ppm, depending on pH
and other conditions; certainly, residual-chlorine concentrations in water-
distribution systems are not adequate. Giardia cysts are also not reportedly
destroyed by chlorination at conventional doses and contact times. It has been
stated that they will survive 0.5 ppm for 30 m. Ozone, applied at 0.5 ppm, can
kill 97% to more than 99% of cysts of E. histolytica suspended in tapwater
(Newton and Jones, 1949). Bromine is a more effective cysticide than chlorine or
iodine. At a pH of 4, a bromine residue at 1.5 ppm was needed to produce 99.9%
cyst mortality in 10 m. The same degree of cyst destruction was achieved by
iodine residue at 5 ppm and chlorine residue at 2 ppm, respectively. High pH's
decrease the cysticide activity of all three halogens (Stringer et al., 1975);
however, the cysts of both these protozoans are of such size that flocculation and
filtration can be expected to remove them from finished water (Anderson et al.,
1973). The cyst of E. histolytica measures 10-15 um in diameter, and that of G.
lamblia measures 9-12 x 6-9 um. When outbreaks of G. lamblia have been traced
to municipal water, the system has relied on disinfection, rather than including
flocculation and filtration. This suggests that mechanical means of clarifying
water are important as antiparasitic measures. Because the protozoan cysts are
resistant to usual residual-chlorine concentrations maintained in the distribution
system, the need for filtration is emphasized. It is also important to emphasize the
danger of faulty distribution systems, even when relatively high residual-chlorine
concentrations are maintained; cross-connection control is essential.

Conclusions

The principal pathogenic parasites that may escape our sanitary barriers in
public water supplies are the protozoa Entamoeba histolytica and Giardia lamblia.
The cysts of these organisms are not completely destroyed by the usual
chlorination. Most cysts, however, will be removed by sedimentation and
filtration through sand. Filters should be of adequate depth, and the rates of
filtration and back-flushing should be adjusted, to ensure entrapment of cysts and
to prevent turnover of the
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filter or channeling. Proper maintenance is essential. The greatest risks will occur
in water systems that use only disinfection, and in contamination of water in the
distribution system by sewage from broken lines or from cross-connections.
Normal residual chlorine in such circumstances cannot kill cysts.

More study is needed to define the conditions required for destruction of
Giardia lamblia cysts; little is known of their survival.

Occasionally, facultatively parasitic amebae can pass through the treatment
processes and appear in finished water. Although these amebae can produce fatal
encephalitides in man, the usual route of entry is the nasal passages, while a
person swims in a pool or a pond of untreated or inadequately treated fresh
water. The numbers of free-living ameba cysts found in finished water are small.

Entrapment of pathogenic bacteria by parasites and other metazoa, such as
free-living nematodes, may lead to protection of the bacteria from disinfection.
However, it appears unlikely—on the basis of the statistics of the occurrence of
such organisms in finished water, the condition of the organisms seen, and the
fact that viable nematodes are continually passing bacteria through their gut—
that a significant number of pathogenic organisms would survive in finished
water with an adequate residual disinfectant.

SUMMARY—MICROBIOLOGY OF DRINKING WATER

The incidence of enteric disease in the United States has been reduced by
effective water treatment systems, but in 1974 the Center for Disease Control
reported 28 waterborne disease outbreaks and 8,413 cases. In 1975 there were 24
outbreaks and 10,879 cases.

Very few of these outbreaks were caused by chemical poisoning. Most cases
(6,832 or 81%) in 1974 were caused by microorganisms. The category designated
"acute gastrointestinal illness" accounted for the largest number of cases (9,760)
in 1975. These cases were characterized by symptoms for which no etiologic
agent was identified. They account for approximately 90% of the total cases
reported by the Center for Disease Control in 1975. Microorganisms account for
most of the remaining cases.

Improved detection and reporting systems are needed to determine more
accurately the incidence of waterborne diseases nationwide. Outbreaks occur that
are not reported. The etiologic agent was not identified in 15% of the cases
reported in 1974, and 90% of those reported in 1975. Improved alarm systems are
needed.

In 1971-1974, deficiencies in treatment, such as inadequate or

Copyright © National Academy of Sciences. All rights reserved.


http://www.nap.edu/catalog/1780.html

About this PDF file: This new digital representation of the original work has been recomposed from XML files created from the original paper book, not from the original
typesetting files. Page breaks are true to the original; line lengths, word breaks, heading styles, and other typesetting-specific formatting, however, cannot be retained,

and some typographic errors may have been accidentally inserted. Please use the print version of this publication as the authoritative version for attribution.

MICROBIOLOGY OF DRINKING WATER 119

interrupted chlorination and contamination of groundwater, were responsible for a
majority (65%) of the waterborne-disease outbreaks. In 1975, treatment
deficiencies were responsible for most outbreaks; however, deficiencies in the
distribution systems were responsible for the highest number of cases.

Bacteria

The control of waterborne epidemics still depends largely upon the control
of infectious enteric diseases. Much of the success in this regard can be attributed
directly to the use of chlorine as a disinfectant. Although the excessive use of
chlorine in water treatment may result in the formation of several compounds
that are known carcinogens for animals, and suspected carcinogens for humans,
the advantages far outweigh this limitation.

Several substitutes for chlorine (e.g. ozone, chlorine dioxide, bromine, and
iodine) that are also powerful oxidants and disinfectants have been suggested, but
much more research is required before any of them can be recommended as a sole
substitute for chlorine in water treatment. Questions concerning disinfection
effectiveness, toxicity of by-products, and residual in the distribution system
must be answered for proposed substitutes as well as for chlorine. It may be
possible to reduce the concentrations of undesirable organic by-products of
chlorination— without compromising disinfection—by changing the sequence or
rate of chlorine addition in relation to other steps in water treatment. Partial use
of other oxidizing agents, before chlorination, may also help to modify organic
matter before significant amounts of chlorinated derivatives can be formed.

Good engineering and public health practices emphasize the need for using
raw water of the highest possible quality. Bacteriological testing, or the
imposition of bacteriological standards, are adjuncts to, not substitutes for, good-
quality raw water, proper water treatment, and integrity of the distribution
system. Application of the present coliform standards appears adequate to protect
public health when raw water is obtained from a protected source, is appropriately
treated, and is distributed in a contamination-free system.

Current coliform standards are not satisfactory for water reclaimed directly
from wastewater. The meeting of current coliform standards is insufficient to
protect public health for water reclaimed directly from waste water, or for water
containing several percent of fresh sewage effluent. For such raw-water supplies,
standards for viable virus content,
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Clostridium content, or total bacterial count should be developed and applied as a
supplement to coliform standards.

The standard plate count is not a substitute for total coliform measurements
of the sanitary quality of potable water; it is, however, a valuable procedure for
assessing the bacterial quality of drinking water. Ideally, standard plate counts
(SPC) should be performed on samples taken throughout the systems. The SPC
has major health significance for surface-water systems that do not use
flocculation, sedimentation, filtration, and chlorination, and for those
groundwater systems that do not include chlorination.

Viruses

The bacteriological monitoring methods currently prescribed (coliform
count, standard plate count) are the best indicators available today for routine use
in determining the probable levels of viruses in drinking water. The best available
water treatment technology, if diligently applied, should provide a high degree of
assurance that viruses injurious to human health are absent from finished drinking
water. However, because knowledge of the scale of potential viral contamination
is scanty, and because there is no rigorous basis for establishing a harmless level
of vital concentration in water, research on the problems of viral contamination
should be strongly supported. In particular, the following subjects deserve special
attention:

1. Methods for testing of potable water for viral contamination.

Methods for recovery, isolation, and evaluation of viruses (especially

hepatitis A).

Specific etiology of viral gastroenteritis.

4. Methods for evaluating and improving effectiveness of present water
treatments to remove or inactivate viruses.

5. The amount of virus that must be ingested to produce infections and
disease should be determined for several different enteric viruses.

(98]

Parasites

The most important waterborne parasitic diseases in the United States are
amoebiasis and giardiasis. Outbreaks of amoebiasis appear to have resulted from
sewage contamination in the distribution systems. Giardiasis, which in recent
years has become a major problem in some areas, appears to be associated with
inadequately treated surface waters.

The cysts of both of these parasites are more resistant to chlorine than

Copyright © National Academy of Sciences. All rights reserved.
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are bacteria, but flocculation and filtration can remove them. Nevertheless,
knowledge of the vulnerability of all of these organisms to disinfection is
incomplete, and, in particular, the conditions necessary for destruction of Giardia
cysts require further study. The same considerations apply to a few other parasitic
protozoa that, although rare, have been identified in public water systems.

Metazoan parasites (helminths, nematodes) that can be present in raw water
will be controlled in public water supplies by well-regulated flocculation,
filtration, and disinfection.

Testing

One of the greatest deficiencies of customary methods for evaluating the
bacteriological quality of water is that results from tests are unknown until after
the sampled water has already entered the distribution system and been used.
Successful regulation of the microbiological quality of drinking water therefore
depends on the use of raw water supplies of relatively invariant high quality.
Sudden invasions of contamination are unlikely to be detected promptly enough
to prevent exposure and, in addition, may overwhelm the corrective treatments.

Nevertheless, it is essential that present methods of microbiological testing
be continued, in order to validate the effectiveness of disinfection, and for
detecting defects within the system.
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