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INTRODUCTION

Howard Frumkin

Please stop reading.

That’s right. Close this book, just for a moment. Lift your eyes and look
around. Where are you? What do you see?

Perhaps you’re in the campus library, surrounded by shelves of books, with
carpeting underfoot and the heating or air-conditioning humming quietly in the
background. Perhaps you’re home—a dormitory room, a bedroom in a house,
a suite in a garden apartment, maybe your kitchen. Perhaps you’re outside, lying
beneath a tree in the middle of campus, or perhaps youre on a subway or a bus
or even an airplane. What is it like? How does it feel to be where you are?

Is the light adequate for reading? Is the temperature comfortable? Is there
fresh air to breathe? Are there contaminants in the air—say, solvents off-gassing
from newly laid carpet or a recently painted wall? Does the chair fit your body
comfortably?

If you’re inside, look outside. What do you see through the window? Are there
trees? Buildings? Is the neighborhood noisy or tranquil? Are there other people?
Are there busy streets, with passing trucks and busses snorting occasional clouds
of diesel exhaust?

Now imagine that you can see even farther, to a restaurant down the block,
to the nearby river, to the highway network around your city or town, to the fac-
tories and assembly plants in industrial parks, to the power plant in the distance
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supplying electricity to the room you’re in, to the agricultural lands some miles
away. What would you see in the restaurant? Is the kitchen clean? Is the food stored
safely? Are there cockroaches or rats in the back room? What about the river? Is
your municipal sewage system dumping raw wastes into the river, or is there a
sewage plant discharging treated, clean effluent? Are there chemicals in the river
water? What about fish? Could you eat the fish? Could you swim in the river? Do
you drink the water from the river?

As for the highways, factories, and power plant . . . are they polluting the air?
Are the highways clogged with traffic? Are people routinely injured and killed
on the roads? Are workers in the factories being exposed to hazardous chemicals
or to noise or to machines that may injure them or to stress? Are trains pulling up
to the power plant regularly, off-loading vast piles of coal? And what about the
farms? Are they applying pesticides, or are they controlling insects in other ways?
Are you confident that you're safe eating the vegetables that grow there? Drink-
ing the milk? Are the farmlands shrinking as residential development from the city
sprawls outward?

Finally, imagine that you have an even broader view. Floating miles above the
earth, you look down. Do you notice the hundreds of millions of people living
in wildly differing circumstances? Do you see vast megacities with millions and
millions of people, and do you see 1solated rural villages three days’ walk from the
nearest road? Do you see forests being cleared in some places, rivers and lakes dry-
ing up in others? Do you notice that the earth’s surface temperature is slightly
warmer than it was a century ago? Do you see cyclones forming in tropical regions,
glaciers and icecaps melting near the poles?

OK, back to the book.

Everything you’ve just viewed, from the room you’re in to the globe you're
on, is part of your environment. And many, many aspects of that environment,
from the air you breathe to the water you drink, from the roads you travel to the
wastes you produce, may affect how you feel. They may determine your risk of
being injured before today ends, your risk of coming down with diarrhea or short-
ness of breath or a sore back, your risk of developing a chronic disease in the next
few decades, even the risk that your children or your grandchildren will suffer from
developmental disabilities or asthma or cancer.

What Is Environmental Health?

Merriam-Webster’s Collegiate Dictionary defines environment, first, in a straightforward
manner as “the circumstances, objects, or conditions by which one is surrounded.”
The second definition it offers is more intriguing: “the complex of physical,
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chemical, and biotic factors (as climate, soil, and living things) that act upon an
organism or an ecological community and ultimately determine its form and sur-
vival.” If our focus is on human health, we can consider the environment to be all
the external (or nongenetic) factors—physical, nutritional, social, behavioral, and
others—that act on humans.

A widely accepted definition of /ealth comes from the constitution, crafted
in 1948, of the World Health Organization (2003): “A state of complete physical,
mental, and social well-being and not merely the absence of disease or infirmity.”
This broad definition goes well beyond the rather mechanistic view that prevails
in some medical settings to include many dimensions of comfort and well-being.

Environmental health has been defined in many ways (see Box I.1). Some defin-
itions make reference to the relationship between people and the environment,
evoking an ecosystem concept, and others focus more narrowly on addressing par-
ticular environmental conditions. Some focus on abating hazards, and others focus
on promoting health-enhancing environments. Some focus on physical and chem-
ical hazards, and others extend more broadly to aspects of the social and built en-
vironments. In the aggregate the definitions in Box I.1 make it clear that
environmental health is many things: an interdisciplinary academic field, an area
of research, and an arena of applied public health practice.

Box I.1: Definitions of Environmental Health

“[Environmental health] [clomprises those aspects of human health, including
quality of life, that are determined by physical, chemical, biological, social and
psychosocial factors in the environment. It also refers to the theory and practice
of assessing, correcting, controlling, and preventing those factors in the envi-
ronment that can potentially affect adversely the health of present and future
generations” (World Health Organization [WHO], 2004).

“Environmental health is the branch of public health that protects against the
effects of environmental hazards that can adversely affect health or the ecologi-
cal balances essential to human health and environmental quality” (Agency for
Toxic Substances and Disease Registry, cited in U.S. Department of Health and
Human Services [DHHS], 1998).

“Environmental health comprises those aspects of human health and disease
that are determined by factors in the environment. It also refers to the theory
and practice of assessing and controlling factors in the environment that can
potentially affect health. It includes both the direct pathological effects of
chemicals, radiation and some biological agents, and the effects (often indirect)
on health and well-being of the broad physical, psychological, social and aes-
thetic environment, which includes housing, urban developmental land use
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and transport” (European Charter on Environment and Health; see WHO,
Regional Office for Europe, 1990).

“Environmental health is the discipline that focuses on the interrelationships
between people and their environment, promotes human health and well-
being, and fosters a safe and healthful environment” (National Center for
Environmental Health, cited in DHHS, 1998).

The Evolution of Environmental Health

Human concern for environmental health dates from ancient times, and it has
evolved and expanded over the centuries.

Ancient Origins

The notion that the environment could have an impact on comfort and well-
being—the core idea of environmental health—must have been evident in the
early days of human existence. The elements can be harsh, and we know that our
ancestors sought shelter in caves or under trees or in crude shelters they built. The
elements can still be harsh, both on a daily basis and during extraordinary events,
as the tsunami of 2004 reminded us.

Our ancestors confronted other challenges that we would now identify with
environmental health. One was food safety; there must have been procedures for
preserving food, and people must have fallen ill and died from eating spoiled food.
Dietary restrictions in ancient Jewish and Islamic law, such as bans on eating pork,
presumably evolved from the recognition that certain foods could cause disease.
Another challenge was clean water; we can assume that early peoples learned not
to defecate near or otherwise soil their water sources. In the ruins of ancient civi-
lizations from India to Rome, from Greece to Egypt to South America, archeolo-
gists have found the remains of water pipes, toilets, and sewage lines, some dating
back more than 4,000 years (Rosen, [1958] 1993). Still another environmental
hazard was polluted air; there is evidence in the sinus cavities of ancient cave
dwellers of high levels of smoke in their caves (Brimblecombe, 1988), foreshad-
owing modern indoor air concerns in homes that burn biomass fuels or coal.

An intriguing passage in the biblical book of Leviticus (14:33-45) may refer to
an environmental health problem well recognized today: mold in buildings. When a
house has a “leprous disease” (as it 1s translated in the Revised Standard Version),

... then he who owns the house shall come and tell the priest, “There seems to
me to be some sort of disease in my house.” Then the priest shall command
that they empty the house before the priest goes to examine the disease, lest all
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that 1s in the house be declared unclean; and afterward the priest shall go in to
see the house. And he shall examine the disease; and if the disease is in the
walls of the house with greenish or reddish spots, and if it appears to be deeper
than the surface, then the priest shall go out of the house to the door of the
house, and shut up the house seven days. And the priest shall come again on
the seventh day, and look; and if the disease has spread in the walls of the
house, then the priest shall command that they take out the stones in which is
the disease and throw them into an unclean place outside the city; and he shall
cause the inside of the house to be scraped round about, and the plaster that
they scrape off they shall pour into an unclean place outside the city; then they
shall take other stones and put them in the place of those stones, and he shall
take other plaster and plaster the house. If the disease breaks out again in the
house, after he has taken out the stones and scraped the house and plastered it,
then the priest shall go and look; and if the disease has spread in the house, it is
a malignant leprosy in the house; it is unclean. And he shall break down the
house, its stones and timber and all the plaster of the house; and he shall carry
them forth out of the city to an unclean place.”

As interesting as it is to speculate about whether ancient dwellings suffered
mold overgrowth, it is also interesting to consider the “unclean place outside the
city”—an early hazardous waste site. Who hauled the wastes there, and what
did that work do to their health?

Still another ancient environmental health challenge, especially in cities,
was rodents. European history was changed forever when infestations of rats in
fourteenth century cities led to the Black Death (Zinsser, 1935; Herlihy and Cohn,
1997; Gantor, 2001; Kelly, 2005). Modern cities continue to struggle periodi-
cally with infestations of rats and other pests (Sullivan, 2004), whose control
depends in large part on environmental modifications.

Industrial Awakenings

Modern environmental health further took form during the age of industrial-
ization. With the rapid growth of cities in the seventeenth and eighteenth cen-
turies, “sanitarian” issues rose in importance. ““T'he urban environment,” wrote
one historian, “fostered the spread of diseases with crowded, dark, unventilated
housing; unpaved streets mired in horse manure and littered with refuse; inade-
quate or nonexisting water supplies; privy vaults unemptied from one year to the
next; stagnant pools of water; ill-functioning open sewers; stench beyond
the twentieth-century imagination; and noises from clacking horse hooves,
wooden wagon wheels, street railways, and unmuffled industrial machinery”
(Leavitt, 1982, p. 22).
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The provision of clean water became an ever more pressing need, as greater
concentrations of people increased both the probability of water contamination
and the impact of disease outbreaks. Regular outbreaks of cholera and yellow
fever in the eighteenth and nineteenth centuries (Rosenberg, 1962) highlighted the
need for water systems, including clean source water, treatment including filtra-
tion, and distribution through pipes. Similarly, sewage management became a
pressing need, especially after the provision of piped water and the use of toilets
created large volumes of contaminated liquid waste (Dufty, 1990; Melosi, 2000).

The industrial workplace—a place of danger and even horror—gave addi-
tional impetus to early environmental health. Technology advanced rapidly dur-
ing the late eighteenth and nineteenth centuries, new and often dangerous
machines were deployed in industry after industry, and mass production be-
came common. Although the air, water, and soil near industrial sites could become
badly contaminated, in ways that would be familiar to modern environmental pro-
fessionals (Hurley, 1994; Tarr, 1996; Tarr, 2002), the most abominable conditions
were usually found within the mines, mills, and factories.

Charles Turner Thackrah (1795-1833), a Yorkshire physician, developed
an interest in the diseases he observed among the poor in the city of Leeds.
In 1831, he described many work-related hazards in a short book with a long title:
The Effects of the Principal Arts, Trades and Professions, and of Civic States and Habils of
Living, on Health and Longevity, with Suggestions for the Removal of many of the Agents which
produce Disease and Shorten the Duration of Life. In it he proposed guidelines for the
prevention of certain diseases, such as the elimination of lead as a glaze in the pot-
tery industry and the use of ventilation and respiratory protection to protect knife
grinders. Public outcry, and the efforts of early Victorian reformers such as
Thackrah, led to passage of the Factory Actin 1833 and the Mines Act in 1842.
Occupational health did not blossom in the United States until the early twenti-
eth century, pioneered by the remarkable Alice Hamilton (1869-1970). A keen
firsthand observer of industrial conditions, she documented links between toxic
exposures and illness among miners, tradesmen, and factory workers, first in Illinois
(where she directed that state’s Occupational Disease Commission from 1910
to 1919) and later from an academic position at Harvard. Her books, including
Industrial Poisons in the United States (1925) and Industrial Toxicology (1934), helped
establish that workplaces could be microenvironments that threatened worker
health.

A key development in the seventeenth through nineteenth centuries was the
quantitative observation of population health—the beginnings of epidemiology:.
With the tools of epidemiology, observers could systematically attribute certain
diseases to certain environmental exposures. John Graunt (1620-1674), an English
merchant and haberdasher, analyzed London’s weekly death records—the bills
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of mortality—and published his findings in 1662 as Natural and Political Observations
Upon the Buills of Mortality. Graunt’s work was one of the first formal analyses of this
data source and a pioneering example of demography. Almost two centuries later,
when the British Parliament created the Registrar-General’s Office (now the Office
of Population Censuses and Surveys) and William Farr (1807-1883) became its
compiler of abstracts, the link between vital statistics and environmental health was
forged. Farr made observations about fertility and mortality patterns, identifying
rural-urban differences, variations between acute and chronic illnesses, and sea-
sonal trends, and implicating certain environmental conditions in illness and death.
Farr’s 1843 analysis of mortality in Liverpool led Parliament to pass the Liverpool
Sanitary Act of 1846, which created a sanitary code for Liverpool and a public
health infrastructure to enforce it.

If Farr was a pioneer in applying demography to public health, his contem-
porary Edwin Chadwick (1800-1890) was a pioneer in combining social epi-
demiology with environmental health. At the age of thirty-two, Chadwick was
appointed to the newly formed Royal Commission of Enquiry on the Poor Laws,
and helped reform Britain’s Poor Laws. Five years later, following epidemics of
typhoid fever and influenza, he was asked by the British government to investigate
sanitation. His classic report, Sanitary Conditions of the Labouring Population (1842),
drew a clear link between living conditions—in particular overcrowded, filthy
homes, open cesspools and privies, impure water, and miasmas—and health, and
made a strong case for public health reform. The resulting Public Health Act of
1848 created the Central Board of Health, with power to empanel local boards
that would oversee street cleaning, trash collection, and water and sewer systems.
As sanitation commissioner, Chadwick advocated such innovations as urban water
systems, toilets in every house, and transfer of sewage to outlying farms where it
could be used as fertilizer (Hamlin, 1998). Chadwick’s work helped establish the
role of public works—essentially applications of sanitary engineering—to
protecting public health. As eloquently pointed out by Thomas McKeown (1979)
more than a century later, these interventions were to do far more than medical
care to improve public health and well-being during the industrial era.

The physician John Snow (1813-1858) was, like William Farr, a founding
member of the London Epidemiological Society. Snow gained immortality in the
history of public health for what was essentially an environmental epidemiology
study. During an 1854 outbreak of cholera in London, he observed a far higher
incidence of disease among people who lived near or drank from the Broad Street
pump than among people with other sources of water. He persuaded local au-
thorities to remove the pump handle, and the epidemic in that part of the city
soon abated. (There is some evidence that it may have been ending anyway, but
this does not diminish the soundness of Snow’s approach.) Environmental
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epidemiology was to blossom during the twentieth century (see Chapter Three)
and provide some of the most important evidence needed to support effective
preventive measures.

Finally, the industrial era led to a powerful reaction in the worlds of literature,
art, and design. In the first half of the nineteenth century, Romantic painters,
poets, and philosophers celebrated the divine and inspiring forms of nature. In
Germany painters such as Caspar David Friedrich (1774-1840) created meticu-
lous images of the trees, hills, misty valleys, and mercurial light of northern
Germany, based on a close observation of nature, and in England Samuel Palmer
(1805-1881) painted landscapes that combined straightforward representation of
nature with religious vision. His countryman John Constable (1776-1837) worked
in the open air, painting deeply evocative English landscapes. In the United States,
Hudson River School painters such as Thomas Cole (1801-1848) took their in-
spiration from the soaring peaks and crags, stately waterfalls, and primeval forests
of the northeast. At the same time, the New England transcendentalists celebrated
the wonders of nature. “Nature never wears a mean appearance,” wrote Ralph
Waldo Emerson (1803-1882) in his 1836 paean, Nature. “Neither does the wisest
man extort her secret, and lose his curiosity by finding out all her perfection.
Nature never became a toy to a wise spirit. The flowers, the animals, the moun-
tains, reflected the wisdom of his best hour, as much as they had delighted the sim-
plicity of his childhood.” Henry David Thoreau (1817-1862), like Emerson a
native of Concord, Massachusetts, rambled from Maine to Cape Cod and fa-
mously lived in a small cabin at Walden Pond for two years, experiences that ce-
mented his belief in the “tonic of wildness.” And America’s greatest landscape
architect, Frederick Law Olmsted (1822-1903), championed bringing nature into
cities. He designed parks that offered pastoral vistas and graceful tree-lined streets
and paths, intending to offer tranquility to harried people and to promote feel-
ings of community. These and other strands of cultural life reflected yet another
sense of “environmental health,” forged in response to industrialization: the
idea that pristine environments were wholesome, healthful, and restorative to
the human spirit.

The Modern Era

The modern field of environmental health dates from the mid-twentieth century,
and perhaps no landmark better marks its launch than the 1962 publication of
Rachel Carson’s Silent Spring. Silent Spring focused on DD'T] an organochlorine pes-
ticide that had seen increasingly wide use since the Second World War. Carson
had become alarmed at the ecosystem effects of DDT; she described how it en-
tered the food chain and accumulated in the fatty tissues of animals, how it
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indiscriminately killed both target species and other creatures, and how its effects
persisted for long periods after it was applied. She also made the link to human
health, describing how DDT might increase the risk of cancer and birth defects.
One of Carson’s lasting contributions was to place human health in the context
of larger environmental processes. “Man’s attitude toward nature,” she declared
in 1964, “is today critically important simply because we have now acquired a
fateful power to alter and destroy nature. But man is a part of nature, and his war
against nature is inevitably a war against himself. . . . [We are] challenged as
mankind has never been challenged before to prove our maturity and our mastery,
not of nature, but of ourselves” (Carson, 1963 [2005]).

The recognition of chemical hazards was perhaps the most direct legacy of Silent
Spring. Beginning in the 1960s, Irving Selikoff (1915-1992) and his colleagues at
the Mount Sinai School of Medicine intensively studied insulators and other oc-
cupational groups and showed that asbestos could cause a fibrosing lung disease,
lung cancer, mesothelioma, and other neoplasms. Outbreaks of cancer in indus-
trial workplaces—lung cancer in a chemical plant near Philadelphia due to bis-
chloromethyl ether (Figueroa, Raszkowski, and Weiss, 1973; Randall, 1977),
hepatic hemangiosarcoma in a vinyl chloride polymerization plant in Louisville
(Creech and Johnson, 1974), and others—underlined the risk of carcinogenic
chemicals. With the enormous expansion of cancer research, and with effective
advocacy by such groups as the American Cancer Society (Patterson, 1987), en-
vironmental and occupational carcinogens became a focus of public, scientific,
and regulatory attention (Epstein, 1982).

But cancer was not the only health effect linked to chemical exposures.
Herbert Needleman (1927-), studying children in Boston, Philadelphia, and
Pittsburgh, showed that lead was toxic to the developing nervous system, caus-
ing cognitive and behavioral deficits at levels far lower than had been appreciated.
When this recognition finally helped achieve the removal of lead from gasoline,
population blood lead levels plummeted, an enduring public health victory.
Research also suggested that chemical exposures could threaten reproductive func-
tion. Wildlife observations such as abnormal genitalia in alligators in Lake Apopka,
Florida, following a pesticide spill (Guillette and others, 1994), and human ob-
servations such as an apparent decrease in sperm counts (Carlsen, Giwercman,
Keiding, and Skakkebaek, 1992; Swan, Elkin, and Fenster, 1997) suggested that
certain persistent, bioaccumulative chemicals (persistent organic pollutants, or
POPs) could affect reproduction, perhaps by interfering with hormonal function.
Emerging evidence showed that chemicals could damage the kidneys, liver, and
cardiovascular system and immune function and organ development.

Some knowledge of chemical toxicity arose from toxicological research
(see Chapter Two) and other insights resulted from long-term epidemiological
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research (see Chapter Three). But catastrophes—reported first in newspaper head-
lines and only later in scientific journals—also galvanized public and scientific at-
tention. The discovery of accumulations of hazardous wastes in communities
across the nation—Love Canal in Niagara Falls, New York (Gibbs, 1998; Mazur,
1998); Times Beach, Missouri, famous for its unprecedented dioxin levels; Toms
River, New Jersey, and Woburn, Massachusetts, where municipal drinking water
was contaminated with organic chemicals; “Mount Dioxin,” a defunct wood treat-
ment plant in Pensacola, Florida; and others—raised concerns about many health
problems, from nonspecific symptoms to immune dysfunction to cancer to birth
defects. And acute disasters, such as the isocyanate release that killed hundreds
and sickened thousands in Bhopal, India, in 1984, made it clear that industrial-
1zation posed real threats of chemical toxicity (Kurzman, 1987; Dhara and Dhara,
2002; Moro and Lapierre, 2002).

Even as the awareness of chemical hazards grew, supported by advances in
toxicology and epidemiology, environmental health during the second half of the
twentieth century was developing in a different direction altogether: environmental
psychology. As described in Chapter Five, this field arose as a subspecialty of psy-
chology, building on advances in perceptual and cognitive psychology. Scholars
such as Stephen Kaplan and Rachel Kaplan at the University of Michigan car-
ried out careful studies of human perceptions and of reactions to various envi-
ronments. An important contribution to environmental psychology was the theory
of biphilia, first advanced by Harvard biologist E. O. Wilson in 1984. He defined
biophilia as “the innately emotional affiliation of human beings to other living
organisms.” He pointed out that for most of human existence, people have lived in
natural settings, interacting daily with plants, trees, and other animals. As a result,
Wilson maintained, affiliation with these organisms has become an innate part of
human nature (Wilson, 1984). Other scholars extended Wilson’s concept beyond
living organisms, postulating a connection with other features of the natural
environment—rivers, lakes, and ocean shores; waterfalls; panoramic landscapes
and mountain vistas (Kellert and Wilson, 1993; Kellert, 1997). Environmental psy-
chologists studied not only natural features of human environments but also such
factors as light, noise, and way-finding cues to assess the impact of these factors.
They increasingly recognized that people responded to various environments, both
natural and built, in predictable ways. Some environments were alienating,
disorientating, or even sickening, whereas others were attractive, restorative, and
even salubrious.

A third development in modern environmental health was the continued
integration of ecology with human health. Ancient wisdom in many cultures had
recognized the interrelationships between the natural world and human health
and well-being. But with the emergence of formal complex systems analysis and
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modern ecological science, the understanding of ecosystem function advanced
greatly (see Chapter One). As part of this advance the role of humans in the
context of ecosystems was better and better delineated. On a global scale, for
example, the concept of carrying capacity (Wackernagel and Rees, 1995) helped
clarify the impact of human activity on ecosystems and permitted evaluation
of the ways ecosystem changes, in turn, affected human health and well-being
(Rappaport and others, 1999; McMichael, 2001; Aron and Patz, 2001; Martens
and McMichael, 2002; Alcamo and others, 2003; Waltner-Toews, 2004; Brown,
Grootjans, Ritchie, and Townsend, 2005). Ecological analysis was also ap-
plied to specific areas relevant to human health. For example, there were ad-
vances in medical botany (Lewis and Elvin-Lewis, 2003; van Wyk and Wink,
2004), in the understanding of biodiversity and its value to human health (Grifo
and Rosenthal, 1997), and in the application of ecology to clinical medicine
(Aguirre and others, 2002; Ausubel with Harpignies, 2004). These develop-
ments, together, reflected a progressive synthesis of ecological and human health
science, yielding a better understanding of the foundations of environmental
health.

A fourth feature of modern environmental health was the expansion of cinical
services related to environmental exposures. Occupational medicine and nursing
had been specialties in their respective professions since the early twentieth cen-
tury, with a traditional focus on returning injured and ill workers to work and, to
some extent, on preventing hazardous workplace exposures. In the last few decades
of the twentieth century, these professional specialties incorporated a public health
paradigm, drawing on toxicological and epidemiological data, using industrial
hygiene and other primary prevention approaches, and engaging in worker
education (see Chapter Thirty-Iive). In addition, the occupational health clinical
paradigm was broadened to include general environmental exposures. Clinicians
began focusing on such community exposures as air pollutants, radon, asbestos,
and hazardous wastes, emphasizing the importance of taking an environmental
history, identifying at-risk groups, and providing both treatment and preventive
advice to patients. Professional ethics expanded to recognize the interests of
patients (both workers and community members) as well as those of employers,
and in some cases even the interests of unborn generations and of other species
(see Chapter Seven). Finally, a wide range of alternative and complementary
approaches arose in occupational and environmental health care. For example,
an approach known as clinical ecology postulated that overloads of environmental
exposures could impair immune function, and offered treatments including
“detoxification,” antifungal medications, and dietary changes purported to pre-
vent or ameliorate the effects of environmental exposures (Randolph, 1976, 1987;

Rea, 1992-1998).
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Environmental health policy also emerged rapidly. With the promulgation of
environmental laws beginning in the 1960s, legislators at the federal and state levels
created agencies and assigned them new regulatory responsibilities (see Chapter
Thirty-Three). These agencies issued rules that aimed to reduce emissions from
smokestacks, drainpipes, and tailpipes; control hazardous wastes; and achieve clean
air and water. Although many of these laws were oriented to environmental preser-
vation, the protection of human health was often an explicit rationale as well. Iron-
ically, the new environmental regulations created a schism in the environmental
health field. Responsibility for environmental health regulation had traditionally
belonged to health departments, but this was now transferred to the new envi-
ronmental departments. At the federal level, the U.S. Environmental Protection
Agency (EPA) assumed some of the traditional responsibilities of the Department
of Health, Education, and Welfare (now Health and Human Services), and cor-
responding changes occurred at the state level. Environmental regulation and
health protection became somewhat estranged from each other.

Environmental regulatory agencies increasingly attempted to ground their
rules in evidence, using quantitative risk assessment techniques (see Chapter
Thirty-Two). This signaled a sea change in regulatory policy. The traditional
approach had been simpler; dangerous exposures were simply banned. For
example, the 1958 Delaney clause, an amendment to the 1938 federal Food, Drug,
and Cosmetic Act, banned carcinogens in food. In contrast, emerging regulations
tended to set permissible exposure levels that took into account anticipated health
burdens, compliance costs, and technological feasibility.

At the dawn of the twenty-first century, then, the environmental health field
had moved well beyond its traditional sanitarian functions. Awareness of chemi-
cal toxicity had advanced rapidly, fueled by discoveries in toxicology and epi-
demiology. At the same time, the complex relationships inherent in environmental
health—the effects of environmental conditions on human psychology, and the
links between human health and ecosystem function—were better and better rec-
ognized. In practical terms, clinical services in environmental health had devel-
oped, and regulation had advanced through a combination of political action and
scientific evidence.

Emerging Issues

Environmental health is a dynamic, evolving field. As the twenty-first century un-
folds, traditional sanitarian functions remain critically important, and chemical
hazards will continue to be a focus of scientific and regulatory attention. Looking
ahead, we can identify at least five trends that will further shape environmental
health: environmental justice, a focus on susceptible groups, scientific advances,
global change, and moves toward sustainability.
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Beginning around 1980, African American communities identified exposures
to hazardous waste and industrial emissions as matters of racial and economic
justice. Researchers documented that these exposures disproportionately affected
poor and minority communities, a problem that was aggravated by disparities in
the enforcement of environmental regulations. The modern environmental justice
movement was born, a fusion of environmentalism, public health, and the civil
rights movement (Bullard, 1994; Cole and Foster, 2000; see also Chapter Eight).
Historians have observed that environmental justice represents a profound shift in
the history of environmentalism (Shabecoff, 1993; Gottlieb, 1993; Dowie, 1995).
This history is commonly divided into waves. The first wave was the conserva-
tion movement of the early twentieth century, the second wave was the militant
activism that blossomed on Earth Day, 1970, and the third wave was the emer-
gence of large, “inside-the-beltway” environmental organizations such as the
Sierra Club, the League of Conservation Voters, and the Natural Resources
Defense Council, which had gained considerable policy influence by the 1980s.
Environmental justice, then, represents a fourth wave, one that is distinguished by
its decentralized, grassroots leadership, its demographic diversity, and its emphasis
on human rights and justice. The vision of environmental justice—eliminating
disparities in economic opportunity, healthy environments, and health—is one
that resonates with public health priorities. It emphasizes that environmental health
extends well beyond technical solutions to hazardous exposures to include human
rights and equity as well. It 1s likely that this vision will be an increasingly central
part of environmental health in coming decades.

Environmental justice is one example of a broader trend in environmental
health—a focus on susceptible groups. For many reasons, specific groups may be
especially vulnerable to the adverse health effects of environmental exposures. In
the case of poor and minority populations, these reasons include disproportionate
exposures, limited access to legal protection, limited access to health care, and in
some cases compromised baseline health status (see Chapter Eight). Children make
up another susceptible population, for several reasons (see Chapter Twenty-Eight).
They eat more food, drink more water, and breathe more air per unit of body
weight than adults do and are therefore heavily exposed to any contaminants in
these media. Children’s behavior—crawling on floors, placing their hands in their
mouths, and so on—further increases their risk of exposure. With developing organ
systems and immature biological defenses, children are less able than adults to with-
stand some exposures. And with more years of life ahead of them, children have
more time to manifest delayed toxic reactions. These facts have formed the basis
for research and public health action on children’s environmental health. Women
bear some specific environmental exposures risks, both in the workplace and in the
general environment, due both to disproportionate exposures (for example, in
health care jobs) and to unique susceptibilities (for example, to reproductive
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hazards). Elderly people also bear some specific risks, and as the population ages,
this group will attract further environmental health attention. For example, urban
environments will need to take into account the limited mobility of some elderly
people and provide ample sidewalks, safe street crossings, and accessible gathering
places to serve this population. People with disabilities, too, require specific envi-
ronmental health attention to minimize the risks they face. In the coming decades
environmental health will increasingly take account of susceptible groups as
the risks they face and their needs for safe, healthy environments become better
recognized.

A third set of emerging issues in environmental health is being introduced by
scientific advances. In toxicology better detection techniques have already enabled us
to recognize and quantify low levels of chemical exposure and have supported
major advances in the understanding of chemical effects (see Chapter Two).
Advances in data analysis techniques have supported innovative epidemiological
analyses and the use of large databases. In particular the use of geographic
information systems (GISs) has yielded new insights on the spatial distribution of
environmental exposures and diseases (see Chapter Thirty-One). Perhaps the most
promising scientific advances are occurring at the molecular level, in the linked
fields of genomics, toxicogenomics, and proteomics (Schmidt, 2003; Mattes and
others, 2004; Pesch and others, 2004; Pognan, 2004; Waters and Fostel, 2004; see
also Chapter Six). New genomic tools such as microarrays (or gene chips) have
enabled scientists to characterize the effects of chemical exposures on the
expression of thousands of genes. Databases of genetic responses, and the re-
sulting protein and metabolic pathways, will yield much information on the effects
of chemicals and on the variability in responses among different people. Scientific
advances related to environmental health will have profound effects on the field
in coming decades.

Moving from the molecular scale to the global scale, a fourth set of emerging
issues in environmental health relates to global change. This broad term encompasses
many issues, including population growth, climate change, urbanization, and
the increasing integration of the world economy. These trends will shape envi-
ronmental health in many ways.

The world population is currently just over six billion and is expected to plateau
at something like nine billion during the twenty-first century (see Chapter Ten). Most
of this population growth will occur in developing nations, and much of it will be
in cities. Not only this population growth but also the increasing per capita demand
for resources such as food, energy, and materials will strain the global environment,
in turn affecting health in many ways. For example, environmental stress and re-
source scarcity may increasingly trigger armed conflict, an ominous example of the
links between environment and health (Homer-Dixon, 1999; Klare, 2001; see also
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Chapter Twelve). Global climate change, which results in large part from increas-
ing energy use (see Chapter Fifteen), will threaten health in many ways, from in-
fectious disease risks to heat waves to severe weather events (see Chapter Eleven). As
more of the world’s population is concentrated in dense urban areas, features of the
urban environment—noise, crowding, vehicular and industrial pollution—will come
to be important determinants of health (United Nations Centre on Human Settle-
ments, 2001; see also Chapter Sixteen). And with integration of the global
economy—the complex changes known as globalization—hazards will cross national
boundaries (Ives, 1985; see also Chapter Thirteen), trade agreements and market
forces will challenge and possibly undermine national environmental health policies
(Low, 1992; Sand, 1992; Runge, 1994; Brack, 1998; Victor, Raustiala, and Skolnikoff,
1998), and global solutions to environmental health challenges will increasingly be
needed.

Sustainability has been a part of the environmental health vernacular since the
1980s. In 1983, the United Nations formed the World Commission on Environ-
ment and Development to propose strategies for sustainable development. The
commission, chaired by then Norwegian prime minister Gro Harlem Brundtland,
issued its report, Our Gommon Future, in 1987. The report included what has be-
come a standard definition of sustainable development: “development that meets
the needs of the present without compromising the ability of future generations
to meet their own needs.” In 1992, several years after the publication of Our Com-
mon Future, the United Nations Conference on Environment and Development
(UNCED), commonly known as the Earth Summit, convened in Rio de Janeiro.
This landmark conference produced, among other documents, the Rio
Declaration on Environment and Development, a blueprint for sustainable de-
velopment. The first principle of the Rio declaration placed environmental health
at the core of sustainable development: “Human beings are at the centre of con-
cerns for sustainable development. They are entitled to a healthy and productive
life in harmony with nature” (United Nations, 1992).

Like environmental justice the concept of sustainable development blends en-
vironmental protection with notions of fairness and equity. As explained on the
Web site of the Johannesburg Summit, held ten years after the Earth Summit:

The Earth Summit thus made history by bringing global attention to the
understanding, new at the time, that the planet’s environmental problems were
intimately linked to economic conditions and problems of social justice. It
showed that social, environmental and economic needs must be met in balance
with each other for sustainable outcomes in the long term. It showed that if
people are poor, and national economies are weak, the environment suffers; if
the environment is abused and resources are over consumed, people suffer and
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economies decline. The conference also pointed out that the smallest local
actions or decisions, good or bad, have potential worldwide repercussions
[United Nations Department of Economic and Social Affairs, 2003].

The concept of sustainability has emerged as a central theme, and challenge,
not only for environmentalism but for environmental health as well. In the short
term sustainable development will permit improvement in the living conditions
and therefore the health of people across the world, especially in the poor nations.
In the long term sustainable development will protect the health and well-being of
future generations. Some of the most compelling thinking in environmental
health in recent years offers social and technical paths to sustainable develop-
ment (Hawken, Lovins, and Lovins, 1999; Brown, 2001, 2003; McDonough
and Braungart, 2002; Ehrlich and Ehrlich, 2004; Brown, Grootjans, Ritchie, and
Townsend, 2005 ). These approaches build on the fundamental links among health,
environment, technological change, and social justice. Ultimately, they will provide
the foundation for lasting environmental health.

Spatial Scales, from Global to Local

The concept of spatial scale is central to many disciplines, from geography to ecol-
ogy to urban planning. Some phenomena unfold on a highly local scale—ants
making a nest, people digging a septic tank. Some phenomena spread across
regions—the pollution of a watershed from an upstream factory, the sprawl of a
city over a 100-mile diameter. And some phenomena, such as climate change, are
truly global in scale. Al Gore, in describing environmental destruction in his 1992
book, Earth in the Balance, borrowed from military categories to make this point,
regional battles,” and “strategic

9 ¢ 5

distinguishing among “local skirmishes,
conflicts.”

Spatial scale is important not only in military and environmental analysis
but also in environmental health. Some environmental factors that affect health
operate locally, and the environmental health professionals who address
them work on a local level; think of the restaurant and septic tank inspectors
who work for the local health department or the health and safety officer at a
manufacturing facility. Other environmental factors affect health at a regional
level, and the professionals who address these problems work on a larger spatial
scale; think of the state officials responsible for air pollution or water pollution
enforcement. At the global level such problems as climate change require responses
on a national and international scale. These are crafted by professionals in
organizations such as the Intergovernmental Panel on Climate Change. So useful
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1s the concept of spatial scales in environmental health that it provides the frame-
work for this book. After introducing the methods and paradigms of environmental
health in the first nine chapters, we address specific issues, beginning with global
scale problems in Chapters Ten to Thirteen, moving to regional scale problems
in Chapters Fourteen to Eighteen, and ending with local problems in Chapters
Nineteen to Twenty-Eight. The final eight chapters describe the practice of
environmental health, ranging from tools such as geographic information systems
to activities such as risk communication and health care services.

It is clear that environmental health professionals work on different spatial
scales, but it is not always so clear who is an environmental health professional.
Certainly, the environmental health director at a local health department; the
director of environment, health, and safety at a manufacturing firm; an environ-
mental epidemiology researcher at a university; or a physician working at an
environmental advocacy group would recognize himself or herself and be recog-
nized by others as an environmental health professional. But many other people
work in fields that have an impact on the environment and human health. The
engineer who designs power plants helps protect the respiratory health of asthmatic
children living downwind if she includes sophisticated emissions controls. The trans-
portation planner who enables people to walk instead of drive also protects public
health by helping clean up the air. The park superintendent who maintains urban
green spaces may contribute greatly to the well-being of people in his city. In fact
much of environmental health is determined by “upstream” forces that seem at
first glance to have little to do with environment or health.

The Forces That Drive Environmental Health

Public health professionals tell the emblematic story of a small village perched
alongside a fast-flowing river. The people of the village had always lived near
the river, they knew and respected its currents, and they were skilled at swimming,
boating, and water rescue. One day they heard desperate cries from the river and
noticed a stranger being swept downstream past their village. They sprang into
action, grabbed their ropes and gear, and pulled the victim from the water. A
few minutes later, as they rested, a second victim appeared, thrashing in the strong
current and gasping for breath. The villages once again performed a rescue. Just as
they were commenting on the coincidence of two near drownings in one day;,
a third victim appeared, and they also rescued him. This went on for hours. Every
available villager joined in the effort, and by midafternoon all were exhausted.
Finally, the flow of victims stopped, and the villagers collapsed, huffing and puffing,
in the town square.
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At that moment one of the villagers strode whistling into the town square, re-
laxed and dry. He had not been seen since the first victims were rescued and had
not helped with any of the rescues. “Where were you?” his neighbors challenged
him. “We’ve been pulling people out of the river all day! Why didn’t you help us?”

‘Ah,” he replied. “When I noticed all the people in the river, I thought there
must be a problem with that old footbridge upstream. I walked up to it, and sure
enough, some boards had broken and there was a big hole in the walkway. So I
patched the hole, and people stopped falling through.”

Box 1.2: A Prevention Poem

Like the story of the villagers who saved drowning victims, this poem emphasizes that
prevention may lie with root causes. These root causes are often environmental—like
the hole in the village’s bridge or, in this case, an unguarded cliff edge.

"Twas a dangerous cliff, as they freely confessed, though to walk near its crest
was so pleasant;

But over its terrible edge there had slipped a duke, and full many a peasant;

So the people said something would have to be done, but their projects did
not at all tally.

Some said: “Put up a fence round the edge of the cliff;” Some, “An ambu-
lance down in the valley.”

But the cry for the ambulance carried the day, for it spread through the
neighboring city.

A fence may be useful or not, it is true, but each heart became brimful of pity,
For those who slipped over that dangerous cliff; and dwellers in highway and
alley,

Gave pounds or gave pence, not to put up a fence, but an ambulance down
in the valley.

“For the cliff is all right if you're careful,” they said, “And if folks even slip and
are dropping,

It isn’t the slipping that hurts them so much as the shock down below when
they’re stopping.”

So day after day as those mishaps occurred, quick forth would those rescuers
sally,

To pick up the victims who fell off the cliff with the ambulance down in the
valley.

Then an old sage remarked, “It’s a marvel to me that people gave far more
attention
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To repairing results than to stopping the cause, when they’d much better aim
at prevention.

Let us stop at its source all this mischief,” cried he; “Come, neighbors and
friends, let us rally;

If the cliff we will fence, we might also dispense with the ambulance down in
the valley.”

“Oh he's a fanatic,” the others rejoined; “Dispense with the ambulance? Never!

He’d dispense with all charities too if he could. No, no! We'll support them
forever!

Aren’t we picking up folks just as fast as they fall? And shall this man dictate
to us? Shall he?

Why should people of sense stop to put up a fence while their ambulance
works in the valley?”

But a sensible few who are practical too, will not bear with such nonsense
much longer.

They believe that prevention is better than cure; and their party will soon be
the stronger.

Encourage them, then, with your purse, voice, and pen, and (while other
philanthropists dally)

They will scorn all pretense and put a stout fence on the cliff that hangs over
the valley.

Better guide well the young than reclaim them when old, for the voice of true
wisdom is calling;

To rescue the fallen is good, but ‘tis best to prevent other people from falling;

Better close up the source of temptation and crime than deliver from the
dungeon or galley;

Better put a strong fence ‘round the top of the cliff, than an ambulance down
in the valley.

Upstream thinking has helped identify the root causes of many public health
problems (also see Box 1.2), and this is nowhere more true than in environmen-
tal health. Environmental hazards sometimes originate far from the point of ex-
posure. Imagine that you inhale a hazardous air pollutant. It may come from
motor vehicle tailpipes, from power plants, from factories, or from any combina-
tion of these. As for the motor vehicle emissions, the amount of driving people
do in your city or town reflects urban growth patterns and available transporta-
tion alternatives, and the pollutants generated by people’s cars and trucks vary
with available technology and prevailing regulations. As for the power plants,
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the amount of energy they produce reflects the demand for energy by households
and businesses in the area they serve, and the pollution they emit is a function of
how they produce energy (are they coal, nuclear, or wind powered?), the tech-
nology they use, and the regulations that govern their operations. Hence a full
understanding of the air pollutants you breathe must take into account urban
growth, transportation, energy, and regulatory policy, among other upstream
determinants. This book contains chapters on many of the upstream forces that
affect environmental health, including population growth, transportation, and
energy.

These ideas are at the core of a useful model created by the World Health
Organization (Figure I.1) (WHO, Regional Office for Europe, 2004). The
DPSEEA (driving forces—pressures—state—exposure—effects—actions) model
was developed as a tool both for analyzing environmental health hazards and
for designing indicators useful in decision making. The driving forces are the factors
that motivate environmental health processes. In our air pollution example, these
factors might include population growth; consumer preferences for energy-
consuming homes, appliances, and vehicles; and sprawl that requires driving long
distances. The driving forces result in pressures on the environment, such as the
emission of oxides of nitrogen, hydrocarbons, particulate matter, and other air
pollutants. These emissions, in turn, modify the state of the environment,

FIGURE I.1. THE DPSEEA MODEL.

Driving
forces

Source: WHO, Regional Office for Europe, 2004.
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accumulating in the air and combining to form additional pollutants such as ozone.
However, this deterioration in the state of the environment does not invariably
threaten health; human exposure must occur. In the case of air pollutants, exposure
occurs when people are breathing when and where the air quality is low. (Some
people, of course, sustain higher exposures than others; an outdoor worker, an
exercising athlete, or a child at play receives relatively higher doses of air pollu-
tants than a person in an air-conditioned office.) The hazardous exposure may
lead to a variety of health ¢ffects, acute or chronic. In the case of air pollutants,
these effects may include coughing and wheezing, asthma attacks, heart attacks,
and even early death.

Finally, to eliminate or control environmental hazards and protect human
health, society may undertake a wide range of actions, targeted at any of the
upstream steps. For example, protecting the public from the effects of air pollu-
tion might include encouraging energy conservation to reduce energy demand
and designing live-work-play communities to reduce travel demand (addressing
driving forces); providing mass transit or bicycle lanes to reduce driving, requiring
emissions controls on power plants, or investing in wind turbines to reduce emis-
sions from coal-fired power plants (addressing pressures); requiring low-sulfur fuel
(addressing the state of the environment); warning people to stay inside when
ozone levels are high (addressing exposures); and providing maintenance asthma
medications (addressing health effects). The most effective long-term actions, how-
ever, are those that are preventive, aimed at eliminating or reducing the forces that
drive the system (see Chapter Twenty-Nine). This theme is universal in public
health, applying both to environmental hazards and to other health hazards.
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CHAPTER ONE

ECOLOGY AND HUMAN HEALTH

John Wegner

he term ecology was coined in the mid-1860s by the German scientist Ernst

Haeckel and is derived from the Greek word otkos, which means “house” or
“home.” Therefore ecology is the study of an organism’s home (Odum, 1971).
Otkos also forms the root of economics, which literally means home finance. Over
the last 150 years, ecology as a scientific discipline has evolved from natural his-
tory. Natural history is the simple study of nature and relies heavily on the use
of observation to interpret the behavior of organisms. It also explores their life
history strategies, or lifestyles.

Today there are about as many definitions of ecology as there are ecology text-
books (for example, Odum, 1971; Krohne, 1998; Bush, 2000). However, all the
definitions have a common theme: that ecology is the study of organisms and their
environment. Environment includes both animate and inanimate factors. At the
core of ecology, therefore, is the study of the abundance and distribution of an
organism. Ecologists ask questions like these: Why are some species rare and oth-
ers common? and, Why do some species occur over large geographic areas
whereas others have very limited distributions?

Ecologists today look to both the physical environment and the presence of
other species to answer these questions. For example, ecologists can use average
annual precipitation and average temperature in a geographic area to predict
the types of plants that can be found there. In the eastern United States where the
average precipitation is >50 inches per year and the average temperature is 50°F
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(Chapin, Matson, and Mooney, 2002), ecologists conclude that historically the area
was forested, and that indeed is the case. This is the deciduous forest zone. There
1s sufficient moisture to support trees. Plants use water for conveying nutrients from
the roots to the leaves and also need water for photosynthesis. A large tree requires
thousands of gallons of water per year to survive and the precipitation in the east-
ern United States is sufficient to support the growth of very large trees. Descrip-
tions of the forests by early travelers indicate that some trees, like the tulip poplar,
commonly attained a diameter of nine feet! The ecologist would predict that the
trees that grow in this zone are deciduous—they shed their leaves every year—
because of the average yearly temperature. The temperature is too low to support
tropical evergreen forests but not cold enough to favor the evergreen conifers that
grow in the northern boreal forest.

Another example is the arctic, the region at the northern extreme of the
northern hemisphere continents. Here the total precipitation is less than six inches
per year and the average yearly temperature is around freezing. Ecologists char-
acterize the arctic as wet desert. Although it doesn’t seem to make sense for a desert
to be wet, this is indeed the case in the arctic. The land is relatively flat, and more
important, much of the soil is permanently frozen, or permafrost. Thus the small
amount of precipitation that falls on the land has nowhere to go, so it puddles
on the surface. If you are going to go to this desert, you need to remember to bring
along your rubber boots! There are few trees in the arctic because it is so cold, and
exposed plant twigs and leaves would not survive the cold winters. The only place
where trees can be found in the arctic is in snow beds that may be several feet deep.
In fact, one can predict the yearly depth of the snow in these areas by looking at
the height of the trees in the summer. The height of the trees equals the depth
of the snow.

The Ecosystem Concept

One of the most important advances in ecology in the twentieth century was
the development of the ecosystem concept (Golley, 1993; Aber and Melillo, 2001;
Chapin, Matson, and Mooney, 2002). Alfred Tansley defined the term ecosystem in
1935 to alleviate a problem that was developing in ecology. Until that time, ecol-
ogists who studied plant communities (a plant community 1s all the species of plants
found in a particular location) had focused only on how the presence of one plant
species affected the distribution and abundance of other plant species. An extreme
form of this approach was the discipline called phytosociology, which literally stud-
ied social relations among plants. Phytosociologists would discuss which species of
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plants “got along with” other species and which ones didn’t, and they consid-
ered plant communities analogous to surpraorganisms (organisms made up of other
organisms). They viewed individual species in a community as, for example, the
“heart” or the “lungs” of the community and thus saw all the species as essential
to the existence of the whole community. Ecology had become a holistic discipline
(Odum, 1971) in which the whole—in this case the plant community—was con-
sidered greater than the sum of its parts and communities were considered to have
emergent properties, attributes that emerged from the interactions of all the species.
Tansley was uncomfortable with this approach and put the ecosystem concept
forward as a substitute for the community concept.

An ecosystem 1s defined as all the species found in an area plus the physical
environment in which they reside. One of the important aspects of this concept
1s that it views the ecology of an organism as determined not only by the presence
of other species but also by the characteristics of the physical environment. An-
other aspect of this concept is that an ecosystem is a heuristic tool. It is not an
entity in the sense that an organism is an entity; it is an entity by definition. Tansley
recognized that what defines a particular ecosystem is the ecological question one
1s asking at the moment. Tansley was one of the first ecologists to recognize that
ecology 1s hierarchical, and that ecosystems occur on a variety of spatial and
temporal scales, ranging from very small to very large.

Let’s examine the ecosystem concept further by posing two questions and ex-
ploring the ecosystem scale that is appropriate for each of the questions. The first
question is, Is the amount of carbon dioxide in the atmosphere changing, and what
are the factors that might explain such changes? For this question, our ecosystem
would be the whole biosphere—all the layers of the earth and its atmosphere where
life occurs. In answering this question we would find that forests can be an impor-
tant source of carbon dioxide and that the destruction by burning of tropical rain-
forests has released large amounts of carbon dioxide to the atmosphere. We would
also discover that other human activities also affect the amount of carbon dioxide in
the atmosphere. The burning of fossil fuels is the largest anthropogenic contribution
of carbon dioxide to the atmosphere. Another important source of carbon dioxide
1s the manufacturing of cement. However, if we added up all the carbon dioxide that
1s released to the atmosphere every year from both human and natural sources,
and added that amount to the current amount of carbon dioxide in the atmosphere
(which also derived from both sources), we would find that there is less carbon diox-
ide in the atmosphere than our math predicts. The question then becomes, Where
has the extra carbon dioxide gone? The answer appears to be the oceans. About half
of the carbon dioxide entering the atmosphere every year ends up being dissolved
in the ocean and eventually comes to reside in the deep ocean.
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The second question comes from the observation that some frog species in
the genus Rana freeze during the winter (Storey and Storey, 1990). Why do some
species of Rana freeze and survive while others don’t? To answer this question,
we need to look at the characteristics of the ecosystem where each species spends
the winter. For example, the leopard frog (Rana pipiens) overwinters in the bottom
of ponds. Ponds typically do not freeze to the bottom, and therefore leopard frogs
are not exposed to freezing temperatures and have not evolved the ability to freeze.
Wood frogs (Rana silvatica) overwinter terrestrially. Typically, they burrow into
the soil along tree roots, tunneling to depths where the soil temperature does not
go below —10°C. As a result they have evolved the ability to freeze, thaw, and hop
another day.

Population Ecology

Ecologists not only study where species occur; they also ask questions about
changes in the number of individuals in a species over time. To predict how
populations change through time, ecologists use population growth models (Meyer,
Yung, and Ausubel, 1999). A population is considered to be all the individuals of
a species for which it is reasonable to assume a common birthrate and death rate.
The simplest growth model that ecologists use is the exponential growth model.
This model assumes that a population can grow continuously without any limit
(that is, nothing impedes the growth of the population). It can be described this
way: the change in the population over time is equal to the current population size
times the rate of increase for the population:

dN/dt = r(N)
or
Ny = Nife").

Where dN/dt is the change in the population (V) over time (¢), 7 is the rate of
increase (births minus deaths), N, equals the population at time ¢, N, equals the
population at some previous time, and ¢ is a constant equal to 2.72.

In 1798, Thomas Malthus used this equation to argue that the human popu-
lation was outstripping the rate at which food was being produced and that the
population in Europe would soon decrease dramatically (Smith and Smith, 2003).
The curve labeled “exponential” in Figure 1.1 graphs a population that is grow-
ing exponentially. Exponential growth predicts a J-shaped curve that shows the
population constantly expanding. Although this equation is very simple to use, it is
not ecologically realistic. Eventually, all species will face some limit on population
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FIGURE 1.1. POPULATION GROWTH PATTERNS: A COMPARISON
OF EXPONENTIAL AND LOGISTIC GROWTH.

Exponential

Logistic

Source: Adapted from Meyer, Yung, and Ausubel, 1999.

size, be it food, space, or some other resource. The best use for this equation is to
predict growth over those short periods of time when the population is not signif-
icantly limited by any resource. The exponential growth model has been widely
used to make predictions about doubling time: that 1s, the amount of time that it takes
a population to double in size. Doubling time is equal to 0.69 divided by = Dou-
bling time is commonly used to predict how fast the human population will grow.
Currently, the doubling time for the U.S. population is sixty-five years (Carrying
Capacity Network, 2004). Historically, the exponential growth model has been a
good predictor of human population size; however, that may soon be changing
as we use more and more of the earth’s resources.

Doubling time is also used to characterize the use (and depletion) of resources.
For example, between 1989 and 1999, U.S. use of energy increased by about
1.6 percent per year (World Resources Institute, 2004). At that rate the total
amount of energy consumed in the United States would be projected to double
In just twenty-seven years.

A more realistic population growth model is the logistic model. This model
assumes that some resource or resources will limit the size of the population,
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implying a maximum population size, or a carrying capacity (K), for the population.
The change in the population over time is thus predicted to be

AN/di = r(NY (K — N)/K).

Where (K — N)/K varies from near 1 when the population is small to 0 when
the population is at its carrying capacity.

The curve labeled “logistic” in Figure 1.1 illustrates that the predictions of
the logistic equation take the form of an S-shaped growth curve, where the pop-
ulation eventually levels off at the carrying capacity. Note that even with the same
starting population and the same growth rate, the exponential and logistic growth
models always predict different population sizes and that the difference in the pre-
dictions increases with time. Although the logistic growth model is more realistic
than the exponential one, it still is an oversimplification of how population size
changes. For example, the equation does not account for gender or age distribu-
tion and assumes that the population is closed, that is, there is no inmigration or
outmigration.

K- Versus r-Species

Ecologists use the terms used in the growth equations to distinguish between two
types of life history strategy for organisms (Pianka, 2000). A=-species are species that
live at or near their environmental carrying capacity in the ecosystem. Individu-
als in these species reach sexual maturity late and have a long life span, are large
organisms at maturity, produce few offspring over a lifetime, have a large parental
investment in each offspring, and reproduce multiple times over a lifetime. These
species have a relatively low population growth rate and tend to live in stable
environments. Elephants and oak trees are good examples of K-species.

Conversely, r-species live in unstable environments and where the species is far
below its carrying capacity. Individuals in these species tend to reach sexual ma-
turity very rapidly and be short lived, are relatively small organisms, tend to re-
produce only once, and have a small parental investment in each offspring. These
species have the capability for explosive population growth. Mice and ragweed
are good examples of r-species.

Ecologists have noticed that successful invasive species tend to be r-species.
Invasive species are species that arrive in a new environment and are successful in
establishing populations there. Goats in the Galapagos and starlings in North
American are good examples of r-species that have been highly successful in
the environments into which they have been introduced. Unfortunately, these
species can have profound negative impacts on their new ecosystems. For exam-
ple, goats have denuded the Galapagos of vegetation. Starlings compete with
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native birds for nest cavities and have virtually wiped out bluebirds in eastern
North America.

Carrying Capacity and Humans

Does the concept of carrying capacity apply to the human population? Logically,
one might say yes, but determining the carrying capacity for humans is a daunt-
ing task. For example, when most human populations were hunter-gatherer so-
cieties, the carrying capacity of the earth was much lower than it became after
agricultural societies developed. With the development of each new agricultural
technology (such as mechanized agriculture, inorganic fertilizers, pesticides, and
most recently, genetically modified organisms), the carrying capacity of the earth
has increased. The same has been true for other technological advances. In ad-
dition, changing human behavior can also affect carrying capacity. If all hu-
mans became vegetarians, we could support more people from the land once used
to produce animal feed. Therefore, although we might agree that carrying ca-
pacity applies to us as a species, it is a very difficult number to predict accurately.
In the last section of this chapter we will look at one way that ecologists have
attempted to apply carrying capacity to humans.

Importance of Population Age Structure for Predicting Population Growth

As mentioned earlier the exponential and logistic growth models do not account
for population age structure, the relative proportions of a population that are in the
prereproductive, reproductive, and postreproductive age categories (Smith and
Smith, 2003). Interestingly, few species besides humans have a postreproductive
age category, and this may be a recent addition, with the advent of public health
and medicine extending the human life span.

Replacement rate (R,) measures population growth rate. It compares the num-
ber of female offspring produced for the next generation relative to the females in
the population in the current generation. Therefore a replacement rate greater
than | means that the population is growing, and a replacement rate less than 1
means that the population is declining. Figure 1.2 shows the three possible types
of population age structure. Common sense suggests that if we want the human
population to stabilize, on average each female should have one female offspring
(out of two children altogether). However, this will not be the case if the popula-
tion age structure is like that on the far left in Figure 1.2. With one female child
per female it would take a few generations for this population to stabilize, owing
to what is called population momentum. Population momentum is an important
consideration when predicting future population size.
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FIGURE 1.2. POSSIBLE POPULATION AGE STRUCTURES
FOR HUMAN POPULATIONS.

Postreproductive
Reproductive
Prereproductive
Ry>1 Ry=1 R, <1
Growing Stable Declining

Reproductive category is on the y-axis and each figure 1s divided vertically in two for males and
females in the population. Ro equals the net replacement rate of a female from one generation
to the next.

Perhaps the most important advance in the last twenty years in our under-
standing of population growth is our recognition of the role of immigration and
emigration, particularly for small populations (Smith and Smith, 2003). This recog-
nition has led to the development of the concept of a metapopulation, or a popula-
tion of populations. This population growth model recognizes that few local
populations last forever; whole populations frequently go extinct. If a species is to
survive in a geographic area, as local populations go extinct the area needs to be
recolonized from other local populations. This concept has been important in con-
servation biology, the area of ecology that investigates the conservation of species.
Frequently, one of the impacts of humans on a species’ environment is to frag-
ment it, dividing larger local populations into smaller ones. These smaller local
populations are more likely than larger ones to go extinct, and recolonization from
other local populations may be difficult due to the insertion of other habitat types
between the local populations. A species extinction is most commonly the result
of local extinctions that accumulate until they lead to the loss of the whole species
from the planet.

Ecosystem Ecology

The ecosystem concept has been such a potent tool that it has given rise to a
subdiscipline of ecology called ecosystem ecology (Golley, 1993). Ecosystem ecology
takes the basic components of the ecosystem and applies systems thinking. Simply
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FIGURE 1.3. BASIC COMPONENTS OF AN ECOSYSTEM.
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put, ecosystem ecology views an ecosystem in the same way that one might think
about a stereo system. A system has a common function or functions, a boundary,
mputs and outputs across the boundary, system components, and interactions be-
tween those components. The two most common functions in an ecosystem in this
systems view are energy flow and nutrient cycling. Figure 1.3 illustrates the basic
components of an ecosystem. The components are categories of organisms and
the flows represent movement of energy or nutrients from one component to
another. This paradigm is also a powerful tool for thinking about human health
in an environmental context, as discussed later in this book (Box 29.7).

Energy Flow Through Ecosystems

Virtually all ecosystems (excluding those in the deep ocean vents) get their primary
energy from the sun (Smith and Smith, 2003). In the presence of sunlight, plants
convert carbon dioxide and water through photosynthesis into sugars that provide
the energy necessary for the plant’s respiration. Ecologists refer to this as fixing en-
ergy (taking sunlight and storing it in chemical bonds) and to plants as autotrophs
(“self-feeders”). Of course plants don’t really feed themselves; they are dependent
on sunlight and nutrients to produce the sugars and other products they need to
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survive. Most plants respire (metabolize) about 50 percent of the energy they pro-
duce via photosynthesis. Of the remaining energy, some may be used for plant
growth (for example, trees get taller and larger in diameter), and some may be
used in reproduction (producing seeds).

Animals that feed on plants are called Aeterotrophs (“other feeders”). Therefore
they are organisms that are dependent on plants for food. If the animals eat liv-
ing plants, they are herbivores and form part of the grazing food chain compris-
ing plants, herbivores, carnivores (animals that eat animals), and omnivores
(animals that eat both plants and animals). Each of these types of organism may
be considered a different component in the ecosystem. As feeding relationships
within the food chain become more complex, we may refer to the food web instead
of the food chain. In most ecosystems, less than 10 percent of the energy avail-
able to animals flows into the grazing food chain.

Interestingly, there are no organisms visible to the naked eye that can digest
the cellulose that forms the cell walls of plants. Most of the herbivorous animals
that come to mind, such as cows and rabbits, depend on microorganisms in their
digestive tracts to digest plant cell walls. For example, cows are ruminants; they
have a four-part stomach, each part having specific environmental conditions
favoring different species of bacteria. In addition, cows chew their cud, that is,
they regurgitate food and chew the partly digested plant material with their massive
molars, thus breaking open additional plant cells. This material is swallowed
and 1s digested, and eventually undigested food passes out of the colon as feces.
Rabbits use coprophagy to digest food. Microorganisms capable of digesting
cellulose occur in a portion of the rabbit intestine that follows the portion where
nutrients are absorbed. Rabbits recover this digested cellulose by eating their fecal
pellets. Even with these elaborate digestive systems, herbivores rarely can digest
more than 20 percent of the food they consume.

Animals that eat plants that have died are called decomposers. The most com-
mon decomposers are bacteria and fungi, but invertebrates such as earthworms,
roundworms, and many insects also feed on dead plant material. Of course other
animals may feed on these decomposer animals, thus forming the decomposer food
chain. In most terrestrial ecosystems, more than 90 percent of all the available plant
material passes through the decomposer food chain, or food web. Currently, ecol-
ogists know very little about species composition and decomposition pathways in
the decomposer component of the ecosystem, as most research has focused on the
grazing food web. From an ecosystem perspective, one of the most important re-
sults of decomposition is the production of humus, which is nothing more than
partly digested plant material. Humus performs a very important role in terrestrial
ecosystems. One of its characteristics is that its colloidal particles are negatively
charged. In contrast many plant nutrients are positively charged and therefore can
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be adsorbed to the humus in the soil, a process that keeps nutrients from being
leached (removed) from the soil as rainwater percolates through it.

One of the ways that ecologists characterize the energy flow in an ecosys-
tem is to calculate the system’s P/R ratio:

Total amount of photosynthesis in the ecosystem

P/R = T . .
/ Total amount of respiration of all organisms in the ecosystem

The value of the P/R ratio can fit into one of three categories that tell ecol-
ogists something important about the overall flow of energy in that ecosystem. If
P/R is greater than 1, then the plants are photosynthesizing more energy than is
being metabolized in the ecosystem. In this case energy, in the form of organic
matter, 1s accumulating in the ecosystem. A young, actively growing forest is an
example of an ecosystem with a P/R greater than 1. Agricultural plant crops
(for example, wheat, corn, sugar cane) all have P/R ratios greater than 1. These
ecosystems are called autotrophic systems because plants dominate them.

In the second category P/R is equal to 1. This ratio indicates an ecosystem
that is neither accumulating organic material nor losing it. For example, the P/R
ratio of a mature deciduous forest might be 1.007 (Odum, 1971).

In the final category P/R is less than 1. In an ecosystem with this ratio the
plants are not providing sufficient energy to meet the needs of all of the organ-
isms in the ecosystem. A couple of things may occur as a result. First, the amount
of organic matter in the ecosystem may be declining. This could occur in an
ecosystem that is suffering from an infectious disease or an outbreak of defoliat-
ing insects that is killing the plants in the ecosystem. The other, more common
reason for an ecosystem to have a P/ R ratio of less than 1 is that this ratio is a nat-
ural or normal feature of that ecosystem. A woodland stream is an example of
such a system. Because the stream is underneath the canopy of the forest, little
photosynthesis occurs in the stream itself. The heterotrophs living in the stream
are therefore dependent not on plants growing in the stream but on the input of
organic matter in the form of tree leaves as their energy source. Sewage treatment
plants and cities are other examples of this type of ecosystem. These ecosystems
are called heterotrophic systems because plants play a less important role and het-
erotrophs dominate the systems.

Linking a heterotrophic ecosystem to an autotrophic one is called ecosystem cou-
pling. For example, white-tailed deer spend the day in forests, ruminating and
hiding from predators. However, the forest may have a very low production to res-
piration ratio, especially near the ground, where deer have to feed. Therefore at
night the deer forage in meadows, which have a higher production to respiration
ratio. Similarly, cities are dependent on agricultural land for their survival.
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Energy Flow Through Populations and Individuals

We can also look at the energy flow in a population within an ecosystem. The
general form for looking at energy flow through a heterotrophic population is
outlined in Figure 1.4.

If the diagram represents energy flow through an herbivore population, then
the available food would be all the living plant material in the ecosystem. Let’s
imagine that Figure 1.4 is the energy flow diagram for a population of white-tailed
deer. Not all of the available plant material can or will be eaten by these herbi-
vores. Some of it, such as tree trunks, is inedible, and other material, such as the
canopy, 1s out of the deer’s reach. Of the material that is ingested, a portion is not
digested and 1s excreted as feces and urine. What remains is the energy that is
actually assimilated by the organism. In a deer population 98 to 99 percent of
all the assimilated energy goes toward metabolism, leaving only I to 2 percent for
the growth of individuals or reproduction.

Ecologists use the respiration to assimilation ratio (R/A4) to categorize or-
ganisms. For endotherms (species that thermoregulate, like deer and humans), this
ratio is typically between 0.98 and 0.99. Although thermoregulation has many
advantages, it has a high energy cost. For these species, reproductive rates are
relatively low because only 1 to 2 percent of the energy is available for that
purpose.

Lctotherms (species that are dependent on their environment for the control of
body temperature) on the other hand have a significantly lower R/ A, typically in
the 0.65 to 0.70 range. These species may have one-third of the energy they as-
similate available for reproduction and as a result are capable of explosive popu-
lation growth. All invertebrates, fishes, and reptiles and amphibians fit into this
category.

FIGURE 1.4. ENERGY FLOW THROUGH A HETEROTROPHIC
POPULATION.
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Source: Adapted from Odum, 1983.
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Ecologists can use R/A to explore the life history strategy of a species. For
example, the immature spittlebug (an insect) has an R/A4 of 0.98, although a
typical insect would have a ratio much lower. What distinguishes spittlebugs from
other insects? It turns out that spittlebugs, as their name suggests, produce a mucus-
like material that coats the surface of the insect. This coating provides two ad-
vantages. Iirst, it decreases the rate of evaporation from the surface and enables
the insect to live in drier habitats than it otherwise could. Second, as you might
imagine, it provides protection from predators.

There are two particularly important properties of energy flow in ecosystems.
Tirst, energy flows through the ecosystem; it does not ¢ycle. Energy enters the ecosys-
tem as sunlight and eventually it all leaves the system as metabolic energy, which
is not a useful form of energy for organisms. This principle is related to the sec-
ond property of energy flow through an ecosystem: the transfer from one level
in the food chain to the next is not 100 percent efficient. Energy is lost, in terms
of availability, at each transfer. Both of these principles flow from the laws of ther-
modynamics and are immutable properties of energy flow through all ecosystems,
food chains, and populations.

Humans, Fossil Fuels, and Energy Flow

Humans are the only species on earth that can rely on an energy source other than
the sun to power their ecosystems. In the last several decades, fossil fuels have been
used to subsidize human ecosystems (see Chapter Fifteen). However, we must not
forget that this energy is energy from photosynthesis in autotrophic ecosystems
that was stored millions of years ago. In a sense, using fossil fuels is like spending
down the capital in your bank account instead of using only the interest (that is,
sunlight) from the account. Some common obvious uses of fossil fuels are burn-
ing gasoline to power cars and burning coal to produce electricity. However, other
common uses of fossil fuels are less obvious. For example, fossil fuels are used in
producing the food that we eat. They are needed not only to power the machin-
ery that the farmer drives but also for making fertilizer, processing food, trans-
porting the food to the store, and preparing the food in the home. It may take as
much as thirty to forty kilocalories to produce one kilocalorie of food energy.
Therefore, although the P/R ratio of an agricultural system may be substan-
tially greater than 1, this value is inflated due to the fossil fuel subsidy used to sup-
plement the sunlight used for photosynthesis in the ecosystem (Odum, 1971).

The Concept of Nutrient Cycles

All nutrients in ecosystems flow from nonliving components of the system (for ex-
ample, the soil or atmosphere) into living components of the system and then back
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FIGURE 1.5. GENERALIZED NUTRIENT CYCLE.
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into nonliving components, in what are referred to as bigeochemical cycles, or nutri-
ent ¢ycles. A generalized nutrient cycle is shown in Figure 1.5. All nutrient cycles
can be characterized by their pools (amount of nutrients in a ecosystem compo-
nent), nutrient flows (the amount of nutrients moving between ecosystem com-
ponents), and the input to and output from nutrients to the ecosystem. Nutrient
cycles tend to be either gpen, with many inputs and outputs, or closed, with most
of the nutrients used by the system coming from recycling within the system.
One of the significant impacts that humans have had on most nutrient cycles is to
make them more open.

The Carbon Cycle

Figure 1.6 represents a simplified carbon ¢ycle. An important characteristic of the
carbon cycle 1s that it has an atmospheric pool, unlike the phosphorus and sulfur
cycles, whose nutrients only truly cycle on a geological time scale. Carbon is a fun-
damental molecular building block of life and as a result is intimately connected
to energy flow. Carbon dioxide is removed from the atmosphere by plants and,
with water and with sunlight as an energy source, produces sugars via photosyn-
thesis. This fixed energy then supplies the energy and carbon needs of the rest
of the ecosystem. Through other organisms’ metabolism, carbon dioxide is re-
leased back into the atmosphere. In the past the uptake of carbon dioxide from
the atmosphere by plants was balanced with the release of carbon dioxide back
into the atmosphere via plant and animal metabolism. However, with our species’
increased dependency on fossil fuels for energy, that balance has been upset. When
carbon dioxide concentrations in the atmosphere were first measured, in the

late 1800s, they were found to be 280 parts per million (ppm) (Houghton and
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FIGURE 1.6. SIMPLIFIED CARBON CYCLE.
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others, 1996). Now the carbon dioxide levels in the atmosphere are close to
380 ppm. Another factor affecting the amount of carbon dioxide in the atmos-
phere is the clearing of tropical rain forests for agriculture and other human
activities. Some estimates suggest that the amount of carbon dioxide released into
the atmosphere by the burning of tropical rain forests is equal to the amount
released via burning of fossil fuels. In any case humans are having an impact on
the carbon dioxide concentration in the atmosphere. Interestingly, the increase in
carbon dioxide in the atmosphere is less than predicted when anthropogenic
release of carbon dioxide is estimated. Where does the excess carbon dioxide go?
Scientists now think that the oceans are an important sinks (that is, storage areas)
for carbon dioxide. Without these sinks, concentrations of carbon dioxide in the
atmosphere would be much higher.

Why should we worry about the amount of carbon dioxide in the atmos-
phere? Carbon dioxide accounts for only about 0.03 percent of the atmosphere,
whereas oxygen accounts for 20 percent and nitrogen accounts for 79 percent.
Why should we worry about a change from 0.028 percent to 0.038 percent? The
answer lies in one of the properties of carbon dioxide; it absorbs heat energy that
is reradiated from the earth’s surface and thus it acts to retain heat in the lower
atmosphere. This phenomenon is called the greenhouse effect. Since the 1970s,
the greenhouse effect has been in the news as scientists have debated the
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relationship between carbon dioxide increases in the atmosphere and warming at
the earth’s surface (that is, global warming, or global climate change). The consen-
sus among atmospheric scientists now is that we are experiencing global change
as a result of the increase in carbon dioxide concentration in the atmosphere. Be-
cause we have been collecting temperature data for only a little over 100 years, it
has been difficult to show exactly how much temperatures have increased, but rea-
sonable estimates are from one to a few degrees Fahrenheit. Apart from the cur-
rent increase, however, the greenhouse effect is not a bad thing. Without it the
surface of the earth would be at least 70°F cooler, and all of us would be com-
plaining of the cold. But excessive warming may have immense public health
consequences, as discussed in Chapter Eleven.

Thus, by changing the way in which carbon cycles, we have affected the earth’s
energy balance. This illustrates an important principle of ecology: you can’t do just
one thing, ox, everything is connected to everything else.

The Nitrogen Cycle

Although nitrogen is available in large quantities in the atmosphere (79 percent),
large amounts of energy are needed to convert this nitrogen gas into a form that
plants can use (Odum, 1971). This conversion process is called nitrogen fixation, and
it is accomplished primarily by microorganisms in the soil. Many of the species of
nitrogen fixers are associated with the roots of plants in a symbiotic relationship.
The plant provides sugars to the nitrogen fixers, and the nitrogen fixers in turn
provide a useful form of nitrogen to the plant. It takes about ten grams of sugar
to convert one gram of nitrogen into a form usable to a plant. Nitrogen fixation
also occurs via lightning, but this is a relatively small amount. Iigure 1.7 shows
the nitrogen cycle.

Since the introduction of inorganic fertilizers, human fixation of nitrogen,
using processes requiring fossil fuels, has equaled all other types of nitrogen fixa-
tion. The Haber-Bosch process, invented in 1914, has led to a dramatic increase
in the use of fertilizer. This reaction is carried out at pressures ranging from 200
to 400 atmospheres and at temperatures ranging from 400°C to 650°C (750°F to
1200°F). Estimates are that 1 percent of all energy use worldwide goes to pro-
ducing fertilizer in this fashion.

Due to the energy costs of producing usable nitrogen, once nitrogen enters
an ecosystem, keeping it from being lost back to the atmosphere or to the ground-
water has important ecological consequences. Most terrestrial ecosystem nitrogen
cycles are closed cycles. This is due primarily to the form in which nitrogen occurs
in the soil. The primary decomposition pathway produces positively charged
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FIGURE 1.7. GENERALIZED NITROGEN CYCLE.
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ammoniacal nitrogen. This form of nitrogen can be adsorbed to the negatively
charged soil organic matter. If this nitrogen is converted to nitrate nitrogen, which
is negatively charged, it will be leached from the soil when water percolates through
the soil. In an experimental clear cut of a forest at Hubbard Brook, New
Hampshire, researchers showed that loss of the plants from this ecosystem had a
dramatic impact on the nitrogen cycle. Prior to clear cutting, nitrogen was
accumulating in the system (that is, a closed cycle existed) and the form found in
the soil was primarily ammoniacal nitrogen. After clear cutting, the system lost
large quantities of nitrogen (that is, it became an open cycle), and the main form
of nitrogen being lost was nitrate nitrogen. These researchers hypothesized that
the plants may have been inhibiting the microorganisms that convert ammonia-
cal nitrogen to nitrate nitrogen to obtain energy (Aber and others, 2002).

Humans have also disrupted the nitrogen cycle by using inorganic nitrogen
fertilizer on agricultural crops. Not only have we tremendously increased the
amount of nitrogen that is fixed, but we also have affected the amount of nitro-
gen present in water running off the agricultural fields. Nitrate concentrations
in the runoff may be higher than the standard for drinking water (10 ppm). Excess
nitrate in drinking water may cause methemoglobinemia, or blue baby syndrome,
which may be fatal (Criss and Davisson, 2004).
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Ecosystem Services

Ecological systems perform essential functions for humans. They may produce
ecosystem goods (for example, food) or ecosystem services (for example, nutrient
recycling). Recently, economists and ecologists (Costanza and others, 1997) have
attempted to place a dollar value on these goods and services (sometimes collec-
tively referred to as services) that represent the benefits received by humans from
ecosystem functions. Many of these services are outside the traditional capital
economy. Examples of services provided by aquatic ecosystems include wetlands
that transform nutrients and energy into valuable outputs like fish and shellfish;
floodplains along rivers that provide flood protection, pollution abatement, and
recreation; and mountain watersheds that provide hiking opportunities and recre-
ation. The Catskill/Delaware watershed provides 90 percent of the drinking water
for New York City. In the mid-1960s, the city had a choice between building a new
water filtration plant at a cost of up to $6 billion dollars and protecting the wa-
tershed at a cost of §1 to 1.5 billion dollars. Water managers decided to protect
the watershed instead of constructing a new water plant (Heal and others, 2004).
Another essential ecosystem service is the supplying of medicinal products (Daily
and others, 1997). Eighty percent of the world’s population relies on natural prod-
ucts for medicine. In fact, of the top 150 prescription drugs used in the United
States, 118 originate from natural sources.

Estimating the values of such ecosystem services is difficult and fraught with
potential errors; however, Costanza and others (1997) used a conservative ap-
proach that assigns a minimum estimate to service value. Table 1.1 lists the major

TABLE 1.1. ESTIMATES OF THE VALUE OF VARIOUS
ECOSYSTEM SERVICES.

Ecosystem Service Value (in trillions of dollars)
Soil formation $17.1
Recreation

Nutrient cycling
Water regulation and supply
Climate regulation
Habitat
Flood and storm protection
Genetic resources
Atmosphere gas balance
Pollination
All other services

Total value of ecosystem services

w=ooo==mhhohw
worNom—=hwwwo

w

Source: Adapted from Costanza and others, 1997.
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ecosystem service categories for which Costanza and colleagues estimated the
value. Their estimate of the total annual value of the services provided is over
$33 trillion dollars, which is 1.8 times the annual global gross national product
(GNP). Topping the list is the formation of soil necessary for agricultural pro-
duction, at $17.1 trillion. Without the continual recycling of nutrients, producing
food for the world’s population would be impossible. More difficult to estimate,
but equally important for agriculture, is the value of pollination of plants. Over
100,000 animal species, including bats, bees, flies, and birds pollinate plants and
one third of all human food derives from plants pollinated by wild pollinators
(Daily and others, 1997). It is difficult to imagine substituting human pollination
of these plants.

Another way of valuing ecological systems is to look at the proportion of
the earth’s energy flow that goes directly to humans (Vitousek, Mooney,
Lubchenco, and Melillo, 1997). From 10 to 15 percent of the earth’s land surface
area 1s dominated by agriculture and urban development. Another 6 to 8 percent
is used as pastureland. It is estimated that over 40 percent of the earth’s land
surface has been transformed by humans and that over 50 percent of all available
freshwater is used by humans. Between 40 and 50 percent of all terrestrial bio-
logical production is used by humans. On a more subtle level, 100 percent of
the earth has been influenced by humans via the burning of fossil fuels and the
related increase in the carbon dioxide concentration in the atmosphere. As Bill
McKibben (1989) eloquently discussed in 7he End of Nature, there are no longer
any ecosystems on earth that are not influenced by humans.

Ecological Footprints

If McKibben’s assertion is correct, then how do we estimate the total impact of
humans on the earth? Wackernagel and Rees (1996) developed the ecological foot-
print concept to do just that. It provides a way of translating the energy and mat-
ter used by humans into the land or water area necessary to support those flows.
It estimates the amount of productive land necessary for the resource consump-
tion and waste assimilation of a human population. The ecological footprint re-
inforces the notion that humans are dependent on nature. Because the total land
surface area of the earth is fixed, this may be a way to calculate the carrying ca-
pacity of the earth for humans. Currently, there are approximately four acres of
productive land available for every person. However, this figure does not include
land for other species.

Tor each category of resource use, Wackernagel and Rees maintain that we
need to determine the amount of land area necessary to sustainably produce that
resource or energy. In considering the gasoline (the fossil fuel energy) we use in our
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cars, for example, we would either estimate the amount of land necessary to store
the carbon dioxide released by burning that gas or the amount of land necessary
to produce the ethanol equivalent of that gas. The categories that Wackernagel and
Rees use in their analysis are food production, housing (both operation and con-
struction), transportation (for ourselves and for goods), consumer goods, and services
such as health care and social services. They estimate that the average North
American requires ten to twelve acres a year to produce the resources and energy
he or she consumes. If all the world’s population were to have a North American
lifestyle, we would need at least three earths to produce the necessary resources. In
light of this analysis the North American lifestyle is not sustainable. In large part
this overshooting of our planet’s carrying capacity is a result of our dependence on
fossil fuels, a resource we are using faster than it is being produced.

Ecological footprint analysis can be used to explore ways that we could re-
duce our impact on the earth and bring into balance our resource use and the land
available to produce those resources.

Thought Questions

1. Calculate your ecological footprint, taking into account what you eat, how you
travel, and how you use energy:.

2. Explain at least three ways in which degradation of the ecosystem could
threaten human health.

3. What is the Gaia hypothesis? Is it consistent with ecological principles? Is it
informative with regard to human health?

4. Explain the concept of ecosystem services and what these services have to do
with human health.
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TOXICOLOGY

Jason R. Richardson
Gary W. Miller

oxicology is the study of the adverse effects of chemicals on biological systems.

These adverse effects can range from mild skin irritation to liver damage, con-
genital anomalies, or even death. The chemicals that are studied come from natural
as well as industrial sources. The breadth of topics in toxicology requires the field to
take an interdisciplinary approach, borrowing techniques and methods from nu-
merous scientific fields (Figure 2.1). The term biological system can be broadly defined,
and so a toxicologist might study the effects of pesticides on insect physiology, her-
bicides on plant development, or antibiotics on bacterial growth; however, most work
in the field of toxicology is focused on human health. This chapter focuses on the
toxicological effects of environmental agents on human health, such as the delete-
rious effects of chlorine gas on pulmonary function, environmental estrogens on
reproductive function, and chemical weapons or pesticides on neuronal function.

Typically, a toxicologist has earned a PhD degree in toxicology or a related field
(such as biochemistry, pharmacology, or environmental health) and has received ad-
ditional training in laboratory science during postdoctoral fellowships. Toxicologists
are employed in academia, industry, and government positions. Academic toxicolo-
gists perform basic research on the adverse effects of chemicals, train the next gener-
ation of toxicologists, and teach toxicology to public health, medical, pharmacy, and
veterinary students. Toxicologists in pharmaceutical companies seek to identify ad-
verse effects of new drugs before these drugs move into clinical trials, and they may
suggest ways these drugs can be modified to minimize toxicity. A toxicologist at an
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FIGURE 2.1. INTERDISCIPLINARY NATURE OF TOXICOLOGY.
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Toxicology borrows from several disciplines to
characterize the adverse effects of chemicals.

agricultural company may work to develop safer and more effective pesticides. On the
government side, toxicologists at the Food and Drug Administration, the Environmental
Protection Agency, and the Centers for Disease Control and Prevention ensure that
companies are following federal regulations, determine the relative safety of drugs or
chemicals, provide resources to the general public regarding toxic exposures, and advise
the government on policy decisions regarding industrial products.

A conceptual starting point for toxicology is that all substances have the po-
tential to be toxic. Paracelsus, the father of toxicology, was the first to articulate
this concept (Box 2.1).

Box 2.1. “The Dose Makes the Poison”—Paracelsus

Philippus Aureolus Theophrastus Bombastus von Hohenheim (1493-1541; his friends
called him Paracelsus) was a respected physician of his day. He stated, “Alle Ding sind
Gift und nichts ohn Gift; alein die Dosis macht das ein Ding kein Gift ist” (All things
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are poison and not without poison; only the dose makes a thing not a poison). This
may be paraphrased as, All substances are toxic; the dose differentiates a remedy from
a poison, or even more simply, The dose makes the poison.

Although poisons such as strychnine, cyanide, or nerve gas come readily to
mind, every compound can cause toxicity. Of course all compounds are not
equally toxic; some have effects at minuscule doses and others require very high
doses. On the one hand, table salt (sodium chloride) used in moderation is fine
in the human diet, but consuming half a cup of salt a day would eventually cause
significant electrolyte and kidney problems and possibly death (Box 2.2). On
the other hand, ingestion of a small amount of potassium cyanide (one gram) can
kill a human. It is the job of the toxicologist to determine the relative toxicity of
various compounds. This toxicity information, when combined with information
about the potential benefits of a compound, permits us to decide whether a com-
pound is acceptable for a particular use and what doses (for a medication) or ex-
posures (for other chemicals) would be permissible. For example, the general public
(and regulatory agencies) would not tolerate a cold remedy that caused mild
liver or kidney damage in 10 percent of users or a food additive that caused can-
cerin | in 1,000 consumers. However, if a new chemotherapeutic agent cured
cancer in 80 percent of the cases, some mild liver or kidney damage might be
tolerated. Toxicology helps characterize the adverse effects that form part of the
risk-benefit balance for a given chemical.

Box 2.2. LD, for Various Compounds

The LDy, or lethal dose for 50 percent, is the dose of a chemical that kills 50 percent
of those exposed to it. A low LD,, for a chemical indicates that compared to other com-
pounds less of this chemical is needed to cause toxicity—that it is more potent, or in
common terms, that it is more poisonous. Here, for example, are the LD for several
chemicals, expressed in terms of dose per kilogram of body weight.

Glyphosate (Roundup) 5,600 mg/kg
Table salt (sodium chloride) 2,400 mg/kg
Pseudoephedrine 660 mg/kg
Acetaminophen (Tylenol) 500 mg/kg
Chlorpyrifos (Dursban) 18 mg/kg
Sodium cyanide 10 mg/kg
VX nerve gas 1 mg/kg

Sea anemone toxin 0.001 mg/kg
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How Does Toxicology Fit into Environmental Public Health?

Toxicology is an essential part of environmental health and of public health more
generally. Public health professionals manage resources necessary to maintain
health, prevent disease, and treat illnesses. A chemical or other environmental con-
taminant that harms humans at levels found in the environment raises obvious
public health concern.

The field of toxicology helps determine the conditions under which a given
compound may cause adverse effects. It is important for public health professionals
to understand key concepts that toxicologists use to make these determinations.
Once exposure has occurred, through what routes does the compound enter the
body? How much of the compound enters? Where in the body does it go? What
does it do once it reaches a particular organ? What physiological effects follow,
and if appropriate, what forms of treatment exist? How does the body handle the
compound? Is it stored in particular organs, and is it metabolized and cleared?
Armed with the scientific principles of toxicology, the public health professional
can make prudent decisions on how to manage a particular exposure.

Decades ago many compounds could be detected only at relatively high
concentrations—say, in parts per million. Today’s detection systems, such as gas
and liquid chromatography, mass spectrometry, and atomic absorption spectrome-
try, are up to amillion times more sensitive. As a result, dangerous chemicals are now
often detected in environmental samples; however, they usually occur at very low
levels. It is essential to remember that the dose, and not the mere presence of a toxi-
cant in a sample, makes the poison. If it takes a concentration of 10 parts per billion
of aparticular compound to cause any toxicity and if that compound is detected at
1 part per trillion, it is very unlikely to cause an adverse effect. Thus one of the most
important questions to be asked is, How much of the compound is in the environ-
ment? As described in Chapter Four, this is the domain of an exposure assessment
professional, often working in conjunction with a toxicologist or chemist.

Toxicology is integrated into public health practice in several ways. For
example, in providing safe drinking water to a community, it is important to
understand both the adverse effects of organisms found in the water and the
adverse effects of chemicals used to kill the organisms. As discussed in Chapter
Eighteen, chlorination is an effective means of reducing microbiological conta-
mination in water, but it can result in the presence of chlorinated organic com-
pounds known as disinfection byproducts. Toxicology can help in identifying these
compounds, assessing the risk they pose, and balancing that risk against the risk
of microbiological contaminants.

Another reason that a student in any discipline, especially environmental
health, should develop an appreciation for toxicology is that it is highly relevant
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to one’s own health. We are exposed to a myriad of chemicals every day. We
ingest chemical residues in the food we eat, and we inhale particles in the air
we breathe. Many people voluntarily ingest pharmaceutical and recreational
drugs with little or no knowledge of the potential adverse effects. An under-
standing of toxicology can clarify some of these issues and help us make healthy
choices. For example, a student who has a basic understanding of toxicology will
realize that a claim that a product—whether a vitamin, an herbal supplement,
an agricultural chemical, a medication, or an illegal drug—has no side effects
1s erroneous and misleading. Virtually no agent is completely free of adverse
effects, given sufficient doses and circumstances. Similarly, a student who thinks
in terms of toxicological action will realize that natural is not the same as safe.
Nature produces some highly toxic compounds, such as arsenic, some snake
venoms, and the carcinogenic toxins produced by some molds. Natural is not
necessarily better.

How Are Toxicants Classified?

There are three major ways to categorize toxic compounds: by chemical class,
by source of exposure, and by the effects on human health (Table 2.1). Each helps

in understanding toxicology.

TABLE 2.1. EXAMPLES OF TOXIC
COMPOUNDS IN THREE CLASSIFICATIONS.

Chemistry Alcohols
Solvents
Heavy metals
Oxidants
Acids

Source Industrial wastes
Agricultural chemicals
Waterborne toxicants
Air pollutants
Food additives

Organ system Kidney (nephrotoxins)
Liver (hepatotoxins)
Heart (cardiotoxins)
Nervous system (neurotoxins)
DNA (mutagens, carcinogens)
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Chemical Class

Examples of chemical classes are heavy metals, alcohols, and solvents. In essence
the rules of chemistry create the classes, based on such features as functional
groups, the presence of metallic elements, and physical properties such as vapor
pressure. Classification may also address physical state, that is, whether a toxicant
exists as a liquid, solid, gas, vapor, dust, or fume.

Source of Exposure

The second system of categorization is functional and is based on the source of
exposure. Examples are industrial pollutants, waterborne toxicants, air pollutants,
and pesticides (Box 2.3). These categories are useful in identifying the source of a
problem and are commonly used by environmental health professionals. However,
chemicals used in similar ways may vary greatly in their mechanism of toxicity.
Because this categorization system groups chemicals with little in common, together,
it makes it difficult for users to see connections based on molecular structure. To the
toxicologist this system ignores the biological mechanisms that underlie toxicity.

Box 2.3. A Rail Crash That Released Chlorine Gas

On January 6, 2004, a train hauling forty-two cars, three of which were tankers filled
with chlorine gas, collided with a locomotive with two cars parked on a side track near
a mill in Graniteville, South Carolina. The crash derailed sixteen cars, including the
three chlorine tankers. Fortunately, only one of the chlorine tankers was damaged, but
it sustained a four-inch hole in its side. A cloud of chlorine gas spread throughout
the area, exposing hundreds of people in the following hours.

Chlorine is a yellow-greenish gas with intermediate water solubility. Chlorine
gas can combine with water to form hydrochloric acid and hypochlorous acid:

Cl, + H,0 > HCl + HOCI

Thus, when chlorine gas is inhaled, it can react with the moisture in a person’s
eyes, mouth, and airways to form corrosive acids. The initial symptoms include irrita-
tion and pain of the conjunctivae of the eye and the mucosal lining of the nose, phar-
ynx, larynx, trachea, and bronchi. The irritation of the airway mucosa leads to local
edema. When the reaction is severe, pulmonary edema can occur, with the lungs fill-
ing with fluid, impairing breathing. This is precisely what was seen in the people
exposed in Graniteville. Those exposed to low levels of the gas complained of eye and
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throat irritation, and those closer to the accident scene had significant breathing
difficulties.

Fortunately, local and federal response teams had information on how to deal with
the chlorine release. Much of our knowledge of the toxicological consequences of chlo-
rine gas has, sadly, come from dramatic human suffering. During World War |, at Ypres,
the German army used chlorine gas (and a related chemical, phosgene) as a chemical
weapon to kill over 40,000 soldiers. Chlorine gas is heavier than air, so it settled into
the trenches. The soldiers trapped there died of massive pulmonary edema. Since then,
there have been several industrial incidents in which storage tanks or railcars have
released significant quantities of chlorine gas.

The response included several components. A hazardous materials (HAZMAT)
team, wearing suitable protective equipment, was able to patch the leak before all
the chlorine escaped. The exposed area was cleared, and chlorine levels were mon-
itored until the gas had dissipated. Affected individuals were taken to medical facil-
ities where they were clinically evaluated with physical examinations, chest X-rays,
and pulmonary function testing, and treated when necessary with such interven-
tions as supplemental oxygen and bronchodilators. Clinical follow-up monitored
them for the presence of persistent respiratory problems, including a condition called
reactive airways dysfunction syndrome, which can follow acute irritant inhalation
exposures.

From a historical perspective the incident at Graniteville stands out as one of the
worst chlorine gas releases in the United States. Over 5,000 people were evacuated,
250 people were injured, and 9 people died. Those who were injured may continue
to have breathing difficulties for years. This incident illustrates the acute toxicity of
irritating inhaled materials and how they may occur both in the workplace and the
general environment. It also illustrates the trade-offs inherent in environmental health;
although chlorine gas is highly toxic, chlorine has an important public health role in
water purification (see Chapter Eighteen).

Target Organ

The last system of categorization is based on the organ system where the toxic
effects are most pronounced. For example, toxins that damage the liver are re-
ferred to as hepatotoxins and those that target the kidney are called nephrotoxins.
Compounds that damage the nervous system, whether peripheral or central,
are neurotoxins. Chemicals that disrupt DNA structure or function are classed as
genetic toxicants, mutagens, or carcinogens, depending on their specific effects. Other
organ systems that can be the targets of toxicity include the respiratory system,
cardiovascular system, skin, reproductive system, endocrine system (Box 2.4),
immune system, and blood. Fetal development is more a process than an organ
system, but it too is often viewed as a target of toxic exposures.
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Box 2.4. Endocrine Disruptors

Recently, toxicologists’ attention has focused on the observation that chemicals in the
environment may act in a manner analogous to that of endogenous hormones in
wildlife and humans. One group of potential endocrine disrupters is a group of chemi-
cals thought to mimic endogenous estrogen and termed environmental estrogens or
xenoestrogens. Estrogen is the predominant female reproductive hormone. It exerts its
physiological actions by binding to nuclear receptors and activating gene transcription
in target tissues such as the breast, uterus, and brain. Environmental estrogens may
disrupt normal estrogen function by binding to these same receptors and eliciting a
similar, although usually smaller, response than the endogenous hormone or by block-
ing normal estrogen binding to these receptors. Chemicals that may act this way
include the pesticide DDT, polychlorinated biphenyls (PCBs), and bis-phenol A. Evidence
of this phenomenon in the environment includes observations of feminized male fish
downstream from pulp mills, associated with high concentrations of chlorophenolic
compounds produced during the pulp bleaching process, and male feminization and
reproductive failure among alligators in Lake Apopka, Florida, associated with elevated
levels of DDT and its metabolite DDE following a pesticide spill. There is some evidence
linking human trends, such as menarche at younger ages and declining sperm counts,
with environmental estrogens, although this finding remains controversial.

In addition to man-made chemicals that may act as estrogen mimics, there are
also naturally occurring estrogen mimics, such as the isoflavones that are synthe-
sized by plants as a defense against pathogens and herbivores. Indeed, high levels of
isoflavones in clover have been linked to the infertility in sheep termed clover disease.
High levels of isoflavones have also been found in soy milk. Excretion of natural
hormones, the use of estrogen-containing pharmaceuticals, and the use of veteri-
nary medication may also contribute to the levels of estrogens in the environment.

Estrogens are not the only hormones whose action may be disrupted by envi-
ronmental chemicals. Potential antiandrogens include phthalates, vinclozolin, and DDE;
these may interfere with androgen-mediated events such as formation of the male
genitalia during embryogenesis. In addition, various chemicals are known to interfere
with thyroid function; these may be especially important to intrauterine development
of the nervous system.

(For further information, see Baccarelli, Pesatori, and Bertazzi, 2000; Cheek and
others, 1998; Choi, Yoo, and Lee, 2004; Fox, 2004; Golden and others, 1998; Safe
and others, 2001; Sonnenschein and Soto, 1998; Zoeller and others, 2002.)

Organ system classification is favored by most toxicologists. When consider-
ing human health, one needs to consider how a chemical will affect a particular
physiological function, whether it be blood pressure, respiration, memory, or urine
production. Because each of these functions is controlled by a particular organ
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system (or systems), organ system classification provides a logical framework for
toxicologists, who often specialize in the actions of compounds on a specific organ
system. Also, although compounds that affect a specific system may differ in their
chemical composition, they often share features that lead them to target that system.
Tor example, hepatotoxic compounds often share features that lead them to target
the liver. A public health professional should not be satisfied with knowing that a
particular substance is toxic, but should ask, What does it do to the body? What
system is it disrupting? What are the expected effects? Because symptoms (dis-
comfort felt by a patient) and physiological dysfunction derive from disruption of
an organ system, this is where the organ system approach is especially helpful.

To evaluate the toxic effects on a particular organ system, one needs a gen-
eral understanding of how that system works. For example, the main function of
the kidneys is to maintain fluid and electrolyte homeostasis in the body. This is
accomplished by the reabsorption of filtered material from the blood, including
water, lons, and nutrients, and by the excretion of waste material. The kidneys
receive a disproportionate amount of the body’s blood flow, approximately 20 per-
cent of cardiac output, considering that they represent less than 1 percent of the
total body weight. This high blood flow, in combination with the numerous trans-
port mechanisms within the kidney, renders the kidneys exquisitely sensitive to
damage by blood-borne toxicants. Of all the cell types in the kidney, one of the
most common targets of toxicant-induced injury is the proximal tubule. The renal
proximal tubule is divided into three morphologically distinct segments, desig-
nated S1, S2, and S3. S1 is characterized by a thick brush border and high rates
of metabolism and transport. S2 contains fewer mitochondria than S1 and has
a less developed brush border. S3 contains sparse amounts of mitochondria and
the brush border is shorter than that of S2 in most species. The proximal tubule
reabsorbs 99 percent of the glomerular filtrate. The numerous transport mecha-
nisms in the proximal tubule allow reabsorption of amino acids, sugars, pro-
teins, bicarbonate, sodium, potassium, chloride, phosphate, and other solutes.
Damage to the proximal tubules by toxicant exposure can lead to deterioration of
renal function and ultimately renal failure. Exposure to mercury, for example, is
known to damage S3 segments of the proximal tubule. Enzymes involved in
S3 brush border functions may slough off into the urine, providing a biomarker
of the type of injury. A toxicologist interested in identifying how mercury alters
renal function would isolate proximal tubules in the laboratory and perform tox-
icity tests on these isolated cellular sections. Another approach would be to study
animals, evaluating renal function from urine clearance studies and postmortem
examination.

How is it that a compound can selectively target a particular cell type in a par-
ticular organ and in a particular species? Specificity of action is a central theme
in toxicology.
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What Is Toxicological Specificity?

The most dramatic differences in specificity are found between species.
Glyphosate (Roundup) is used to kill unwanted or nuisance vegetation (for
example, grass in sidewalk cracks). This compound was specifically designed
to inhibit 5-enolpyruvylshikimate-3-phosphate synthase, an enzyme involved in
a biochemical pathway (the shikimate pathway) for the production of the aro-
matic amino acids. This pathway is essential for plant function, and when it is
blocked, the plant dies. Animals, in contrast, rely on their diet for aromatic
amino acids; they therefore do not have the molecular target of glyphosate and
do not exhibit toxicity until extremely high exposures occur.

A different example is the piscicide rotenone, which is used to kill unwanted
fish. Rotenone targets mitochondrial function, perhaps by disabling complex I
of the mitochondrial electron transfer chain (ETC). It exerts this action in humans
just as it does 1n fish. Thus, unlike glyphosate, rotenone is not species specific.
Species specificity therefore relates closely to the mechanism of toxic action.

Another kind of specificity is target organ specificity, as mentioned earlier and
discussed further later in this chapter.

What Happens After Exposure to a Toxicant?

After exposure to a xenobiotic (a chemical foreign to the body), a sequence of steps
ensues that determines the response to the chemical: absorption into the body, dis-
tribution throughout the body, metabolism, and excretion. Along the way, toxic
effects may occur. Understanding the risks of a chemical exposure and how to re-
duce these risks requires understanding toxicokinetics, that 1s, the processes in this
toxicological sequence.

Absorption

Once a person has come in contact with a toxic compound, that compound may
gain access to the body:. It 1s not enough for this compound to contact the skin, be
inhaled into the lungs, or enter the intestinal track; it must actually traverse the bi-
ological barrier. Each of these pathways exhibits characteristics that affect
absorption.

The gastrointestinal system 1s designed for nutrient absorption, and it has a large
surface area with numerous transport mechanisms. Unfortunately, many toxicants
can take advantage of this system to enter the body. Toxicants can also be absorbed
through the pulmonary alveoli. The alveoli are the functional units of the lung and
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the sites of gas exchange between the air and the blood supply. Alveoli allow dif-
fusion of most water-soluble compounds. In addition, water-soluble compounds
dissolve in the mucous lining in the airways, and may be absorbed from there.
Lipid-soluble (fat-soluble) gases can also cross into the bloodstream in the alveoli.
Large particles and aerosol droplets may be deposited in the upper part of the
lungs, where cilia attempt to excrete them. Smaller particles and aerosols pene-
trate more deeply, reaching the alveoli where absorption is very efficient. The skin
represents a third key route of toxicant exposure. Many occupational exposures
occur via this route. Although intact skin provides an effective barrier against
water-soluble toxicants, fat-soluble toxicants can readily penetrate the skin and
enter the bloodstream.

Distribution

Once in the bloodstream a toxicant can be distributed throughout the body. If the
toxicant is lipid soluble, it is often carried through the aqueous environment of
the bloodstream in association with blood proteins such as albumin. Toxicants
generally follow the laws of diffusion, moving from areas of high concentration
to areas of low concentration. Chemicals absorbed in the intestine are shunted to
the liver through the portal vein, in a process termed first-pass, and may undergo
metabolism promptly. A limited number of chemicals may be excreted unchanged

by the kidneys or into bile.

Metabolism

Most toxicants undergo a metabolic conversion or biotransformation, a process
mediated by enzymes. The majority of biotransformations occur in the liver, which
1s rich in metabolic enzymes. However, nearly all cells in the body have some
capacity for metabolizing xenobiotics. In general, metabolic transformations lead
to products that are more polar and less fat soluble. The metabolic product is
therefore more soluble in urine, which facilitates its excretion. For example, ben-
zene 1is oxidized to phenol, and glutathione combines with halogenated aromat-
ics to form nontoxic and more polar mercapturic acid metabolites. However,
metabolic transformations sometimes yield increasingly toxic products. One ex-
ample is the oxidation of methanol (a relatively nontoxic compound in its native
form) to formaldehyde (a compound that is quite toxic, especially to the optic
nerve).

The idea that metabolism may increase the toxicity of a compound is well
established in the field of carcinogenesis (Box 2.5). Vinyl chloride, known to cause
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liver and other tumors, 1s oxidized to a reactive epoxide intermediate, which is actu-
ally the proximate carcinogen. Similar transformations probably occur with
trichloroethylene, vinylidene chloride, vinyl benzene, and chlorobutadiene. In fact a
major mechanism of carcinogenicity in aromatic compounds is conversion to reac-
tive epoxides, which in turn combine with cellular nucleophiles, like DNA and RNA.

Box 2.5. Chemical Carcinogenesis

Cancer resulting from chemical exposure has been known for hundreds of years. Cancer
is pathologically defined as uncontrolled cell growth, reflecting alterations in the cell’s
genome or gene expression (or in both). Chemically induced carcinogenesis is thought
to proceed in stages. The first stage is termed initiation and is associated with an irreversible
change in cell genotype or phenotype. At this time the cell either moves to the next stage
in the process or is destroyed, typically through programmed cell death. In the initiation
stage the chemical carcinogen may act through a genotoxic mechanism and directly dam-
age DNA. However, chemical carcinogens may not directly damage DNA but rather may
alter signal transduction pathways, resulting in altered phenotype. Chemicals that act in
this manner are termed epigenetic. The second stage is promotion and involves factors
that facilitate cell growth and replication, such as dietary and hormonal factors. Promo-
tion is not required for all chemical carcinogens and, unlike initiation, it is reversible. An
example of a promoting agent is the hormone estrogen, which activates gene expression
pathways in target organs such as the breast and thereby promotes tumor growth. An-
other example of a promoter is any chemical that inhibits the programmed cell death that
would normally terminate an initiated cell. The third stage is progression. Progression is ir-
reversible and involves morphological alterations in the genomic structure and growth of
altered cells. The final stage is metastasis, in which the affected cell population spreads
from its immediate microenvironment to invade other tissues.

Many of the known environmental chemical carcinogens must be bioactivated
in order to exert their damaging effects. An example is benzo(a)pyrene, which must
be converted to its epoxide metabolite in order to damage DNA. Other chemical car-
cinogens include metals (such as arsenic, chromium, and nickel), minerals (such as
asbestos), aliphatic compounds (such as formaldehyde and vinyl chloride), and
aromatic compounds (such as coke oven emissions and naphthylamines).

Although many chemicals have the potential to induce cancer, a number of
defense mechanisms can mitigate cell damage. Many enzyme systems can detoxify
reactive toxicants before they can interact with their target molecules. DNA repair
mechanisms can often repair damage caused by toxicants. If DNA is not repaired, the
cell may undergo programmed cell death before the altered DNA can be replicated.
Finally, the immune system can seek out and destroy transformed cells that have
escaped the other mechanisms of defense.
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Classically, metabolic transformations are divided into four categories: oxi-
dation, reduction, hydrolysis, and conjugation. Transformations in the first three
reaction categories, known as phase I reactions, increase the polarity of substrates
and can either increase or decrease toxicity. In conjugation, the only phase I1 reaction,
polar groups are added to the products of phase I reactions. Most chemicals are
handled sequentially by the two phases, although some are directly conjugated.
The spectrum of reactions of each type can be found in any toxicology text,
and only a few examples, of environmental health interest, are presented here.

Owxidation 1s the most common biotransformation reaction. There are two gen-
eral kinds of oxidation reactions: direct addition of oxygen to the carbon, nitro-
gen, sulfur, or other bond, and dehydrogenation. Most of these reactions are
mediated by microsomal enzymes, although there are mitochondrial and cyto-
plasmic oxidases as well. Reduction is a much less common biotransformation than
oxidation, but it does occur with substances whose redox potentials exceed that of
the body. Conjugation involves combining a toxin with a normal body constituent.
The result is generally a less toxic and more polar molecule, which can be more
readily excreted. However, conjugation can be harmful if it occurs in excess and
depletes the body of an essential constituent. Hydrolysis is a common reaction in a
variety of biochemical pathways. Esters are hydrolyzed to acids and alcohols, and
amides are hydrolyzed to acids and amines.

As mentioned earlier, various combinations of these reactions may be
assembled in response to the same toxicant. Metabolic strategies for a particular
toxin may vary widely among species, so an animal study, to be applicable to
humans, should use a species with pathways similar to those of humans. The most
prominent enzyme system for performing phase I reactions is the cytochrome
450 system, also known as the mixed-function oxygenase system. These enzymes
are found in the endoplasmic reticulum of hepatocytes and other cells. In recent
years advances in molecular biology have greatly expanded our understanding of
cytochrome P450. Dozens of distinct P450 genes have been identified and
sequenced. They have been grouped into eight distinct families, and for many,
specific functions have been identified. For example, the enzyme CYP1Al meta-
bolically activates PAHs (polycyclic aromatic hydrocarbons); the enzyme CYP2D6
1s responsible for metabolizing such medications as beta-blockers, tricyclic anti-
depressants, and debrisoquin; and the enzyme CYP2E! bioactivates vinyl chloride,
methylene chloride, and urethane.

These insights in turn have helped explain why people may vary widely in
their metabolic activity following similar exposures. Polymorphism in the genes
that code for various P450 proteins has been shown to result in different metabolic
phenotypes (see Chapter Six). For example, people whose CYP2D6 phenotype
makes them poor metabolizers of debrisoquin are at risk of various adverse drug
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reactions, whereas extensive metabolizers are at increased risk of lung cancer,
probably because of carcinogenic metabolites they produce.

Any enzyme system has a finite capacity. When a preferred pathway is satu-
rated, the remaining substrate may be handled by alternative pathways. (Most sub-
strates can be metabolized by more than one enzyme system.) However, in some
instances when a preferred metabolic pathway is saturated, the substrate may
persist in the body and exert toxic effects. One form of enzyme saturation is
competitve inhibition. This may be a mechanism of toxicity, as when organophos-
phate pesticides compete with acetylcholine for the binding sites on cholinesterase
molecules, or when metals such as beryllium compete with magnesium and man-
ganese for enzyme ligand binding. However, competitive inhibition is important
as well in metabolizing toxins. For example, methyl alcohol is oxidized by the
enzyme alcohol dehydrogenase to the optic nerve toxin formaldehyde. This process
can be blocked by large doses of ethanol, which competes for the binding sites
of the enzyme and slows the formation of the toxic metabolite. The drug fomepi-
zole acts in the same way, by selectively inhibiting alcohol dehydrogenase. This
drug has been used to treat ethylene glycol poisoning, preventing the formation
of the toxic metabolites glycolic acid and oxalic acid.

The enzyme systems that metabolize xenobiotics are not static. When the
demand is high, their synthesis can be enhanced in a process called enzyme induc-
tion. The resulting increase in enzyme activity helps the organism respond to sub-
sequent exposures not only to the original xenobiotic but to similar substances as
well. DDT and methyl cholanthrene are examples of substances known to induce
metabolic enzymes. People vary in their capacity for biotransformation in several
ways. Two types of difference have already been mentioned: genetic and enzyme
induction. Other factors also account for interindividual differences in metabolism;
among them are general health, nutritional status, and concurrent medications.

Excretion

Because biotransformation tends to make compounds more polar and less fat sol-
uble, the beneficial outcome of this process is that toxins can be more readily
excreted from the body. The major route of excretion of toxins and their metabo-
lites is through the kidneys. The kidneys handle toxins in the same way that they
handle any serum solutes: passive glomerular filtration, passive tubular diffusion,
and active tubular secretion. Smaller molecules can reach the tubules through pas-
sive glomerular filtration, because the glomerular capillary pores will allow mol-
ecules of up to about 70,000 daltons to pass through. However, this excludes
substances bound to large serum proteins; these substances must undergo active
tubular secretion to be excreted. The tubular secretory apparatus apparently has
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separate processes for organic anions and organic cations, and, like any active
transport system, these processes can be saturated and competitively blocked.
Finally, passive tubular diffusion out of the serum probably occurs to some extent,
especially for certain organic bases. Passive diffusion also occurs in the opposite
direction, from the tubules to the serum. As in any of the membrane crossings dis-
cussed previously, lipid-soluble molecules are reabsorbed from the tubular lumen
much more readily than polar molecules and ions are, which explains the prac-
tice of alkalinizing the urine to hasten the excretion of acids. The daily volume
of filtrate produced is about 200 liters—five times the total body water—in a
remarkably efficient and thorough filtration process.

A second major organ of excretion is the liver. The liver occupies a strategic
position because the portal circulation promptly delivers compounds to it fol-
lowing gastrointestinal absorption. IFurthermore, the generous perfusion of the
liver and the discontinuous capillary structure within it facilitate its filtration of
the blood. Thus excretion into the bile is potentially a rapid and efficient process.
Biliary excretion is somewhat analogous to renal tubular secretion. There are spe-
cific transport systems for organic acids, organic bases, neutral compounds, and
possibly metals. These are active transport systems with the ability to handle
protein-bound molecules. Finally, reuptake of lipid-soluble substances can occur
after secretion, in this case through the intestinal walls. Toxicants that are secreted
with the bile enter the gastrointestinal tract and, unless reabsorbed, are se-
creted with the feces. Materials ingested orally and not absorbed and materials
carried up the respiratory tree and swallowed are also passed with the feces. All of
this may be supplemented by some passive diffusion through the walls of the
gastrointestinal tract, although it is not a major mechanism of excretion.

Volatile gases and vapors are excreted primarily by the lungs. The process is
one of passive diffusion, governed by the difference between plasma and alveolar
vapor pressure. Volatiles that are highly fat soluble tend to persist in body reser-
voirs and take some time to migrate from adipose tissue to plasma to alveolar
air. Less fat-soluble volatiles are exhaled fairly promptly, until the plasma level has
decreased to that of ambient air. Interestingly, the alveoli and bronchi can sustain
damage when a vapor such as gasoline is exhaled, even if the initial exposure
occurred percutaneously or through ingestion.

Other routes of excretion, although of minor significance quantitatively, are
important for a variety of reasons. Excretion into mother’s milk obviously intro-
duces a risk to the infant, and because milk is more acidic (pH 6.5) than serum, basic
compounds are concentrated in milk. Moreover, owing to the high fat content of
breast milk (3 to 5 percent), fat-soluble substances such as DDT can also be passed
to the infant. Some toxins, especially metals, are excreted in sweat or laid down in
growing hair, which may be of use in diagnosis. Finally, some materials are secreted
in the saliva and may then pose a subsequent gastrointestinal exposure hazard.
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Toxicokinetics

It is a useful exercise to track a potential toxic compound from the environment
(water, air, soil, food), into the body and throughout the body, all the way to its
molecular site of action. This process is often termed toxicokinetics. For example, sup-
pose that compound X is generated as a by-product of a particular industrial process.
Whereas an exposure assessor measures the concentrations of compound X in the
air and an epidemiologist studies the incidence of certain diseases in the surround-
ing community, the toxicologist is concerned with how the compound gets into the
body and what it does once it 1s there. For example, compound X may be inhaled
mnto the lungs. Once there, it rapidly crosses the alveolar membrane and enters the
pulmonary circulation. It travels through the pulmonary vein to the left side of
the heart and 1s then sent throughout the entire body. A large percentage of the com-
pound goes to the liver where it is activated into a reactive epoxide. This compound
then finds its way to the kidney, where it is reabsorbed along with salts and other
polar compounds and transported across the cellular membrane of the proximal
tubule. There it accumulates and damages cellular macromolecules.

If the toxicologist can show that compound X damages the kidney and the
epidemiologist identifies an exposure-related increase in the incidence of renal
failure in a population, regulatory steps may be taken to eliminate or limit the use
of this compound. Toxicology can also be very useful in monitoring the devel-
opment of new compounds. If a toxicologist shows that a new compound (com-
pound Z) has an action in rats or mice similar to the action of compound X, it is
very likely to show the same toxicity in humans, so a manufacturer would be very
wise to discontinue development of that compound. The understanding of mech-
anisms can lead to the development of safer chemicals and drugs.

What Makes Toxic Compounds Toxic?

The mere presence of a toxic compound in a particular location in the body does
not guarantee that there will be an adverse effect. The toxicant must interact with
a biological target to cause harm.

Toxicants, whether endogenous or exogenous, are distributed to many cells
and tissues but often cause toxicity in only a specific type of cell or organ. This
may be due in part to greater accumulation of the toxicant in a particular cell type
or organ. Some cells may be specifically affected owing to their genetic or
biological makeup or the level of activity at which they function. For example, the
heart and lung may be particularly vulnerable because they receive the largest
blood volumes of all the organ systems. Conversely, the brain and testes may be
protected from a number of toxicants because of the presence of the blood-brain
and blood-testes barriers. However, the brain is extremely sensitive to toxicants
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that affect energy metabolism, due to its high requirement for ATP (adenosine
triphosphate), the primary cellular energy source.

Some toxicants interact with targets that are shared by a number of different
cells, tissues, or organs. Good examples of this type of toxicant are compounds such
as carbon monoxide and cyanide, which affect the cellular utilization of oxygen or
the supply of high energy compounds such as ATP. Because every cell and tissue
requires oxygen and energy, these compounds have the ability to damage many cell
and tissue types. However, the organ systems that require the most oxygen and energy
are the most vulnerable to these toxicants. Thus the heart and brain are considered
uniquely sensitive to the toxic effects of cyanide and carbon monoxide.

In contrast, some toxicants are more selective, and are especially toxic for par-
ticular cell types or organ systems. For example, the herbicide paraquat specifi-
cally targets the lung via selective uptake by the diamine/polyamine transporter.
Once in the lung, paraquat readily undergoes oxidation-reduction reactions gen-
erating free radicals. This can result in lung fibrosis and ultimately in death because
of reduced respiratory capacity. Exposure of humans to less than three grams of
paraquat has been demonstrated to be lethal. In an analogous manner the dopamin-
ergic neurotoxin MPTP (1-methyl-4-phenyl-1,2,3,6-tetrahydropyridine) is converted
in the brain to its toxic metabolite MPP+ (1-methyl-4-phenylpyridinium), which is
then taken up into dopamine neurons by the dopamine transporter. Once inside
dopamine neurons, MPP+ can be concentrated in the mitochondria and can reduce
cellular ATP, resulting in the death of dopamine neurons.

Other toxicants are specifically designed to target a particular organ system,
as is the case with insecticides. Most insecticides are designed to kill insects through
hyperexcitation of the nervous system. For example, the oxon metabolites of
organophosphate insecticides inhibit the enzyme acetylcholinesterase, with pre-
dictable physiological effects (Box 2.6). Unfortunately, humans have the same
acetylcholinesterase enzyme as the insects targeted for eradication, giving rise to
the possibility of harm to humans.

Box 2.6. Organophosphate Insecticides

Organophosphorus insecticides, commonly referred to as organophosphates, were
first synthesized by Gerhardt Schrader, in Germany, prior to World War Il. Although
Schrader’s interests were in the development of effective pesticides, the high toxicity
and volatility of some of the early compounds led to their development by the German
army as chemical warfare agents. After the war the interest in organophosphates as
insecticides was renewed. Following the banning of organochlorine pesticides in the
1970s, the organophosphates became the primary class of pesticides, with numerous
uses in agricultural and household settings (see Chapter Twenty). Recently, for
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example, the organophosphorus insecticide malathion was used in New York City to
combat mosquitoes thought to carry the West Nile virus.

Organophosphorus insecticides exert their toxicity by inhibiting the enzyme acetyl-
cholinesterase, which elevates levels of the neurotransmitter acetylcholine. This results
in hyperstimulation of cholinergic receptors in the central and peripheral nervous sys-
tem, leading to the characteristic signs of cholinergic poisoning: hypersecretion (including
diarrhea and excess production of saliva, tears, and urine), constricted pupils, and spasm
of the airways. With severe acute intoxication, organophosphates cause death through
depression of the respiratory center of the brain and paralysis of the diaphragm.

Most organophosphorus insecticides are converted to their oxon metabolites,
the active compound. This conversion occurs primarily in the liver and is catalyzed by the
cytochrome P450 family of enzymes. An example of this conversion, starting with
the pesticide chlorpyrifos, is shown in Figure 2.2. Chlorpyrifos may be converted to the
active oxon (chlorpyrifos-oxon), in a reaction termed desulfuration. Alternatively, a detox-
ication reaction called dearylation may occur giving rise to 3,5,6-trichloropyridinol and
either diethyl phosphate or diethyl phosphorothioate.

The organophosphates provide a good example of trade-offs in environmental
health. Many of them are highly toxic and have had their uses restricted. However,

FIGURE 2.2. BIOTRANSFORMATION PATHWAYS OF CHLORPYRIFOS.

cl
i N= S
CoH;0 P450 | S—
P—O cl /
e W e
cl
CHLORPYRIFOS
DESULFURATION DEARYLATION
N
cl cl
0 N— N—
CoHs0
P—O cl HO cl
CaH;07 \ / \ /
ci ci
CHLORPYRIFOS-OXON 3,5, 6-TRICHLORO-2-PYRIDINOL
+ +
[S] ﬁ ?
CyH;0 CyHO~
59Np_oH P—OH
C,H,0” CoH,0”
DIETHYL DIETHYL

PHOSPHATE PHOSPHOROTHIOATE




42

Environmental Health

this class of pesticides has helped reduce insect-borne disease and insect-related crop
losses over the past fifty years. Maximizing crop yield and safety and minimizing disease
require a combination of toxicological knowledge and systems thinking, as described
in Chapter Twenty-Nine.

All of the previous examples have involved the idea of acute toxicity, often
at high doses. However, humans are more commonly exposed to low levels of tox-
icants for long periods of time, raising the possibility of chronic toxicity as opposed
to acute toxicity. An example of chronic toxicity is the development of emphy-
sema or lung cancer following years of cigarette smoking, In this situation the com-
pounds contained in cigarette smoke do not cause an immediate acute toxic
outcome. However, years of exposure to the compounds in cigarette smoke may
overwhelm the protective defenses of the body and result in damage to the lung
Another example is the possible outcome of long-term exposure to the chemical
acrylamide, which is often used as a waterproofing agent and to remove solids from
water, as in sewage treatment plants. Acrylamide is a neurotoxicant that attacks
the sensory and motor nerves, primarily in the extremities. It may cause damage
following a single high exposure; however, it has been demonstrated in laboratory
animals and in some occupationally exposed individuals that longer-term, lower-
level exposures can result in similar damage. (In 2002, considerable concern fol-
lowed media reports of acrylamide in french fries; see, for example, Gorman, 2002.
Subsequent research by Becalski, Lau, Lewis, and Seaman, 2003, found that amino
acids and glucose in potatoes, under the conditions found in commercial frying,
could combine to form acrylamide. Some public health advocates have called
for more stringent regulation of acrylamide levels in food.)

How Are Compounds Tested for Toxicity?

How does a toxicologist determine that one compound is more toxic than another?
Several decades ago, toxicologists used a rather crude method for determining the
relative toxicity of compounds. By exposing laboratory animals to compounds and
determining the dose that killed half the animals, they calculated the “lethal dose
for 50 percent,” or LD,
unrelated compounds. Although crude, the LD, has some important scientific
strengths. The exposure is well defined (unlike the exposure in most human situ-
ations), the outcome is unambiguous, the LD is a measure that can be applied
across different compounds, and it can lead to a useful practical conclusion: if a

an index that allowed comparisons among several

compound is lethal at very low doses then human exposures should be prevented
or strictly controlled.
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Animal testing is also used to study chronic toxicities, such as cancers. In a
typical study, animals are exposed to a suspected carcinogen at several dose levels.
There is also a placebo group. The animals are observed for a defined period of
time and then sacrificed to check for evidence of neoplasm. If, for example, a com-
pound causes excess liver cancer in rats at a relatively low dose, it is prudent to re-
strict human exposures. Conversely, if rodent studies show no adverse effects at
doses orders of magnitude higher than humans experience, then a chemical may
be approved to proceed through development.

Animal studies have several disadvantages. They use higher doses than people
typically experience in the environment, a necessity for maximizing the sensitiv-
ity of the testing. Species-to-species differences make extrapolation from animals
to humans difficult. Human life spans are longer than those of rodents, so long-
term outcomes in humans may not be evident in animals. And critics have
pointed to animal welfare considerations, urging that alternatives to animal testing
be developed and used (Meyer, 2003).

A tiered approach to toxicological testing has now emerged, with at least
two approaches used alongside (and often before) animal testing (Figure 2.3).

FIGURE 2.3. TIERED APPROACH TO TOXICITY TESTING.
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Desktop analysis relies on quantitative structure-activity relationships (QSARs); if the
toxicologist notes that a particular chemical structure has a particular toxicity,
then other chemicals with related structures are assessed for the potential to
cause similar effects. n vitro testing involves exposure of cell systems, such as bac-
teria or cultured human cells, to a potential toxin. Cellular responses such as
mutation are observed and help predict human responses. Desktop and in vitro
studies are less expensive and more rapid than animal testing, but the need to ex-
trapolate to human responses, with all the assumptions required in that exercise,
make them less definitive methods than animal testing and epidemiological
studies.

Conclusion

Toxicology is the study of the adverse effects of chemicals on biological systems.
Environmental and occupational toxicology is the study of how chemical expo-
sures in the workplace, air, water, food, and other environmental media may
threaten human health. Toxicologists think in terms of an exposure sequence,
from exposure to absorption to distribution to metabolism to excretion, and an-
alyze the end-organ effects that may occur during this process. They are interested
in identifying mechanisms of toxicity and levels of exposure that are safe or un-
safe. This information is directly informative to regulators and others who work
to identify the safest chemicals for our use and to set acceptable levels of exposure
for chemicals that may be dangerous.

Thought Questions

1. Toxicologists use several methods to test the toxicity of a compound. Name
each method, and describe its advantages and disadvantages.

2. Toxicologists study both acute and chronic toxic effects. Acute effects are easier
to study, and regulations have traditionally been based on acute toxicity,
although in recent years more emphasis has been given to chronic outcomes.
Why do you think the initial emphasis was on acute effects?

3. Explain why you and your classmates may have different responses to the same
exposure to a chemical.

4. Pick a toxic effect that interests you—such as reproductive toxicity, endocrine
disruption, or another effect—look up the methods toxicologists use to test for
this outcome, and describe these methods.
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EPIDEMIOLOGY

Kyle Steenland
Christine Moe

pidemiology is the study of exposures in relation to disease. The key ques-

tion 1s whether a given exposure, or set of exposures, causes a certain disease.
Obviously, if we can show that an exposure causes disease, we have a chance to
intervene and prevent disease occurrence, which is our ultimate goal.

Epidemiology can give us the tools, the techniques of study design and analy-
sis, to determine whether a given exposure 1is associated with a given disease. How
do we judge that an association is causal (sometimes called causal inference)?

A general philosophical framework exists for judging causality. It is accepted
by most epidemiologists, and it stems from the writings of philosopher Karl
Popper (for a good discussion, see Rothman and Greenland, 1998, pp. 16-28). In
this framework, observations (especially repeated observations) that one event is
followed by another enable the epidemiologist to form a hypothesis, to posit
that A causes B. The key to Popperian philosophy is that all hypotheses (or the-
ories of causation) are tentative and may be disproved by further testing. Hy-
potheses that are tested many times and hold up tend to become accepted as
scientific facts (for example, we now accept that cigarettes cause lung cancer), but
over the course of time many accepted hypotheses are also overthrown by new
scientific insights (we now accept that miasma, or foul air, does not cause cholera).

On the practical level, epidemiologists commonly use a famous set of crite-
ria, set out by Hill (1965), to judge whether a particular causal hypothesis is plau-
sible, whether the observed association between A and B makes it seem likely that
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in fact A causes B. Hill set out nine criteria. Only one is absolutely required, and
it is that the exposure precedes the disease. Although it seems that this should al-
ways be easy to know, sometimes this is not clear. Other commonly used Hill cri-
teria that argue in favor of causality include consistency (the association is repeated
in many studies), a large effect size (the exposed have much more disease than
the nonexposed), a positive dose-response (more exposure causes more disease),
and biological plausibility (a biological explanation makes it reasonable that A
causes B).

Regulators and risk assessors must conclude from the weight of the epidemi-
ological evidence, using criteria such as these, whether an association is likely to
be causal. A number of agencies, such as the International Agency for Research
on Cancer (IARC), the National Toxicology Program (NTP), the Institute of Med-
icine (IOM), and the Environmental Protection Agency (EPA), regularly review
epidemiological evidence and publish summaries in which they evaluate whether
assoclations are likely to be causal. Epidemiology has provided evidence judged
to show that a large number of environmental and occupational exposures are as-
sociated with diseases: lead is now associated with cognitive impairment in chil-
dren, trihalomethanes (in water) with bladder cancer, air pollution (particulates)
with cardiorespiratory disease, radon gas with cancer, and ergonomic stress with
low back pain, to name just a few.

Epidemiological Studies: Types and Issues

In this section we describe the major kinds of studies that epidemiologists design
and conduct, and we examine issues relating to bias and analysis.

Descriptive Studies

Epidemiological studies may be divided into categories according to their design.
At the simplest level are the descriptive studies, which characterize a disease by
factors such as age, sex, time, and geographic region. These studies do not for-
mally test a hypothesis about the association between a specific exposure (or risk
Jactor) and a disease but rather describe patterns in disease occurrence in terms
of broad demographic and other variables. These studies are often first steps and
may provide clues about factors that cause disease. For example, the fact that
malaria occurs mainly in tropical areas provides a clue that warm climate may
play a role in its transmission. The fact that heart disease occurs at a later age in
women than in men may provide a clue about endogenous estrogen playing a
protective role.
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Correlational, or Ecological, Studies

Descriptive studies are a close cousin to correlational, or ecological, studies, which
study the correlation between disease rates and some specific exposure, but at the
level of the group rather than of the individual. For example, one can correlate
breast cancer rates in countries around the world with degree of socioeconomic
development; rates are higher in richer, more urban countries. Such studies will
often provide clues about possible risk factors for disease, which can then be ex-
amined further in studies of individuals. Generally, ecological studies are viewed
as weaker than studies of individuals, and they are often called hypothesis-generating
studies. However, in some instances an ecological design is the design of choice.
One example 1s the use of time series studies of air pollution, in which pollution
levels are correlated with disease rates on a day-to-day basis. Such studies have the
advantage of looking at a presumably stable population over time and thus com-
paring it to itself (eliminating most confounding). The only variables that are
changing on a daily basis are the exposure variables of interest (air pollution lev-
els) and the outcomes of interest (daily disease rates), although seasonal varia-
tion in temperature also needs to be taken into account.

Etiologic, or Analytical, Studies

LEtiologic, or analytical, studies are generally studies of individuals in which the in-
vestigators seek to test a specific hypothesis about exposure and disease: for ex-
ample, whether pesticide exposure is associated with Parkinson’s disease. Such
studies are often undertaken after descriptive and correlational studies have in-
dicated that they are worth doing, that is, after a plausible hypothesis has emerged
that needs to be tested.

Analytical studies can in turn be divided into two types, observational studies
and clinical trials. Glinical trials, usually called randomized clinical trials, are in a
sense the model for rigorous epidemiological studies. They are often done to com-
pare one medication or treatment to another. They are controlled experiments,
because they assign treatment (or exposure) randomly to one group and not an-
other. The treated and untreated groups are therefore usually assumed to be com-
parable with regard to other variables (such as age, weight, sex, education, and the
like) that might affect the disease outcome; therefore any difference in subsequent
disease rates can be assumed to be due to exposure. Then both treated and
untreated groups are followed over time.

However, randomized clinical trials are generally impractical for studying the
effects of toxic exposures, simply because one cannot ethically administer a sus-
pected toxin to a human population. Clinical trials are therefore restricted to study-
ing treatments or other responses after toxic exposures have occurred. Lead has
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been well studied in this regard; clinical trials have suggested that dimercaptosuc-
cinic acid (DMSA) is not useful as a treatment for lead-exposed children (Dietrich
and others, 2004), that education of mothers is only slightly helpful in maintaining
low blood lead levels in their children ( Jordan and others, 2003), that dietary cal-
cium supplementation is not useful in lowering blood lead levels in children with
adequate calcium stores (Markowitz, Sinnett, and Rosen, 2004), and that lead dust
control in urban homes is not effective in reducing children’s blood lead levels
(Lanphear, Eberly, and Howard, 2000). This is useful information. However, the
epidemiologist interested in studying suspected occupational and environmental
toxins to determine if they cause disease needs to conduct observational studies.
Observational studies are uncontrolled, or natural, experiments, of which the
epidemiologist takes advantage. For example, the epidemiologist wants to study
the effect of lead on cancer, so he or she follows a cohort of lead-exposed work-
ers over time and compares them to the general population for cancer rates.
However, the workers and the general population are likely to differ with respect
to other characteristics, such as smoking habits or diet that may in turn affect
cancer rates (such variables are called confounders). The epidemiologist may be able
to adjust or control for the effects of such confounders, but if not, they may distort
the findings about the effect of exposure on disease. For this reason observational
studies are viewed as less definitive than clinical trials. A famous recent example
of different findings resulting from clinical trials and from observational studies

is the case of postmenopausal estrogen replacement therapy and its relationship
to the risk of heart disease (Whittemore and McGuire, 2003).

Observational Study Designs

The three principal designs for observational studies are cohort, case-control, and
cross-sectional. Cohort studies start with an exposed group and a nonexposed group,
both disease free, and follow them forward in time to observe disease incidence or
mortality rates. Disease rates or risks in the exposed and nonexposed can then be
compared to produce a rate (or risk) ratio or a rate (or risk) difference. The obser-
vation period in cohort studies may start in the past and move forward to the pre-
sent (retrospective) or start in the present and move into the future (prospective). The
former is obviously quicker and usually cheaper; for example, to study lung cancer
among welders and nonwelders one can identify a cohort as of 1950 and trace
cohort members’ lung cancer mortality until the present. The disadvantage of
the retrospective approach is that one is dependent on historical information about
exposure levels and about other variables that might be potential confounders
(smoking habits, for example). Although prospective studies take a long time and
are often expensive, they are more appropriate when one wants to measure exposure
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levels and confounding variables at the study baseline or when biological samples
(such as blood) are required. They may also be needed to study diseases that are dif-
ficult to ascertain in retrospect, such as spontaneous abortions (whose occurrence,
and date of occurrence, may be difficult for individuals to remember accurately).
Cohort studies can consider disease events per person (cumulative incidence, or
risk) or disease events per person-time (rates). The former are appropriate for short
follow-up periods and fixed cohorts, where everyone is followed for the whole follow-
up period. The latter are appropriate for long follow-up periods and dynamic cohorts,
where people may enter the follow-up period at different times, and may be lost
to follow-up at any time and therefore are followed for different periods of time.
Cohort studies are good for rare exposures and common diseases, because one
begins with assembling an exposed group and hence can assemble a large num-
ber of exposed subjects (for example, welders); however, when the disease that might
result from exposure is rare, a very large number of subjects may need to be
assembled.

Case-control studies are the opposite of cohort studies in that one begins with
diseased and nondiseased groups and looks backward in time. For example, blad-
der cancer cases and controls can be asked about their past consumption of water
treated with chlorine (this treatment results in trihalomethane formation and tri-
halomethanes are suspected bladder carcinogens). The investigator determines
the odds of exposure in each group, and these odds are then compared (if @ is the
number exposed, and b is the number nonexposed, then a/(a + b) is the propor-
tion exposed, and a/b is the odds of exposure). If the odds of exposure are higher
among the diseased group (the cases) than among the nondiseased group (the con-
trols), then one judges that the exposure is associated with the disease. The usual
measure of effect is the odds ratio. Case-control studies are more subject to bias
than are cohort studies because it is sometimes difficult to choose the cases and
controls so that they are representative of the overall diseased and nondiseased
populations (this is particularly true for the controls) and because it is often diffi-
cult to measure exposure in the past accurately. Recall bias, for example, can occur
if cases tend to remember more about past exposures than controls. However, if
cases and controls are chosen properly, a case-control study should give the same
answer about the exposure-disease relationship as a cohort study.

Case-control studies are useful for rare diseases and common exposures, the
opposite of cohort studies. Case-control studies can be done within the general
population or within hospitals, or they can be nested within cohorts.

Cross-sectional studies, or prevalence studies, tend to measure exposure and dis-
ease at the same time. For example, lead exposure in relation to children’s per-
formance on intelligence tests may be studied by measuring lead in the blood at the
time of neurological testing, or cadmium levels in the urine of smelter workers may
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be measured at the same time as small protein in the urine (a measure of kidney
damage). Cross-sectional studies are often done when the outcome of interest is
subclinical or asymptomatic disease. In the workplace, cross-sectional studies
miss symptomatic cases if workers with the disease leave employment.

A typical problem of cross-sectional studies is determining whether exposure
in fact preceded the health outcome. For example, in the case of the smelter work-
ers, if those with higher levels of cadmium in their urine were also excreting more
small protein, it would not be known whether the protein excretion preceded or
followed the presence of cadmium in the urine. The same would be true for
neurological tests and lead in children. The interpretation of positive findings in
the latter study would be made even more difficult by the fact that socioeconomic
status (SES) is an important confounder that is difficult to control; children of low
SES have higher lead exposure and perform worse on neuropsychological tests.
Cross-sectional studies tend to be seen as a somewhat weaker design than cohort
and case-control studies, although they are often the only possible design and they
can provide valid results, which may then be confirmed or disconfirmed in cohort
or case-control studies.

Bias Issues

Buas refers to the distortion of the true relationship between exposure and disease.
The most important types of bias are selection bias, confounding, and informa-
tion bias.

Selection bias occurs when the relationship between exposure and disease in
the study population is not representative of the true relationship between ex-
posure and disease in the general population because the study population
has been selected in a nonrepresentative way. For example, in a study of eth-
ylene oxide (a sterilant gas) and breast cancer, suppose only 20 percent of the
target population answers a questionnaire about breast cancer occurrence.
These self-selected study participants may differ from the rest of the target
population—perhaps, for example, they have had higher exposure and higher
breast cancer rates—so the association that they demonstrate between expo-
sure and disease would not have been found if the entire target population had
participated. This kind of bias cannot be fixed in the analysis. In fact one can-
not even be sure of the direction of selection bias, because the occurrence of
the disease (breast cancer in this case) among the rest of the target population
cannot be known. The study will thus be suspect. The healthy worker effect 1s an-
other kind of selection bias. Here, workers are compared to the general popu-
lation. However, workers as a group are healthier than the general population,
so study results will be biased against finding adverse health effects among the
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workers. This is another example of a selection bias that cannot be readily fixed
at the analysis stage.

Confounding refers to the distortion of the exposure-disease relationship by a
third variable, one that is associated both with exposure and with disease. For
example, in a study of welders in relation to lung cancer, if the welders smoke
more than nonwelders, then smoking (strongly associated with lung cancer) could
act as a confounder. Adjustment for the effect of smoking can be made by strati-
fying the analysis into smokers and nonsmokers, determining the exposure-disease
relationship in each group, and then forming a weighted average of the exposure-
disease relationship across both groups. However, this can be done only when ad-
equate data on smoking have been collected in both exposed and nonexposed
groups.

Another possibility is that a third variable modifies the effect of the expo-
sure variable of interest. This is not confounding but instead is called ¢ffect modifi-
cation. For example, one could imagine that the welding—lung cancer relationship
might differ between smokers and nonsmokers in that only smokers might show a
welding effect, perhaps because smoking injures the lung epithelium, permitting
a carcinogenic effect from the metal fumes. In this circumstance the investigator
cannot calculate the weighted average of exposure-disease associations across both
strata of the third variable and instead must report results for each stratum
separately. No adjustment for confounding occurs, as no weighted average of
exposure effect across levels of the confounder should be conducted.

Finally, once the study population has been selected, wnformation bias can occur
when information obtained about either exposure or disease is incorrect. One of
the main sources of information bias in epidemiological studies is mismeasure-
ment or misclassification of exposure. When exposure is measured incorrectly (for
a continuous exposure variable) or misclassified (for a categorical exposure vari-
able), one might expect that the exposure-disease association will be distorted.
Usually, when exposure is equally poorly measured or classified for both dis-
eased and nondiseased groups (nondifferential error or misclassification), then the effect
1s to bias the exposure-disease association toward the null (toward finding no as-
sociation). If, however, the mismeasurement or misclassification is greater for the
diseased or the nondiseased, biases away from the null can occur. This problem
is typical of retrospective exposure assessment in case-control studies, when cases
may recall past exposures more often than controls (recall bias), which will bias
the study toward finding an association (away from the null).

Analysis Issues

The choice of methods of analysis in epidemiology typically depends on
whether the exposure variable and the disease variable are continuous or
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categorical. Most of the examples cited so far in this chapter consider disease
as a categorical (yes/no) variable (a yes/no variable is called a dichotomous
variable). This is typically true of symptomatic disease: you either get the
disease or you don’t. However, many studies consider a continuous disease
variable, such as blood pressure or the concentration of a small protein in
the urine. In some instances continuous variables might be transformed into
categorical variables (for example, a study might define high blood pressure
as a systolic pressure greater than 140), especially when medical guidelines
suggest such cutpoints. Exposure variables may also be continuous (for
example, cadmium in the urine) or categorical (for example, welder or
nonwelder).

When both exposure and disease variables are dichotomous, then one usually
calculates the measures referred to earlier, such as a rate ratio or an odds ratio.
These categorical analyses may be stratified to control for confounding, as also in-
dicated earlier. However, when the disease and exposure are continuous variables,
typically a regression analysis (for example, linear regression) is conducted, in which
the outcome is disease and the predictors include the exposure variable as well
as any other confounder variable about which the investigator has data. One seeks
to know if the exposure is a significant predictor of disease: that is, is the regres-
sion coefficient for the exposure variable significantly different from the null value
of zero?

Mixtures of these situations may be employed. A linear regression analysis for
a continuous outcome may also be calculated with the exposure variable catego-
rized in the regression. Furthermore, even when the disease variable is dichoto-
mous, there 1s a type of regression called logistic regression in which the measure
of interest remains the odds ratio and either categorical or continuous variables
may be included as predictors.

One important feature of the analysis is the precision of the estimate of ef-
fect (that is, of the rate ratio, the odds ratio, or the regression coefficient for the
exposure variable). Large sample sizes lead to high precision, and vice versa. Pre-
cision is often presented as a confidence interval (CI), which represents a range of
plausible values for the measure of effect. Ior example, an odds ratio in a case-
control study of bladder cancer in relation to water supply (public water versus
private wells) might be 2.00, indicating that those who use public water (more tri-
halomethanes) versus private wells (fewer trihalomethanes) have a doubling of
bladder cancer risk. If the study is based on twenty cases and twenty controls, it
will have low precision, and the 95 percent confidence interval for the odds ratio
of 2.00 might be 0.50-8.00, indicating a wide range for plausible values. If the
study is based on 2,000 cases and 2,000 controls, the 95 percent confidence interval
might be 1.90-2.30, indicating a narrow range of plausible values. The precision
of the estimate is a reflection of what is called random error;, the error likely to result
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when choosing a sample of the total population of interest (all users of water in
this case).

Precision is related to statistical significance. Statistically significant usually means
that the estimate of effect is different from the null value and that the difference
1s unlikely to have occurred by chance. Typically, a finding is judged to be statis-
tically significant when the probability that the difference from the null value is
likely to have occurred by chance is .05 or less (usually stated as a p value of less
than .05). A 95 percent confidence interval that excludes the null value (for ex-
ample, the null value of 1.00 for an odds ratio, indicating no difference in risk of
disease between exposed and nonexposed) will correspond to a p value of less than
.05. Epidemiologists now prefer to express the precision of study results with con-
fidence intervals rather than p values (or statistical significance), partly because a
range of plausible values is more informative than a single test of statistical
significance.

Environmental and Occupational Epidemiology

Environmental epidemiology and occupational epidemiology do not use any spe-
cial epidemiological techniques but simply refer to areas of epidemiology defined
by the exposures involved.

Environmental epidemiology studies environmental agents to which large num-
bers of people are exposed involuntarily. This usually excludes voluntary expo-
sures to things such as alcohol, cigarettes, medications, and infectious agents
transmitted person-to-person. However, environmental tobacco smoke (second-
hand smoke) and infectious agents in water supplies would be included. Although
this definition is a bit arbitrary, and although environmental epidemiology thus
defined may sometimes overlap with other areas of epidemiology, nonetheless it
1s useful. Other examples of environmental agents (and their associated outcomes)
are radon in homes in relation to lung cancer, environmental tobacco smoke in
relation to lung cancer, arsenic in water in relation to low birthweight, chlorina-
tion by-products in water supplies in relation to bladder cancer, pesticide residues
in food in relation to cancer, particulate matter in the air in relation to cardio-
vascular disease, and lead in soil in relation to neurological deficits. These expo-
sures are often low-level and relatively homogenous across large numbers of
people, making them particularly difficult to study. Furthermore, relative risks
between those with more exposure and those with less exposure are usually low
and therefore hard to detect reliably, often requiring large sample sizes.

Environmental exposures can be thought of as contributing to either epidemics
or endemics. Fpidemics are unusual outbreaks of disease, clearly above a normal
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level. The causative agents are sometimes familiar, as in the cholera outbreaks in
Peru in the early 1990s. However, other recent outbreaks have not initially had a
known cause, including the 1981 outbreak of neuropathy in Madrid (due to an oil
contaminant), the 1993 gastrointestinal illness outbreak in Wisconsin (due to cryp-
tosporidium in the water), and the 1976 pneumonia outbreak in Philadelphia
(Legionnaires’ disease). In contrast, endemics are constant, low (background) levels of
disease that may or may not have an environmental cause. Examples are the pos-
sible contribution of radon in homes to lung cancer, the contribution of dioxin
in the diet to cancer rates, the contribution of low-level air pollution to cardio-
vascular disease, and the contribution of lead in the environment to neurological
deficits in children. Possible associations between environmental agents and back-
ground levels of disease are more and more often the subject of environmental
epidemiology, especially in developed countries, and these associations are difficult
to detect.

Occupational epidemiology is the epidemiological study of illness or injury
associated with workplace exposures. It includes, for example, a focus on the
associations between stressful repetitive motion and carpal tunnel syndrome,
welding and lung cancer, silica exposure and kidney disease, and poor office
ventilation and respiratory illness among office workers. Occupational epidemi-
ology often involves relatively high exposures in relatively small numbers of peo-
ple, often geographically isolated at a worksite. This context makes for easier
studies from a scientific standpoint (the workplace exposure is a natural experiment).
However, workplace studies also involve vested economic interests and are some-
times politically controversial. It may be difficult to gain access to the workers or
the worksite, for example.

Historically, occupational studies were carried out in the context of very high
exposures. Early studies revealed silicosis and asbestosis resulting from silica and
asbestos exposures. These earlier occupational studies were responsible for the dis-
covery of many carcinogens. For example, occupational studies have implicated
asbestos, aniline dyes, silica, nickel, cadmium, arsenic, dioxin, beryllium, acid mists,
radon gas, and diesel fumes in the causation of cancer (Steenland, Loomis, Shy,
and Simonsen, 1996; Rom, 1998). Most of these agents occur in the general en-
vironment as well, where people are exposed at much lower levels. Whether as-
sociations seen in the workplace also occur in the general environment is
controversial. For example, on the one hand it is unclear whether dioxin or diesel
fumes in the general environment cause cancer. On the other hand radon in homes
and arsenic in water are believed to be environmental carcinogens.

Today, workplace exposures to suspected toxins are much lower than in the
past, at least in industrialized countries, and they are less often the focus of oc-
cupational epidemiology. For example, occupational cancer is less commonly
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studied today, as many of the most obvious suspected carcinogens in the work-
place have already been studied and controlled. Current occupational studies more
commonly involve issues more difficult to study, such as job stress and heart disease
or lifting and back strain.

Clusters

One aspect of both environmental and occupational epidemiology that deserves
special mention is the occurrence of clusters. A cluster is an apparently elevated
number of cases of disease in a limited area over a limited period of time, sug-
gesting some common cause (Rothman, 1990); typically, the number of cases in
the cluster is small, on the order ten or twenty rather than hundreds. Clusters typ-
ically come to the attention of public health authorities, who must first determine
whether they in fact represent an unusually high occurrence of disease. This is
more difficult than it might seem, particularly for environmental clusters where
the geographic and temporal boundaries are not clear. For example, three cases
of childhood leukemia on the same street might be unusual if the denominator at
risk is taken to be all the children on that street, but three cases might not ap-
pear excessive if the boundary is the neighborhood of a dozen different streets.
Assuming investigators can determine that a cluster does represent a high rate of
disease, the next step is to determine whether there is a common cause. Finding
a common cause is more likely when the cases of disease are restricted to a spe-
cific diagnosis, such as childhood leukemia, rather than falling into a general
category, such as childhood cancer; cancer includes many diseases with many dif-
ferent causes. But even when the cases represent a narrow and specific diagno-
sis, they still will often have many possible causes, and an epidemiological study
will often not be able to pinpoint a specific cause. One reason for this is that
such a study 1s typically restricted to a small number of cases (often using a case-
control design), and the power to detect an association is therefore low, even if that
association is quite strong.

Most investigations of environmental clusters do not find a common cause
for the cluster. Caldwell (1990) summarized 108 cancer clusters investigated by
the Centers for Disease Control and Prevention and concluded that no clear sin-
gle cause was found for any of them. Similarly, Schulte, Ehrenberg, and Singal
(1987) summarized 61 occupational clusters and found that only 16 were con-
firmed, and in none was a specific cause discovered.

Nonetheless, despite the long odds, cluster investigations have historically pro-
vided important clues that have later been confirmed in larger studies. Among the
famous clusters that have led to discovery of new associations are the 1976 clus-
ter of Legionnaires’ disease cases in a hotel in Philadelphia (environmental), the
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clusters of asthma cases in Barcelona in the early 1980s that were eventually
tied to soybean dust (environmental), the 1973 cluster of angiosarcoma cases
among workers in a single vinyl chloride plant (occupational), and the 1977 clus-
ter of infertility in a plant making a pesticide called dibromochloropropane
(DBCP) (occupational). The discovery of a specific cause for a cluster is more likely
when the disease in question is extremely rare. Compared to environmental clus-
ters, occupational clusters have a somewhat higher chance of representing a com-
mon cause because they have a natural boundary (the worksite) and therefore avoid
the boundary problem inherent in environmental clusters.

Measuring Exposure

Measuring exposure with as much accuracy as possible is key to valid epidemio-
logical studies (for a fuller discussion see Chapter Four). Misclassification of di-
chotomous exposure status (exposed versus nonexposed) can severely bias results
toward the null, and mismeasurement of a continuous exposure variable also often
biases dose-response trends toward the null. In cross-sectional or prospective stud-
les current exposure can be measured more or less easily, depending on the agent
of interest. However, it is often difficult to measure exposure accurately when it
occurred in the past and must be estimated, as in case-control studies, retrospec-
tive cohort studies, and cross-sectional studies in which one wishes to assess the im-
pact of past exposures on current outcomes. Therefore we focus here on the
problem of retrospective exposure assessment. In case-control studies of bladder
cancer and drinking water, for example, subjects may be asked to remember their
pattern of drinking-water consumption over the past fifty years. In cross-sectional
studies of lead and neurological deficits in children, one may wish not only to mea-
sure current lead levels via the blood but to also assess prior exposure to lead via
its measurement in bone. In retrospective cohort studies, investigators may be
estimating past silica exposure for workers in a specific plant. As can be seen in
these examples, in some instances investigators attempt to measure external ex-
posure (water-drinking patterns, silica in the breathing zone of workers), and in
others they seek a biomarker of internal exposures (blood and bone lead). In the
following paragraphs we discuss both these scenarios.

First, let us consider more thoroughly the example of assessment of past ex-
posure to silica among workers in a retrospective cohort study. Suppose there
are some existing silica exposure measurements taken at various times during
the past twenty years for some workers in some jobs. This is a typical situation,
as exposure measurements were not routinely made in earlier periods. However,
the cohort may have been employed over the past forty or fifty years, and the
investigators may be seeking to conduct an exposure-response analysis and
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therefore require an estimate of past exposure for all workers across all jobs at
all points in time. This may not be possible at all in many retrospective cohort stud-
ies. However, in some instances it may be possible to construct a job-exposure matrix
(JEM), which is simply a cross classification of jobs and exposure levels across time.
This requires an industrial hygienist to extrapolate beyond the more recent ex-
posure data and to make a good guess about exposure further back in time, tak-
ing process changes at the plant into consideration because, typically, plants were
dirtier further back in time. The industrial hygienist will also need to group simi-
lar jobs into a small number of categories, looking for groupings for which there
are similar exposure levels and at least some past measurements. Then all work-
ers in all jobs in each category, at any given point in time, can be assigned the same
exposure level. If all this is possible, a JEM can be constructed, and all workers in
a given job at a given point in time can be assigned a level of exposure by the JEM.
This will in turn enable an estimate of cumulative exposure to silica for each
worker. Cumulative exposure is often the measure of interest for chronic disease
outcomes like silicosis, lung cancer, or kidney disease. An example of the con-
struction of a job exposure matrix is given in Figure 3.1.

An alternative to estimating external exposure 1s the use of biomarkers of ex-
posure (for example, dioxin or cotinine, a metabolite of nicotine, in the blood and
lead in bone). Such biomarkers can be useful because they measure internal
dose rather than external exposure. They may therefore take into account varia-
tion in metabolism and absorption of the external dose, possibly providing a more
accurate estimate of the biologically relevant dose that can cause disease. How-
ever, many factors may make internal dose less desirable than external exposure,
including wide individual variation, difficulty in obtaining accurate laboratory
measurements of the biomarker, and choice of the wrong biomarker in a meta-
bolic pathway in which several candidates exist for the toxin that causes disease.
Perhaps more important, in retrospective exposure assessment, few biomarkers of
exposure persist long enough to be useful.

Tor example, in a case-control study of Parkinson’s disease in which serum
1s available, it would be ideal to be able to measure past exposure to pesticides
(organophosphates and organochlorines) and also to organochlorines such as poly-
chlorinated biphenyls (PCBs). Organophosphate pesticides, thought to play a role
in chronic neurological disease partly because of their acute effects on the nervous
system, are rapidly metabolized. Therefore blood levels of these compounds can-
not be used to measure exposure beyond a few days in the past. Organochlorine
pesticides and PCBs are also of interest because they have been shown to decrease
dopamine levels in the brain in animal studies, and dopamine loss is the hallmark
of Parkinson’s disease. Organochlorines have half-lives that are measured in years.
Some may be measured routinely in the serum long after exposure has ceased,
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FIGURE 3.1.

JOB-EXPOSURE MATRIX FOR A RETROSPECTIVE

COHORT STUDY OF 4,626 SILICA-EXPOSED WORKERS.
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4,269 silica exposure
measurements,

19741996, 125 silica measurements, 1946.
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Group all measurement into 10
big job categories (quarry, big job categories (quarry,
crushing, milling, drying, crushing, milling, drying,

bagging, loading, and so forth).

Group all measurement into 10

bagging, loading, and so forth).

Combine data, and create linear regression model to estimate
the average level of exposure for each job category and the
change in exposure levels over time.

|

Use predicted values from linear regression model to create a
JEM in which each job category and each year has an
estimated exposure level.

l

Use work history for each worker to assign him to one of the 10
big job categories, for each job held throughout his employment.
Then combine work history for each worker and JEM to estimate

exposure for each worker for each year he was employed.

|

Results: geometric mean exposure across all jobs dropped from 78 pig/m3 in 1946 to
51 pg/m3in 1974 to 12 pg/m3 in 1988 (National Institute for Occupational Safety
and Health [NIOSH] recommended level is 50 plg/m3). Highest exposures were
found in the job category “bagging” (geometric mean 60 Lg/m3); lowest in
“administration” (4 lg/m?3) and “quarry” (10 pg/m3).

Source: Adapted from Steenland, Sanderson, and Calvert, 2001; Sanderson, Steenland, and

Deddens, 2000.

and therefore this measurement may be more useful in detecting exposures above
background level. DDE, for example, the principal metabolite of the pesticide
DDT, can be measured today in the serum of most of the U.S. population even

though DDT use was phased out in the 1970s. In contrast many other organochlo-

rine pesticides phased out at the same time, such as dieldrin and aldrin, have
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shorter half-lives and are nondetectable in most of the U.S. population. PCBs were
also phased out in the 1970s. The heavier PCBs (more highly chlorinated) can be
measured in older Americans, but the lighter ones are usually nondetectable.

Another important example is lead, often measured in the blood, where its
presence reflects exposure over the previous two or three months. However, lead
also accumulates in the bone, where it provides a good measure of cumulative ex-
posure over time, even long after exposure ceases. This has been important in mea-
suring the association between lead and neurological deficits in children. This
subject has been controversial for several reasons. Most studies are cross-sectional,
and current blood lead levels may not reflect past exposure. Lead and SES are
closely related, and SES in turn 1s closely related to performance on cognitive tests.
Lead in teeth shed by children has been useful in establishing prior lead exposure
and can act as a measure of the levels of exposure in groups that are identical in
SES. Similarly, bone lead, measured by radiographic techniques, has been im-
portant in studies of past lead exposure in adults in relation to blood pressure and
other long-term effects of lead.

Boxes 3.1 and 3.2 present detailed examples of occupational and environ-
mental epidemiology studies.

Box 3.1. Occupational Epidemiology: An Example

We will use the example of the retrospective cohort study of silica-exposed workers,
introduced earlier, to review and expand on the concepts we have been discussing. It
has long been known that silica causes silicosis, a nonmalignant respiratory disease.
This cohort presented two additional outcomes of interest, lung cancer and kidney
disease (Steenland, Sanderson, and Calvert, 2001; Steenland and Sanderson, 2001).
There was considerable debate about whether silica could cause these diseases.

There were 4,626 workers in the cohort, exposed to silica while producing indus-
trial sand from the 1940s to the 1980s. The average length of exposure was nine years.
Complete work history on these workers was obtained from company personnel
records, which also provided information on social security numbers, birth dates, race,
and sex. The cohort was 99 percent male. Follow-up began at the time of first expo-
sure and continued through 1996. Cause of death, needed to determine who died of
lung cancer, was obtained from death certificate information, using the National Death
Index, a national registry of deaths. In addition to lung cancer mortality, incidence of
nonmalignant kidney disease was studied by matching the cohort with a national
registry of patients with end-stage kidney disease. (These are patients whose kidneys
have failed; in the United States the government pays for the expensive treatment, ei-
ther dialysis or transplant, for these patients. As a result there is a national registry of
end-stage kidney patients, virtually the only national disease registry in the United States.
Other countries have many such national registries, facilitating epidemiology.)
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The silica-exposed workers cohort was dynamic; workers could enter the cohort
at any time and exit at any time. Exit occurred at death or at the end of the study in
1996. Note that these workers were followed and were at risk of lung cancer and
kidney disease after they left work. For acute outcomes, such as work-related injuries,
the follow-up period may end when employment ends. Because these workers were
followed for different amounts of time, the investigators studied lung cancer rates
(rather than risks) in the exposed cohort, so that the denominator was person-time
rather than people.

The comparison population was the U.S. population, with stratification used to
control possible confounding by age, race, sex, and calendar time. Lung cancer death
rates for the United States were available from national vital statistics. U.S. kidney dis-
ease incidence rates are available from the same U.S. registry of end-stage kidney
disease used to determine who in the cohort had had kidney disease.

There were 109 deaths from lung cancer, with 68 deaths expected, resulting in a
rate ratio of 1.60 (95 percent Cl: 1.23-1.93). The workers had a 60 percent higher
lung cancer death rate than the U.S. population of similar age, race, and sex. Given
that workers smoke more than the general population and that smoking is by far the
most important known risk factor for lung cancer, one might question whether the ex-
cess lung cancer rate was due to smoking or to silica. Limited smoking data on 346
men were available from the cohort for the years 1978 to 1989. (Such limited data are
typical for retrospective studies based on company personnel records.) These data in-
dicated that among cohort members aged twenty-four to sixty-four, 24 percent were
never smokers, 41 percent were current smokers, and 35 percent were former smok-
ers. The corresponding percentages for the U.S. male population aged twenty-five
to sixty-four in the 1980s were 37 percent, 35 percent, and 28 percent. These smok-
ing differences would be expected to account for an approximately 10 percent higher
lung cancer rate among silica-exposed workers as compared to the U.S. population,
suggesting that silica exposure rather than cigarette smoking was responsible for most
of the observed 60 percent higher lung cancer rate among the workers.

Twenty-three cases of end-stage kidney disease occurred in the cohort versus
11.7 expected for the U.S. population of similar age, race, and sex (rate ratio: 1.97;
95 percent Cl: 1.25-2.06).

The availability of exposure estimates enabled the study investigators to con-
duct detailed exposure-response analyses, which were important in assessing causal-
ity as well as quantitative risk. Exposure-response data for lung cancer, silicosis, and
kidney disease are shown in Table 3.1, in relation to estimated cumulative exposure to
silica. Cumulative exposure was divided into quartiles for analysis, and male workers
in the lowest quartile served as the comparison population (rate ratio: 1.0). For lung
cancer, cumulative exposure was estimated using a fifteen-year lag, under the as-
sumption that the last fifteen years of exposure before the end of follow-up would not
be the cause of the lung cancer seen at the end of follow-up (that is, allowing for a
fifteen-year latency period). All three outcomes show a positive trend in rate ratios with
increased cumulative exposure, strengthening the case for causality. Silicosis deaths
are included as a kind of validity check on the exposure estimates, because they would
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TABLE 3.1. RATE RATIOS FOR LUNG CANCER MORTALITY, SILICOSIS
MORTALITY, AND END-STAGE KIDNEY DISEASE INCIDENCE
IN A COHORT OF 4,626 SILICA-EXPOSED WORKERS.

Exposure Levels

Lowest Highest
Outcomes Quartile Quartile 2 Quartile 3 Quartile
Lung cancer 1.00 0.78 1.51 1.57
(15-year lag) (17 deaths) (21 deaths) (20 deaths) (16 deaths)
End-stage 1.00 (2 cases) 3.09 (5 cases) 5.22 (6 cases) 7.79 (5 cases)
kidney disease
Silicosis 1.00 (1 death) 1.22 (2 deaths) 2.91 (4 deaths) 7.39 (7 deaths)

Source: Data from Steenland, Sanderson, and Calvert, 2001; Steenland and Sanderson, 2001.

be expected to show a positive trend (note that although the numbers of silicosis
deaths are small, many more workers had silicosis than died from it). The probabilities
that the observed positive linear trends in lung cancer, end-stage kidney disease,
and silicosis occurred by chance (trend tests) were .07, .0004, and .00001.

Box 3.2. Environmental Epidemiology: An Example

Studies of recreational water quality provide an interesting example of many of the
principles and challenges of environmental epidemiology. The number of gastroen-
teritis outbreaks associated with recreational water exposure has been steadily in-
creasing since 1989 (Lee and others, 2002) and has prompted closer examination of
the risk factors leading to both endemic and epidemic waterborne disease associ-
ated with exposure to recreational waters (also see Chapter Eighteen). Many epi-
demiological studies of recreational water quality and gastrointestinal illness have been
conducted (reviewed in Pruss, 1998; Wade, Pai, Eisenberg, and Colford, 2003). The
basic research approach is typically a cohort study. Swimmers and nonswimmers are
recruited into the study at a recreational water site and are interviewed about their
swimming exposure on that day. Water samples may be collected. Participants are later
interviewed regarding disease incidence following the swimming, and swimmers are
compared to nonswimmers.

Gastroenteritis is the most common adverse health outcome due to water cont-
amination and has been the most frequently studied. Most studies have collected data
on self-reported symptoms by means of a standardized questionnaire or interview. The
exposure of interest is water with fecal contamination, because of the fecal-oral
transmission route of enteric pathogens.
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Misclassification or mismeasurement of exposure is likely to be the most common
problem in these studies and can be due to error in assessing water quality (owing
to the use of poor microbial indicators or poor water sample storage and analyses)
or to error in classifying the degree of individual water contact. These biases are likely
to be random and nondifferential, biasing results toward the null.

Selection bias may occur in several ways. Recruitment of the study population at
a beach may result in a study population that is not representative of the general pop-
ulation. For example, regarding external validity, tourist populations at a beach may
have higher attack rates than local populations have, affecting the generalizability of
results. Regarding internal validity, selection of a nonexposed group that systemati-
cally differs from the exposed group may cause bias that cannot be corrected by con-
trolling for measured confounders in the analysis. There is a debate whether the
nonexposed group should be nonswimmers or swimmers in cleaner water.

Confounding may occur, for example, due to exposures to enteric pathogens
through alternative routes (food and drink) or due to socioeconomic factors that may
be related both to exposure and to disease. Seasonality and water temperature
may also act as confounders if the study takes place over different seasons or over
different days with different water temperatures.

A recent study by Haile and others (1999) illustrates these concepts. The purpose
of this study was to examine the risks of gastrointestinal illness associated with
swimming in marine waters that received untreated runoff from storm drains in Santa
Monica Bay, near Los Angeles. The specific study questions were

“Are there different risks of adverse health outcomes among subjects swimming
at different distances from the storm drains?”

“Are risks of specific health outcomes associated with the concentration of
specific bacterial indicators of water quality or with the presence of enteric
viruses?”

The study team interviewed subjects at three Santa Monica Bay beaches. These
beaches had a wide range of microbial indicator counts and high swimmer density.
A total of 22,085 subjects were interviewed between June 25 and September 14, 1995,
and 17,253 of them were eligible and able to participate. Subjects were eligible if they
had a telephone, spoke English or Spanish, and had not been swimming at the study
beaches or in heavily polluted areas within the seven days before the beach interview.
A total of 15,492 subjects (90 percent of the eligible subjects) agreed to participate in
the study and were asked to provide information about their age, residence, and swim-
ming experience on that day (whether they swam and if so where, and whether they
immersed their heads into the water). The locations of the storm drains were identified,
and the interviewer categorized the swimmer’s location by distance from the storm
drains (the categories were 0, 1-50, 51-100, and 400 yards from a drain) and noted
gender and race of each subject. Follow-up interviews were conducted by telephone
nine to fourteen days after the beach interview and asked about the occurrence of
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fever, chills, eye discharge, earache, ear discharge, skin rash, infected cuts, nausea,
vomiting, diarrhea, diarrhea with blood, stomach pain, coughing, nasal congestion,
and sore throat. Highly credible gastrointestinal illness (HCGI) was defined as having one
or more of the following: (1) vomiting, (2) diarrhea and fever, or (3) stomach pain and
fever. The investigators were able to contact 13,278 subjects (86 percent) for follow-
up interviews. During these interviews, 1,485 subjects were excluded because they
swam at a study beach or in heavily polluted waters between the day of the beach in-
terview and the telephone follow-up and it would not be possible to determine
whether any symptoms they reported at the interview were due to their exposure
on the day of the beach interview (when the water quality was measured) or due to
subsequent exposures. An additional 107 subjects were excluded because they did not
immerse their faces in the ocean water during swimming.

Water samples were collected on the same days that subjects were recruited at
the beaches. Samples were collected from each exposure category location (distance
from drains) and were analyzed for commonly used microbial indicators of water qual-
ity: total coliforms, fecal coliforms, enterococci, and E. coli, using standard membrane
filtration techniques. Additional water samples were collected on weekends from three
storm drain sites and analyzed for culturable enteric viruses.

Because the study population was restricted to swimmers, the analyses compared
symptom rates and HCGI rates among groups of swimmers: comparing swimmers
>400 yards away from the storm drains to swimmers closer to the storm drains and
comparing swimmers in waters with different prespecified levels of microbial indica-
tors. For example, enterococci exposure categories were set to =35 colony forming
units (cfu) per 100 ml (the EPA guideline for marine recreational water; U.S. EPA, 1986),
35-104 cfu/100 ml, and >104 cfu/100 ml. The investigators reported that distance
was a “reasonably good” surrogate for bacterial indicator levels and that higher con-
centrations of indicators were observed near the storm drains (although these data
were not shown). All analyses adjusted for the following potential confounders: age
(categorical), sex, beach, race, place of residence (California versus out of state), and
concern about potential health hazards at the beach (categorical).

The rates of several symptoms and HCGI (331 cases) were higher among people
who swam near the drains compared to the rates for those who swam at least
400 yards away from the drains. The adjusted relative risks ranged from about 1.2
for eye discharge, sore throat, and HCGI to 2.3 for earache. Positive associations were
also observed between various symptoms and higher levels of specific microbial indi-
cators. Swimmers within 50 yards of the storm drains on days when enteric viruses
were detected in the water samples (386 swimmers) reported elevated rates of HCGI
and several other symptoms compared to the rates for those who swam near the storm
drains on days when enteric viruses were not detected (3,168 swimmers). Adjusted
relative risks ranged from about 1.2 for cough, diarrhea, and chills to 1.9 to 2.3 for eye
discharge, vomiting, and HCGI. However, there were no clear dose-response pat-
terns across increasing levels of microbial indicators, and none of the elevated rela-
tive risks was statistically significant. The investigators concluded that the strength and



Epidemiology 65

consistency of the associations they observed across several measures of exposure sug-
gest that there is an increased risk of adverse health effects associated with swim-
ming in marine waters that receive untreated urban runoff, despite the lack of
dose-response patterns (possibly due to misclassification of exposure) and the lack
of statistical significance.

Although this study had the advantage of a large sample size, it seems likely that
there were problems with misclassification of exposure. No data were provided on the
results of the microbiological analyses of the beach water. What was the range of water
quality to which study subjects were exposed? How much variation was there between
water samples taken at different locations from a single beach on a single day, and how
well do these samples reflect the water quality to which a swimmer is actually exposed
at the location and time he or she is swimming? There can be substantial temporal and
spatial variations in water quality, especially open bodies of water with currents. How
frequently were high levels of microbial contamination measured, and how closely did
that reflect the presence of fecal contamination and microbial pathogens?

There may have been individuals in the low-exposure reference group (those who
reported swimming at the greatest distance from the drains) who may have been
exposed to high levels of pathogens either because they swam near the drains with-
out observing that they did so or because water currents had moved slugs of conta-
minants to the area where they were swimming. It is also possible that classification
of exposure on the basis of bacterial indicator organisms, especially total and fecal co-
liforms, is a poor surrogate for exposure to viral and protozoan pathogens that move
differently and persist longer in the aquatic environment. Several previous studies have
reported no significant relationships between symptom rates and fecal indicator bac-
teria, and Pruss (1998) asserts that the use of microbial indicators is one of the major
sources of bias in epidemiological studies of recreational water quality and health. In
the study discussed here, Haile and others (1999) attempted to measure enteric viruses
but did not show any data on how frequently they detected viruses in the water sam-
ples or on the efficacy of their virus detection methods. Detecting enteric viruses in
environmental water samples is difficult.

A recent meta-analysis of twenty-seven studies of recreational water quality and
gastrointestinal illness concluded that despite significant heterogeneity among the stud-
ies, the results generally supported the EPA guideline levels for E. coli in freshwater
and enterococci in marine waters (Wade, Pai, Eisenberg, and Colford, 2003). The au-
thors noted that the studies that reported elevated relative risks tended to be those that
used a nonswimming control group, focused on children, or used study populations
from athletic or other recreational events instead of populations recruited at a beach.
This observation shows how study design features can affect the observed association
between water quality and gastrointestinal illness, presumably by introducing selection
biases affecting either external or internal validity. Wade, Pai, Eisenberg, and Colford
(2003) argue that if measuring the risks associated with swimming is the goal of the
study, then nonswimmers are the appropriate control group and that using a control
group of swimmers may underestimate the risk of recreational water contact and result
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in regulatory guidelines that are too high (lenient). Nonswimming controls used by
other studies have been family members or others at the beach who did not swim (par-
ents and so forth), bystanders at or organizers of athletic or recreational water events,
or participants in a related recreational event that did not include swimming (Wade,
Pai, Eisenberg, and Colford, 2003). However, Haile and others (1999) defended their
use of a swimming control group (those who swam >400 yards away from the storm
drains or those in the lowest bacterial indicator exposure category) on the grounds that
restricting the study to swimmers reduced the potential for confounding (that is, sub-
jects who swim are different from subjects who choose not to swim). Future studies
could attempt to collect more information on swimmers and nonswimmers in order to
ensure that these groups have similar age distributions and risk factors.

Epidemiology and Risk Assessment: Determining Permissible
Levels of Exposure

The results of occupational and environmental epidemiological studies can affect
public health by alerting policymakers to new hazards and possibly by triggering
regulations about permissible levels of exposure. Sometimes a single large and
definitive study is deemed sufficient to change public policy, but in other instances
regulators want to see the study’s results replicated (recall Hill’s criterion of con-
sistency). When a number of studies point in the same direction, public authori-
ties are more likely to act.

In the past, qualitative literature reviews were used to summarize the evidence
across many studies. Today one is more likely to see a quantitative meta-analysis that
provides a weighted average of quantitative results across studies. Meta-analyses
were originally used to examine results of clinical trials, but they have been used
extensively for observational studies in the last decade. Meta-analyses can combine
results from different study designs: for instance, rate ratios from cohort studies and
odds ratios from case-control studies. For example, a meta-analysis may give a
weighted average of lung cancer rate ratios or odds ratios across many studies of
silica and lung cancer (actually, the logarithms of the ratio measures are used and
then converted back to the original scale at the end). The weights are typically the
inverse of the variance of each study’s result; this means that the largest studies
with the narrowest confidence intervals, those that are estimated more precisely, will
have the lowest variance and the most weight.

Meta-analyses do not require access to the original study data; results from
the published literature can be used. A variant method of summarizing data
across studies is a pooled analysis, in which the raw data for each study are ob-
tained and the combined data are then reanalyzed. Pooled analyses are much
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more time consuming but have the advantage of providing more flexibility in
the analysis.

Meta-analyses are most often done to determine a common ratio measure
(such as a rate ratio) of disease rates in the exposed versus the nonexposed. How-
ever, they may also be done to determine a common exposure-response coeflicient
across a number of exposure-response analyses.

Exposure-response analyses are of particular interest to public health
authorities who seek to determine a permissible exposure level for the public or
for workers. The determination of a permissible exposure level relies on risk as-
sessment (discussed in detail in Chapter Thirty-Two). Risk assessment may be
based on animal data or human data. The former requires extrapolation from an-
imals to humans, and hence involves a considerable amount of uncertainty. For
this reason human (epidemiological) data are preferred, but they may not exist
for the agent in question. When epidemiological data do exist, results giving the
increased rate of disease per unit of exposure (exposure-response data) for an
exposed population must typically be converted to the excess risk of disease over
a lifetime for an individual exposed to a specific agent. The level of exposure that
limits excess lifetime risk to a specific level, typically somewhere in the range of
1 1n 100,000 to 1 in 1,000, is then determined to be permissible. For workers the
Occupational Safety and Health Administration (OSHA) typically seeks to limit
risk to 1 in 1,000, a higher risk than is usually accepted by the EPA, under the
assumption that workers voluntarily accept a somewhat higher risk. The conver-
sion of rates to risk can be done with simple formulas.

There are often two issues of particular concern to risk assessors working
with epidemiological exposure-response models. The first is the shape of the
exposure-response curve. When data are sparse, or sometimes even when they
are not, it may be difficult to choose between competing models that have very
different consequences for permissible limits. Typical questions involving model
selection might be whether the exposure-response shows a linear increase in
disease rates per unit of exposure, whether or not there is a threshold below which
there 1s no risk followed by an increase, or conversely, whether there is a cutpoint
above which disease risk begins to flatten out or even decrease. The threshold
question usually involves the nature of the exposure-response relationship in
the low-dose region, where there may be few data. This question often occurs
when occupational epidemiological studies (involving high exposure) are used
in risk assessment for general environmental exposures (to diesel fumes, dioxin,
asbestos, and so forth).

Tor example, a risk assessment in which these issues occurred examined can-
cer subsequent to dioxin exposure, based on a study of 3,538 workers (Steenland,
Deddens, and Piacitelli, 2001). Most workers were exposed to dioxin several orders
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of magnitude above typical environmental levels, raising questions about the
extrapolation of results to low-dose levels. However, there were some data in
the low-dose range, allowing some confidence in such an extrapolation. A model
using the log of cumulative exposure produced estimated risks in the low-dose
region that were ten times higher than the risks that the linear model predicted
in that region. A doubling of background levels in the serum (10 parts per tril-
lion [ppt] versus 5 ppt), such as might occur due to high fish consumption (dioxin
intake in the general public is due primarily to the diet), resulted in an increase
in lifetime risk of cancer mortality of about 0.9 percent using a model with the log
of cumulative exposure and of about 0.05 percent using a linear model. The back-
ground risk of death from cancer by age seventy-five is 12 percent for males and
11 percent for females.

Conclusion: Future Directions in Environmental
and Occupational Epidemiology

Occupational epidemiology is becoming less concerned with exposures to toxins,
which are less and less prevalent in the workplace. Instead, interest has focused
more on exposures that affect a large number of workers. One such exposure is
job stress, which 1s difficult to measure but may have large consequences via
increasing blood pressure or cardiovascular disease. Results to date for a link
between job stress and blood pressure are tantalizing but far from conclusive;
potential confounding by socioeconomic status is a major issue in studies of job
stress. Shift work and noise exposure are related exposures that may result in stress
and increased blood pressure. Another related exposure is the loss of employment,
which may in turn increase stress.

Another area of large concern is ergonomics. Musculoskeletal injuries such
as low back pain and carpal tunnel syndrome are extremely common in the work-
place and result in a large economic burden of disability. Epidemiological studies
relating specific work practices to these musculoskeletal outcomes are difficult to
design and conduct. Nonetheless, the evidence to date clearly implicates forceful
repetitive motion in carpal tunnel syndrome. The epidemiological evidence for
low back pain is somewhat less conclusive but also points to awkward lifting
postures as a contributor.

When toxins do continue to be of concern in the workplace, epidemiolo-
gists are increasingly concerned with risks of subclinical outcomes among the
exposed workers, outcomes that may or may not have long-term consequences.
Examples of these outcomes are cytogenetic changes such as sister-chromatid
exchange and chromosomal aberrations (future cancer risk?), excess small protein
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in the kidney (future kidney disease?), and the presence of autoantibodies in the
serum (future autoimmune disease?).

Another trend is the assessment of gene-environment interactions. For
example, subjects with high levels of PCBs in their serum may be at risk for
Parkinson’s disease only if they have a certain genetic polymorphism.

These trends are occurring primarily in developed, industrialized countries
(where epidemiology is more commonly practiced). In less developed countries large
numbers of people are still experiencing very high levels of exposure to classic oc-
cupational toxins. In many of these situations what is needed is hazard surveillance
and control rather than new epidemiological studies.

One problem that affects occupational epidemiology in the United States, and
to some extent all countries, is the increasing difficulty of conducting workplace
studies at all. In many instances permission from the employer is required, and the
spread of market economies, coupled with the relative weakness of organized labor,
has meant decreased emphasis on workplace health and safety and increased
difficulty in conducting occupational studies.

As for environmental epidemiology, low-level exposure to common toxins con-
tinues to be of interest in determining whether such exposure contributes to back-
ground endemic disease rates. Arsenic in the water, PCBs in the diet, mercury in
the air, and small particulates in the air are just a few of the agents of interest. The
difficulty of conducting conclusive epidemiological studies of such agents and
the potentially large public health consequences continue to lead to increasingly
sophisticated studies. In addition to these by now classic problems, newer issues
are arising. Global warming is now largely accepted as a real trend by the scien-
tific community (see Chapter Eleven). However, the health effects of such warm-
ing have yet to be documented. Indeed, it is not clear what the endpoints are for
such studies (the presence of malaria in previously unaffected regions?), and often
the appropriate study designs may not be apparent. Lack of a protective ozone
layer in certain parts of the world is another recent issue. Other issues are even
newer, such as how to measure the health effects of an urban environment with
more parks and less pavement (see Chapter Twenty-Seven).

Thought Questions

1. Suppose you want to determine whether dioxin causes cancer in humans. (It
is a strong animal carcinogen.) Dioxin was a contaminant of some herbicides
commonly used in the past in the United States and also in Vietnam during
the Vietnam War. These herbicides have not been made since the 1970s. How-
ever, dioxin persists in human tissues for a long time (half-life is seven years). It
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can be found in the blood in very low levels in the general population (largely
from dietary consumption of low levels), and in high levels in Air Force per-
sonnel who sprayed herbicides in Vietnam, and in high levels in workers who
made the herbicides. What population might you study? Who would be the
exposed and who the nonexposed, and how would you define or measure “ex-
posure”? How would you measure cancer occurrence? What study design
would you use?

. Suppose you want to study whether environmental tobacco smoke (E'TS)

causes heart disease. E'T'S exposure occurs among both smokers and non-
smokers who are around tobacco smoke. However, smokers have much higher
levels of chemicals from cigarettes than do nonsmokers who are exposed to
ETS. In what population would you choose to study ETS? Who would be
the exposed and who would be the nonexposed? How would you measure ex-
posure? What would be your heart disease outcome and how would you
measure it? What would be your study design?

. Werely onboth human evidence (from epidemiology) and animal evidence (from

toxicology) to clarify the health effects of toxic exposures. Although each provides
valuable information, each has advantages and disadvantages. Please compare
and contrast the two kinds of evidence and explain their relative merits.
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EXPOSURE ASSESSMENT, INDUSTRIAL
HYGIENE, AND ENVIRONMENTAL
MANAGEMENT

P. Barry Ryan

his chapter introduces a set of concepts and activities that are at the core

of environmental health: recognizing, measuring, and ultimately controlling
hazardous exposures. Our account begins with industrial hygiene, a technical field
that evolved in industrial workplaces. Then it moves beyond industrial hygiene to
describe a modern field active both in the workplace and the general environ-
ment: exposure assessment.

Industrial hygiene and exposure assessment share a common task: quanti-
fying hazardous exposures. This task is relevant both to public health prac-
tice and to research. In public health practice, quantifying exposures helps
people to assess potential problems, direct preventive efforts and check their
success, and monitor compliance with regulations. Quantifying exposures is
also essential in research, because it allows investigators to quantify the asso-
ciation between the exposures and health outcomes. Knowing, for example,
that carbon monoxide is an asphyxiant is only so useful. Knowing how much
carbon monoxide exposure can be tolerated and how much is dangerous,
and knowing how to measure the exposures where and when they occur,
enables us to understand the biological effects more completely, identify ac-
ceptable levels and set standards accordingly, and monitor environments to be
sure they are safe.

But even though they share a common task, industrial hygiene and exposure
assessment differ in an important way. Industrial hygiene has traditionally moved
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beyond measuring exposures to controlling them. An industrial hygienist in a
factory would typically monitor air levels of, say, hazardous solvents, and if they
were excessive in a particular part of the factory, she or he would implement
controls, such as substituting a safer solvent, upgrading the ventilation system, or
providing personal protective equipment for affected workers. An exposure
assessor, in contrast, would specialize only in measuring and quantifying expo-
sures (often in a research setting), and responsibility for controlling excessive
exposures would rest with other professionals.

Anticipation, Recognition, Evaluation, and Control

Industrial hygiene has been defined as the . . . “science and art devoted to the
anticipation, recognition, evaluation, and control of those environmental fac-
tors or stresses arising in or from the workplace that may cause sickness, im-
paired health and well-being, or significant discomfort among workers or among
citizens of the community . . . ” (American Industrial Hygiene Association,
quoted in Plog, Niland, and Quinlan, 1996, p. 3). Industrial hygienists are the
professionals who manage workplace risks, together with allied professionals
such as occupational physicians and nurses. Industrial hygiene has been prac-
ticed in the United States for almost 100 years. Historically, the profession’s par-
adigm was summarized as “recognition, evaluation, and control,” but in recent
years this has been expanded to “anticipation, recognition, evaluation, and con-
trol.” Under this paradigm the industrial hygienist aims to predict and then
recognize hazards in the workplace, measure the magnitude of exposure, and
implement appropriate control strategies. Koren and Bisesi (1996) have devel-
oped concise definitions of each part of this paradigm. They define anticipation
of occupational hazards as “proactive estimation of health and safety concerns
that are commonly, or at least potentially, associated with a given occupational
or environmental setting” (p. 471). Recognition of occupational hazards is the
“identification of potential and actual hazards in a workplace through direct
inspection” (p. 471), which emphasizes that empirical observation is at the
heart of industrial hygiene. Evaluation includes measuring exposures through
“visual or instrumental monitoring of a site” (p. 472). Finally, control is the
“reduction of risk to health and safety through administrative or engineering
measures” (p. 473). Industrial hygiene is by its nature a field discipline, and
industrial hygienists spend much of their time in workplaces, observing, mea-
suring, and problem solving. As they do so, each element of the paradigm is part
of their approach.
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Anticipation

Anticipation may be viewed as the pre-preliminary assessment before going into the
field. Prior to visiting a workplace the industrial hygienist typically receives some
information about it, such as the history of the site, the manufacturing processes
in place, the job titles employed, and the chemicals in use. Given this information
and a general knowledge of the industry, the hygienist can develop a prelimi-
nary list of potential health and safety hazards, including those confined to the
workplace (occupational hazards) and those that may migrate over the fence line
to nearby rivers, woodlands, or communities, becoming environmental hazards.

Industrial hygienists divide occupational hazards into two focus areas: safety
and health. Examples of safety hazards are insufficient emergency egress, slippery
surfaces and other risks of trips and falls, and chemical storage that poses a fire or
explosion risk. Moving machinery, unguarded catwalks, and moving vehicles such
as forklifts come under this safety hazard heading. Although these concerns are
also the domain of a related profession, safety engineering, many industrial hygien-
1sts handle safety concerns as part of their job, especially at smaller facilities where
they need to be jacks of all trades.

Health hazards in the workplace are highly varied. They may include physical
hazards, such as high noise levels, elevated temperatures and humidity, and radia-
tion. Physical hazards may also include repetitive motion such as typing or hand
tool use, which can increase the risk of work-related musculoskeletal injuries such
as shoulder pain or carpal tunnel syndrome. Chemical hazards can result from many
workplace processes and may be acute or chronic. Acute high-level exposures to
certain highly toxic chemicals, such as chlorine gas, may result in acute and chronic
health effects, disability, and even death. Such events must be clearly anticipated
and controlled. More common are long-term exposures leading to chronic effects.
Some effects, such as neurological damage from solvent exposure, have been well
established through occupational epidemiological investigations. For example,
long-term exposure to benzene increases the risk of bone marrow dysfunction and
aplastic anemia, a blood disease characterized by reduced amounts of several lines
of blood cells. Other examples are the increased risk of asbestosis in asbestos work-
ers, silicosis in foundry workers, and lung cancer in uranium miners.

In modern industrial hygiene the industrial hygienist is often called on to an-
ticipate environmental hazards as well as those in the workplace. Environmental haz-
ards may endanger safety (as when a chlorine tank ruptures and neighbors are
exposed to toxic gas), health (as when a plume of organic wastes from improper
disposal at a factory contaminates groundwater and enters people’s wells), and wel-
fare (as when smokestack emissions damage nearby trees or homes). Environmental
effects may also include ecological damage (as when the oxygen-carrying ability of
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a local water supply is harmed) and economic damage (as when industrial
discharges contaminate nearby land with heavy metals, industrial solvents, or
pesticides, to the point that the land can no longer be used for residential or recre-
ational purposes). The industrial hygienist should anticipate such possibilities and
design a preliminary investigation to address such concerns. This may include re-
viewing many aspects of a factory’s operations. For example, if records or employee
interviews suggest that hazardous materials were stored inappropriately in years
past, then these materials may have seeped into the ground and migrated off site,
contaminating groundwater. The hygienist who suspects widespread contamina-
tion may consult an environmental specialist with expertise in environmental
exposure assessment.

Boxes 4.1 and 4.2 present examples of evaluations performed by an industrial
hygienist, emphasizing the opportunities to anticipate hazards. These examples
show that even with minimal information, the industrial hygienist can anticipate
hazards and devise a reasonable plan of attack prior to visiting a facility. This strat-
egy requires examining all available information before visiting the site: the
industrial process description, the job titles of workers in the facility, the chemicals
in use at the facilities (often available on material safety data sheets), and the history
of the site. With this information in hand, the industrial hygienist can develop a
list of potential health and safety hazards, perhaps in checklist form to permit the
recording of observations during her or his walk-through visit. During this plant visit,
unanticipated hazards may of course become apparent as well.

Box 4.1. An Electronics Manufacturing Facility

An industrial hygienist is asked to evaluate an electronic manufacturing facility and
to focus on occupational hazards. She is told of several operations performed at this
workplace that may have health impacts. Solvent degreasing (to clean metal pieces)
and acid etching may expose workers to chemicals, various machines and cutting tools
are in use, and some workers perform repetitive operations with their hands and arms.

Solvents such as trichloroethylene, acetone, and stoddard solvent are used ex-
tensively for degreasing in industry. Most facilities have a single room in which these
materials are used. The industrial hygienist, taking a prudent approach, anticipates
the potential in this room for spillage, respiratory exposure (perhaps due to inadequate
ventilation), and skin contact (perhaps due to improper handling or inadequate per-
sonal protective equipment). Further, on-site storage areas for solvents may result in
occupational exposure and, over time, contamination of the surrounding environment.
The industrial hygienist plans for close inspection of solvent use and storage areas
in this facility. Her anticipated concerns with acid-etching activities are similar, even
though the occupational and environmental outcomes are likely to be different. The
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industrial hygienist is also concerned with the specific activities associated with acid
etching, the storage of used materials and acids on site, and the potential for envi-
ronmental contamination and effects.

At least some workers perform repetitive operations as part of their jobs. The in-
dustrial hygienist anticipates problems associated with such activities. She arranges to
observe the repetitive activities to assess the potential for associated musculoskeletal
damage. This will be an essential part of the walk-through she does at the facility.
Similarly, she plans to inspect machine operations for electrical safety, the presence of
unguarded cutting edges, risks of crush injury, and so on.

The industrial hygienist will also review administrative procedures that may bear
on risk. Are workers trained in safety procedures? Do records of injuries on the job sug-
gest that injuries are excessive in this facility? Are chemical inventories carefully tracked
and accounted for?

Finally, the industrial hygienist anticipates that there may be hazards not men-
tioned in the initial request, hazards of which the company may be unaware or that
personnel may take for granted. Examples are safety hazards involving fire exits, fire
potential, and potential for trips and falls. Her walk-through visit will include attention
to all such hazards.

This facility may be looked on as a prototype of an industrial manufacturing setting.
In such a case the industrial hygienist may visit the facility with a checklist of potential
or expected hazards. Some of the potential hazards may be present in a specific situa-
tion, others may be absent, and still others may be controlled. Only direct inspection
(or evaluation, as discussed later in this chapter) can lead to a direct conclusion about
control strategies.

Box 4.2. Leaking Underground Storage Tanks
at an Old Gas Station

An industrial hygienist is asked to evaluate an abandoned gas station in a residential
setting where, he is told, gasoline and oil leakage has been noted. Further, he is told
that there is housing nearby and associated with this housing is a drinking-water
well field that supplies drinking water for some part of the local area. How does he an-
ticipate potential hazards in such a situation?

This is not a classical industrial hygiene problem, but more and more industrial
hygienists are seeing such problems in their daily work. The facility is no longer in op-
eration and therefore does not have any occupational hazards associated with it; its
hazards are now in the realm of environmental hygiene. Because of this, the industrial
hygienist may wish to contact an environmental consultant for added insight. How-
ever, the industrial hygienist can identify numerous anticipated hazards.

Judging by the information given to the hygienist, the most important consider-
ation is the leakage of gasoline and oil from the facility. It is critical then for him to
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evaluate the magnitude of the leakage and determine how long this leaking has been
going on. Underground storage tanks may leak undetected for months or even years.
Because housing and a superficial well field are close to the location, such leakage has
the potential for serious environmental consequences, such as property damage, well
contamination, and even closure of the wells. The industrial hygienist therefore pre-
pares to evaluate the extent of the contamination upon reaching the site. Has the con-
taminant plume migrated off site? If so, how far? Are homes in danger? Is there
sufficient hazard to merit evacuation and immediate cleanup? Has the well field been
affected? If so, are all the wells contaminated? Time is of the essence in addressing
these concerns.

Recognition

Once an industrial hygienist has anticipated the potential hazards associated with
a facility, the next step is recognition of the hazards. The initial recognition phase
1s usually accomplished during a site visit or walk-through, a visual inspection of
the facility. The purpose of the walk-through is to gather both qualitative and
quantitative information about occupational and environmental hazards. The in-
dustrial hygienist reviews the various processes and procedures at the facility, the
job categories, the number of workers in each job category and their job
descriptions, and any health and safety programs in place at the plant. She or
he identifies hazardous physical, chemical, and biological exposures and the
ergonomic, mechanical, and psychological factors affecting the workplace. Visual
mspection might reveal such hazards as exposed machinery, pinch points, sharp
edges or blades, unsecured tip-over hazards, high noise levels, and the presence of
chemicals. A similar review of environmental hazards might be undertaken with
an emphasis on off-site emissions.

Another important aspect of the walk-through is recognition of the subpop-
ulations in the facility. For example, certain workers may be exposed to ergonomic
hazards because they perform lifting activities or repetitive movements as part of
their jobs. A second group may experience few of these hazards but may work
in a high-temperature area and may be subject to heat stress. A third group may
confront neither of these exposures but may work with industrial machinery
and be exposed to safety hazards. During a walk-through the industrial hygienist
notes these subpopulations and might choose to evaluate hazards differently for
each group.

At the end of the recognition phase, the industrial hygienist should have a de-
tailed picture of the manufacturing processes and of the associated hazards and
a plan for evaluating these hazards. This plan is written down, and a detailed
protocol is developed for the next phase, the evaluation of the hazards.
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Evaluation

At this point the industrial hygienist has a list of potential hazards in the facility
but no quantitative information about the degree of worker exposure. Even when
a metalworking facility uses toxic degreasing solvents, the risk of exposure may be
minimal with proper storage and handling and appropriate ventilation. The eval-
uation phase actually begins during the walk-through, and there is a smooth tran-
sition from the recognition of hazards to their evaluation.

The evaluation component focuses on quantifying the degree of exposure. As
described later in the section on exposure assessment, the hygienist may choose to
measure exposures in a particular part of the workplace (area sampling), in the im-
mediate vicinity of individual workers ( personal sampling), or even in the bodies
of individual workers (biological sampling).

Population Sampling for Exposure Evaluation. Initially, the hygienist needs to
determine which workers’ exposures to study. The focus may be on certain workers
with specific job titles. For example, degreasers may be monitored for solvent
exposure, and forklift drivers or package handlers may be monitored for
ergonomic exposures. In some industries, especially those with widespread or serious
hazards, evaluation may involve all employees at a facility or even all workers in a
specific industry, such as workers in asbestos-related industries or in industries where
radiation is present, such as nuclear power generation. In industrial settings mon-
itoring is sometimes performed at the request of a local union. In this case the union
may have specific concerns and may ask for monitoring of all its members.
Although the industrial hygienist may offer guidance and suggest monitoring
only specific subpopulations, she or he may have to defer to the requirements of
the union.

Once the population has been selected, the next choice is the type of popu-
lation sample to be taken. For small facilities, or in facilities where regulation re-
quires it, a census sample should be taken. In such a sample, all potentially exposed
individuals are monitored. However, in larger facilities this can be very expensive,
and a statistically representative subsample can characterize the exposure of all
the individuals in the group. Each individual monitored represents a known num-
ber of individuals in the same class. For example, if a given airline has 10,000
flight attendants, it may be impractical to monitor each of them for exposure to
ozone during flights. So the industrial hygienist may instead choose to monitor a
subset of] say, 500 individuals, selected to be statistically representative of the full
10,000. This type of measurement is subject to sampling error because not all the
exposed people are monitored. However, techniques are available for determin-
ing the magnitude of this error. The industrial hygienist, working with statistician
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colleagues, can determine the adequacy of any sample size for predicting expo-
sures for the entire population.

A third type of population often used is the anecdotal, or convenience, sample.
Often such a sample consists of volunteers or individuals with a particular com-
plaint. This type of sampling is subject to bias; there is no reason to believe that
volunteers or those with complaints typify the other members of the group. This
sampling strategy should be avoided. However, a related sampling strategy may
have a role. The hygienist may select worst case sampling. This involves sampling
those workers at highest risk of exposure or sampling at times when exposure 1is
most likely (or doing both), on the theory that if these worst case exposures are
shown to be well controlled, then the remaining workers or workers present at
other times are also unlikely to be overexposed.

Instruments for Exposure Evaluation. Two general types of instruments are
available for measuring environmental exposures: direct reading instruments and
sample collection instruments. Direct reading instruments provide real-time measure-
ments of the parameter of interest, and sample collection instruments, as the name
mmplies, collect samples for later analysis.

Direct reading instruments are useful for measuring many physical hazards,
such as temperature, noise, and radiation. These instruments typically have a dial
or digital readout, and some have the ability to store data collected over a period
of time for later downloading. Common examples are digital thermometers, to
measure temperature; hygrometers, to measure relative humidity; noise monitors;
and radiation monitors based on the Geiger counter principal. Such instruments
are portable, often weighing less than a kilogram, and are usually enclosed in a
rugged carrying case, allowing easy transport to field sites.

Direct reading instruments are also available for measuring levels of many air-
borne pollutants, including gases, vapors, and particles. For example, organic va-
pors are measured with photoionization detectors, and particulate matter with
light-scattering devices. Other types of monitors are also available for specific com-
pounds. A limitation in using these instruments is that the character of the airborne
pollutant must be known before monitoring can be carried out. In industrial hy-
giene applications this often offers no difficulty as one specific compound is of con-
cern or a particle of a specific size is produced by the process under investigation.

Sample collection instruments are used instead of direct reading instruments
when multiple airborne pollutants are present or further analysis of samples is de-
sirable. In this case the instrument collects a sample of air—with whatever con-
taminants are in it—on an absorbing medium. The absorbing medium is then
taken to the laboratory, and the amounts of the compounds of interest are
determined.
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The air delivery-absorber system is generally one of two types, active or
passive. In an active system, air is drawn through the absorbing medium by an elec-
tric pump. The amount of air drawn through is controlled by the pump and can
be varied. The total volume of air sampled can be calculated by multiplying the
air flow rate by the duration of sampling, and when the mass of contaminant on
the sampling medium is later quantified, its concentration in the air, in units of
mass per volume, can be readily calculated. The sampling time period can be
shortened by increasing the pump flow rate, thereby delivering the same amount
of air in less time—a useful maneuver when exposure durations are short or are
highly variable.

There are distinct disadvantages to active sampling. Chief among them is the
presence of the pump, which requires electricity to run and is often bulky. Both of
these drawbacks make such devices unsuited to many kinds of personal sampling.
Often, active sampling is limited to area sampling, which means that the sam-
ples are not identical to what the individual worker experiences as contaminant
exposure. Two active sampling devices are shown in Figure 4.1. The sampling de-
vices themselves (for ozone and particulate matter) and the pump are located in-
side the box at the bottom of the apparatus. The vertical pipe with the metal cone
on top 1is a device designed to collect particles that are inhalable deeply into the
lung. The device includes as size-selection sampling head designed to allow par-
ticles smaller than a certain diameter to pass through to the particulate sampler.
Ozone is sampled off the same air stream.

Fassive sampling devices require an absorbing medium that removes the com-
pound of interest from the air by reaction or absorption. This process takes ad-
vantage of the concentration gradient between the air to be sampled and the
surface of the absorbing medium. Because of this concentration gradient, the com-
pound of interest diffuses from the air to the surface of the absorbing medium,
from which it is then removed. Analysis of the concentration is accomplished in
a manner similar to that used in active sampling; the amount of the compound
gathered in the absorbing medium is determined in the laboratory, and the amount
of air delivered to the surface is computed using Fick’s law of diffusion. The con-
centration in the air during the sampling period is then calculated by dividing the
amount of material on the absorbing medium, as determined in the laboratory,
by the volume of air passed through the system to the absorber. Most industrial
hygiene applications use this type of system.

Passive devices have the advantage of not requiring a pump but the disad-
vantage of slow sampling rates, often 1,000-fold slower than active samplers. Thus
the amount of material sampled in a given time is substantially lower. However,
in occupational settings, concentrations are often sufficiently high to allow the in-
dustrial hygienist to use passive devices and still achieve excellent results. When
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FIGURE 4.1. AIR POLLUTION SAMPLING APPARATUS FOR OZONE
AND PARTICULATE MATTER.
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available, and of sufficient precision and accuracy, passive sampling devices can
be the method of choice. The industrial hygienist developing a monitoring system
should be cautious, however. Passive devices do not exist for every contaminant of
interest. In particular, passive devices for particulate matter are not yet of suffi-
cient precision and accuracy to merit their use in typical occupational settings,
although this too is changing.

Biological monitoring, discussed later, is of interest to the industrial hygienist
as well. In such monitoring programs, biological samples, such as hair, saliva,
blood, or urine, are collected from potentially exposed individuals and analyzed
for either the compound of interest or a metabolite of that compound. Such tech-
niques are well established for only a few compounds, but in the circumstances
where such techniques exist, they often offer the best solution for a monitoring
program.

Control

The final component of the industrial hygiene paradigm is the control of the haz-
ards. In public health terms this corresponds to primary prevention, a central goal.
Industrial hygienists take several approaches to modifying the workplace envi-
ronment: substitution, isolation, and ventilation. Substitution involves replacing a
hazardous material or process with a less hazardous one. For example, benzene
(a bone marrow toxin) might be replaced by toluene. Isolation involves containing
or limiting access to the hazardous process. For example, a metal cage might be
placed around moving parts to reduce the likelihood of clothes catching on a part
and causing injury to the worker. For certain hazards, most notably chemical and
heat-related hazards, ventilation offers a viable control strategy. Introduction of fresh
air, local exhaust ventilation, or introduction of cool air to a hot location may
significantly alter the risk associated with exposure.

Protective devices are often used to control safety hazards. For example, a worker
operating a cutting machine may need to push two buttons, one with each hand,
to initiate a cut; this guarantees that neither hand will be in the cutting zone when
the machine functions. Similarly, a power cutoff may be installed that automati-
cally shuts off the supply of electricity to a machine when it is entered for main-
tenance. This prevents unintentional start-up of the machine, which would be
hazardous to maintenance workers. Personal protective equipment, such as respirators,
gloves, safety glasses, hard hats, safety harnesses, and steel-toed boots, may also be
recommended, although this approach is less preferable than the environmental
changes just described. Figure 4.2 shows an example of personal protective equip-
ment in use. Working at a solvent degreasing tank, the worker 1s subjected to ele-
vated levels of vapor exposures if not protected. The worker wears personal
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FIGURE 4.2. PERSONAL PROTECTIVE EQUIPMENT
FOR SOLVENT EXPOSURE.

Source: Courtesy of Dr. Philip Williams, University of Georgia.

protection equipment consisting of a face shield to protect the face from splashed
solvent and a fresh air supply supplied by a pump (on the worker’s back), which is
delivered through a plastic hose to dilute the solvent vapors being breathed.
The exposure is monitored using the pump and collection device mounted on the
worker’s hip.

Admunistrative strategies, such as rotating workers through dangerous jobs to
limit any individual’s aggregate exposures (used, for example, with radiation
workers), sometimes have a role as well. These strategies, and the philosophy
that guides choosing among them, are discussed in further detail in Chapter
Twenty-Nine.
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Exposure Assessment

Industrial hygiene focuses on workplace exposures. Although such exposures are
often quite high and therefore of great scientific and public health interest, they
affect only a subset of the population. Environmental health scientists are also con-
cerned about exposures among the community as a whole. The study of expo-
sures in nonoccupational settings grew out of the industrial hygiene experience.
As early as the 1950s, environmental health scientists turned their attention from
high-level workplace exposures to lower-level community exposures to the same
chemicals. These efforts gave rise to the science of exposure assessment.

Exposure assessment focuses on quantifying the contaminant exposures ex-
perienced by individuals as they go about their daily activities. In performing this
quantification, key concepts include concentration, exposure, and dose. These
concepts are defined in Box 4.3.

Box 4.3. Concentration, Exposure, and Dose

A starting point for exposure assessment is to ask how much of a contaminant is found
in environmental media—what, for example, is the level of lead in workplace air or the
level of pesticides in food? These parameters are usually measured as concentration,
expressed in units of mass per mass or mass per volume. Air contaminants, for ex-
ample, may be quantified in units of micrograms (ug) of contaminant per cubic meter
(m3) of air (ug/m3). In measures of air concentrations of gases, the units often express
a mixing ratio—the fraction of total air that is made up of the contaminant gas, usu-
ally expressed as parts per million (ppm) or parts per billion (ppb). For example, sup-
pose a carbon monoxide (CO) level is measured at 1T ppm. This means that in a given
volume of air divided into one million portions of equal volume, one part would be
CO and the remaining 999,999 parts something else. In one cubic meter of air, for ex-
ample, one cubic centimeter (cm3 or cc) would be CO (and nitrogen and oxygen
would be about 780,000 cc and 210,000 cc, respectively). Of course all these parts
are mixed together—there is not 1 cc of pure CO; rather, the CO molecules are
dispersed throughout the entire cubic meter. Although 1 ppm sounds like a very low
concentration, for many air contaminants it is sufficient to threaten health.

Concentrations are measured similarly in other environmental media, including
water, soil, and food. Contaminant concentrations in water are expressed in terms of
either micrograms of contaminant per cubic meter of water or micrograms of conta-
minant per gram of water. The first is similar to expressing air concentrations, and the
second is analogous to the mixing ratio in air (because 1 ug of contaminant per gram
of water is a ratio of masses, corresponding to 1 ppm). Similarly, soil or food, both
being solids, can be described using either unit.
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But concentration is different from exposure; the mere presence of a contaminant
at some concentration does not necessarily imply that people will be exposed. Exposure
is defined as contact between the environmental contaminant and a boundary of
the subject of interest. Although ecological exposure assessment is an important area,
this discussion focuses on human exposures. Thus the boundaries of interest are tis-
sues such as skin, alveolar surfaces, and the gastrointestinal tract lining, which sepa-
rate the “inside” of a human receptor from the “outside,” the rest of the environment.
Exposure requires the simultaneous presence of a contaminant and a human receptor
in the same environment.

If a person is indeed exposed, the exposure is a function of the concentration and
of time. Therefore exposures are expressed in units of concentration multiplied by time,
such as (ug/m3)(hours). When a contaminant is ingested, the temporal component
appears in the computation as the number of meals or the total mass taken into the
body.

Just as concentration is different from exposure, exposure is different from dose.
The dose is the amount of contaminant that crosses the epithelial barrier and gets in-
side the body. Suppose a person is exposed to an air contaminant concentration of
100 wg/m?3 for a period of 10 hours (and suppose that inhalation is the only signifi-
cant exposure route; ingestion and dermal contact do not contribute to exposure).
The concentration then is 100 ug/m3, and the exposure is (100 ug/m3)(10 hours)=
(1000 ug/m3)(hours of exposure). What is the dose? Here additional information is
needed. The dose is delivered to the lungs through breathing. A typical breathing
rate (depending on the person’s size, level of activity, and other factors) might be
1100 cc/breath and 15 breaths per minute, or approximately 1 m3 of air per hour.
During a 10-hour period, this person would breathe in 10 m3 of air. The dose is
the product of the concentration, the duration of exposure, and the rate at which the
material reached the appropriate boundary:

ng(contaminant) 1 m3 (air breathed)
Dose = ————————— X 10(hours of exposure) X
m?3(air)

hour of exposure

Dose = 1000 ug (contaminant breathed).

In this case, 1000 ng of contaminant has reached the body boundary. This is the po-
tential dose. Assuming all the material crosses the boundary, this is the dose. Note that
the units correspond to the amount of mass delivered across the boundary. There is
no explicit time dimension.

From an exposure assessment point of view, investigators often stop at the po-
tential dose, that is, the amount of material that reaches the body boundary over a
fixed period of time. However, absorption is typically incomplete, and the biologi-
cally relevant dose or dose to the target organ may be lower than the entire poten-
tial dose. Toxicologists, physicians, and other health scientists may focus on the
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actual dose absorbed as they study the relationship between exposure and health
effects (see Chapter Two).

Suppose a worker is required to enter a tank that was formerly filled with a volatile
solvent. The enclosed space is saturated with the solvent vapor. What is the concen-
tration in the tank, the worker’s exposure, and her dose?

The concentration in the tank is relatively simple to understand; it is the satura-
tion vapor pressure of the organic solvent. This can be readily measured using
appropriate instrumentation.

What is her exposure? This is a more difficult question. In this occupational set-
ting the worker would doubtless be fitted with a respirator that supplied air from out-
side the tank, as it would be much too dangerous to send an individual into such an
enclosed space without such a device. Under these conditions (assuming a function-
ing respirator), her inhalation exposure would be zero because no solvent vapor would
reach her lung epithelium. However, she might receive an exposure to her skin, and
dermal exposure may be an important route. It is important to consider all routes
and attempt to identify all pathways to exposure.

And what is her dose? Understanding the dose requires understanding how much
material actually crosses the boundary and gets inside the body. If the worker did
not wear a respirator, one could infer the inhaled dose by knowing the concentra-
tion and breathing rate. One would also need information regarding the efficiency
of transfer across the alveolar membranes in the lungs. Similarly, calculating the der-
mal dose would combine information about the concentration in the air, the amount
of exposed skin area, and the efficiency of skin absorption. A biomarker of exposure—
say, blood levels of the solvent or urinary levels of its metabolite—would provide an
estimate of the dose that integrated all this information.

Figure 4.3 shows an example of exposure measurement. Here a worker is using a
sandblaster to remove silica-containing material from a pipe. Because inhalation of
silica can cause severe respiratory problems, the worker is using an airline respirator
that supplies fresh air through the pipe going off to the right; the worker receives no
exposure to silica dust. However, the worker is still exposed to potentially hazardous
noise from the sandblaster. To test for this hazard, the worker wears a noise monitor
(the small rectangular box attached near the small of the worker’s back).

Exposure Magnitude, Frequency, and Duration

An important aspect of exposure is its time course, sometimes referred to as the ex-
posure profile. Intuitively, one might infer that a brief but very high-level exposure
to a contaminant would have a different impact on health than would exposure to
a modest concentration over an entire work shift, even assuming equivalent total
exposures. For example, a worker welding for 15 minutes in an enclosed space
might be subjected to a concentration of metal fumes of 40 mg/m?®. He thus
receives an exposure of 40 mg/m3 X 0.25 h = 10 mg/m? X h. After welding,



Exposure Assessment, Industrial Hygiene, and Environmental Management 87

FIGURE 4.3. ASSESSING EXPOSURE IN AN
OCCUPATIONAL SETTING.

Source: Courtesy of Dr. Philip Williams, University of Georgia.

he goes on to different activities in a different part of the facility in which he ex-
periences no concentration of welding fumes and thus receives no further expo-
sure during the shift. His coworker, working in the welding area but not exposed
directly to the fumes, remains there for the entire 8-hour shift. Measurement of
metal fume concentrations over the course of the day in the location of the sec-
ond worker gives 1.25 mg/m?3. The worker in this location receives an identical
exposure: 1.25 mg/m3 x 8 h = 10 mg/m3 X h, but the pattern is different.
This issue 1s important because some contaminants are relatively readily me-
tabolized, or cleared, at low levels of exposure but toxic at higher levels of expo-
sure. In other words, the dose rate may affect the health outcome. To account for
such differences, exposure assessors focus on the magnitude, frequency, and
duration of exposure, asking such questions as: What is the peak concentration ex-
perienced during the monitoring period? Does it differ significantly from the mean
concentration? How frequently are high concentration peaks found? Are the con-
centrations relatively stable, or is there variability from minute to minute or hour
to hour? Do the peaks recur regularly, or episodically? What is the duration of the
exposure? Is it short followed by no exposure, or does it occur at moderate levels
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for a long period? Such information can prove invaluable in addressing potential
effects and control strategies.

Exposure assessors distinguish acute exposures from chronic exposures. Acute
exposures are brief, and when they occur at high levels, poisoning or other acute
responses may follow. Chronic exposures occur over months, years, or even decades.
Chronic exposures at low levels may manifest nonacute health outcomes: car-
cinogenesis or long-term lung damage, for example. Intermediate between these
two exposure categories are subchronic exposures, which may occur over interme-
diate time scales, often weeks or months, and also may be episodic and recurring;

Exposure Routes and Pathways

As explained in Chapter Two, environmental contaminants enter the body through
one of three principal routes of exposure: inhalation, ingestion, and dermal contact.
(Other routes, such as injection or ocular absorption, may be important in some
circumstances, and transplacental transfer is important for the fetus.) It is impor-
tant to distinguish between these routes of exposure and a related term, the ex-
posure pathway, or the path by which the contaminant moves from a source to a
human receptor. For example, sulfur dioxide exposure may result from distinct
pathways. It may be generated through the combustion of sulfur-containing coal,
followed by the concomitant release of this gas from the combustion facility and
advection and dispersion in the air. Alternatively, an industrial process might use
sulfurous acid with the concomitant release of sulfur dioxide at an individual work-
station, exposing the worker directly. These two pathways differ substantially and
require entirely different control strategies to reduce exposure.

Exposure Assessment Methods

Just as there is a continuum from concentration to exposure to dose (see Box 4.3),
there is a corresponding continuum of exposure assessment methods. The ideal
method quantifies the amount of contaminant reaching the target organ of in-
terest in each individual of interest, but this is of course not feasible in most cases.
Four broad categories of exposure assessment methods can be identified, forming
a continuum from least to most accurate: imputing or modeling exposures, mea-
suring environmental exposures, measuring personal exposures, and measuring
biomarkers. In general as the methods become increasingly accurate they also
become increasingly expensive.

Imputing or Modeling Exposures. 'To impute exposures, researchers use indirect ex-
posure assessment methods that either forgo direct measurements of the exposures of
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interest or that use partial data. For example, in a study of air pollution exposure,
researchers might identify various microenvironments thought to have relatively
homogeneous concentrations and measure those concentrations. Research subjects
could record the amount of time they spent in each of the microenvironments (or
the researchers could estimate this time). The researchers would then multiply the
concentrations by the amount of time spent in each microenvironment, and sum
the results for an estimate of each subject’s overall exposure. For other routes of ex-
posure, a similar approach can be used. For example, for ingestion, concentrations
of selected contaminants can be measured in each of many foods. A research
subject can then record types and amounts of foods eaten, using a food diary.
Summing the concentrations over all the foods eaten gives the dietary exposure.

An alternative strategy, called exposure scenarios, does without direct measure-
ment. In this strategy an activity pattern for an individual is assumed, perhaps
based on observational data about population activity patterns. Available moni-
toring data for each activity and location can then be combined with activity data
to model estimates of individual exposures. This approach is less expensive to im-
plement because no individuals actually have their exposures measured and no
specific activities are recorded. Exposure scenarios are used extensively in risk
analysis.

A special case of indirect exposure assessment is the job-exposure matrix. Sup-
pose an occupational epidemiologist wants to study the health effects of silica
exposure in a working population, using a retrospective cohort approach. Con-
sulting old employment records the epidemiologist might identify ten different job
categories, each with characteristic tasks, and fifteen different workplace zones,
each with its own silica concentrations. (Historical industrial hygiene monitoring
results may help the epidemiologist to reconstruct this information and to estimate
concentrations in each part of the workplace.) The epidemiologist could then con-
struct a job-exposure matrix that retrospectively assigns an exposure level for each
worker, based on his or her job assignment and location in the workplace (see
Chapter Three). If the workplace changed over time, as is typical, then the epi-
demiologist would create a job-time-exposure matrix, classifying each worker’s expo-
sure according to job title, location in the plant, and calendar year. In this fashion
the epidemiologist could impute an exposure profile to each member of the co-
hort. This method is often the only available way to assess exposures in retro-
spective epidemiological studies. However, it is painstaking and time consuming,
and records are not always accurate or complete enough to support accurate
exposure assessment.

Although less satisfying than direct exposure assessment, these indirect ap-
proaches are often substantially easier to implement, and large populations can
be studied more effectively in this manner.
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Measuring Environmental Exposures. Direct exposure assessment methods may
occur at the area level or at the individual level, as described earlier. An example
of environmental measurements is air pollution monitoring, which is carried out
in most major cities. Not only does ongoing measurement of air pollutants (such
as ozone, nitrogen oxides [NO,], sulfur oxides [SO,], and particulate matter) mon-
itor compliance with regulations, it also provides exposure information that can
be used to warn the public of dangerous exceedances, to monitor the success of
mnterventions, and to support health research.

Measuring Personal Exposures. Personal exposure assessment involves outfitting
an individual with a monitor that measures exposures during daily activities, ex-
actly as is done in the workplace. This procedure is most easily visualized for air-
borne contaminants. In this case an air monitor collects a sample of the air
breathed by the individual over a period of time, and that air sample is analyzed
for the contaminant of interest, either on a real-time or time-integrated basis. Sim-
ilar monitors may be envisioned for exposures occurring via the ingestion or
dermal pathways as well. With such direct methods, actual exposures experienced
by an individual can be observed. This is a major strength in accessing exposure
and 1s generally desirable. However, portable monitors may not exist for the par-
ticular contaminant under investigation, or the presence of the monitor may in-
fluence the individual to alter activity patterns, with the result that the activities
monitored are not her or his typical ones.

Measuring Biomarkers. Exposure to environmental contaminants requires the
simultaneous presence of a contaminant concentration and a human subject to
receive the exposure. The methods described previously assume that exposure oc-
curs if these two conditions exist. However, the only way to verify this assumption
1s to measure contaminant levels in humans themselves. This is what exposure as-
sessors do when they use biological markers (sometimes referred to as biomarkers)
of exposure. Biological markers of exposure to a given contaminant sample bio-
logical material, such as exhaled breath, urine, blood, feces, or hair. These sam-
ples are analyzed for the contaminant in question (called the parent compound), a
metabolite of the contaminant, or a biological response known to reflect expo-
sure. For example, blood lead levels are measured to quantify lead exposure, lev-
els of urinary cotinine (a metabolite of nicotine) are measured to quantify exposure
to environmental tobacco smoke, and blood carboxyhemoglobin levels are mea-
sured to quantify exposure to carbon monoxide (see Box 4.4). Pesticide exposure
offers another example. Blood samples can be taken from individuals and ana-
lyzed for organochlorine pesticide parent compounds to ascertain exposure to this
class of compound. For organophosphate pesticides, the direct parent compound
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can be determined in serum, or alternatively, metabolites produced through
hydrolysis (for example, dialkyl phosphates) can be used to infer the magnitude
and timing of exposures.

Box 4.4. Exposure Assessment of Carbon Monoxide

Carbon monoxide (CO) is a colorless, odorless gas that competes with oxygen for
binding sites on hemoglobin. CO binds avidly with hemoglobin, effectively disabling
the hemoglobin’s oxygen-carrying capacity. If enough CO is inhaled, death can ensue
due to asphyxiation.

CO exposure occurs through a single route, inhalation. The pathways are nu-
merous, but all involve incomplete combustion; CO is produced when too little oxy-
gen is present to permit complete conversion of hydrocarbons and oxygen to carbon
dioxide and water. Specific pathways often associated with CO poisoning are im-
properly vented combustion appliances such as gas heaters, improperly vented gaso-
line engines (automobiles running in closed spaces, for example), or inhalation of
cigarette smoke.

Exposure to CO is easily measured in two different ways. Relatively simple air sam-
plers are available that sample for CO in either active mode or passive mode. In active
mode, real-time analyzers can give second-by-second readings of CO concentration.
Exposure is determined by noting the amount of time spent in the location being
measured.

An alternative strategy is to use a biological marker of exposure, namely the blood
concentration of carboxyhemoglobin, the CO adduct to hemoglobin. Unexposed
individuals typically have about 1 percent carboxyhemoglobin in their blood, due to
endogenous production of CO. Smokers carry a higher percentage, as high as 4 per-
cent, due to inhalation of CO in cigarette smoke. Symptoms such as headaches are
observed in most individuals with levels above about 10 percent, and levels above
40 percent are not compatible with survival.

Exposure thus defined does not tell the full story of CO’s effects, however.
Individuals in industrial societies are exposed to modest levels of CO. Regulations are
in place to ensure that these levels are kept low enough to hold carboxyhemoglo-
bin levels below the threshold at which effects would be felt. However, multiple
scenarios could give rise to the same exposure level. Exposure to 1 ppm of CO for
10,000 hours would give the same exposure as 10,000 ppm of CO for 1 hour. How-
ever, the effects would be completely different. Exposure to the former scenario would
case no problems at all, whereas exposure to the latter scenario would surely result
in death.

This illustration emphasizes the importance of considering the magnitude and du-
ration of the exposure when estimating effects. Further, it emphasizes the importance
of understanding the toxicology of the effect under investigation. CO binds reversibly
to hemoglobin, albeit with a very long half-life. If only a little CO is around, there is
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still plenty of hemoglobin left to bind oxygen and carry it to the cells. However, if there
is a lot of CO around and it displaces a lot of oxygen from hemoglobin, then there may
not be enough oxygen delivered to the cells, and asphyxiation will ensue.

The use of biological markers of exposure has received great attention in the
scientific community in the last ten to fifteen years. Biomarkers have the advan-
tage of integrating over all routes of exposure. Further, exposures determined
through the use of this method explicitly incorporate the concept of bioavailability.
Many compounds may enter the body through, for example, ingestion, but the
transfer across the gut epithelium may be inefficient, so the relationship between
exposure and health outcome is masked. Biological markers overcome this diffi-
culty in that in order for the compound to be measured in the biological medium
it must have crossed the boundary, the exposure must have been “effective” in
delivering a dose to the body.

Exposure Assessment for Ingestion and Skin Absorption

Much of exposure assessment methodology developed around inhalation expo-
sures. However, the two remaining principal routes of entry, ingestion and skin
absorption, are important in many circumstances and pose special challenges
for exposure assessment.

One approach to assessing ingestion exposure is to collect duplicate portions
of food that is eaten, through what is called a duplicate diet study, and analyze
the food for contaminant levels. Typically, a researcher would homogenize all
of the food eaten, creating a single sample, which is then weighed to determine
total mass. An aliquot (fraction) of this food 1s then analyzed for contaminant
content, and the concentration determined. Multiplication of the concentration
in the food by the amount eaten yields the total amount of contaminant eaten
during the time period—the exposure. (This is not yet a dose, because it measures
only what was ingested, not what was absorbed across the epithelial layer, the
gut lining.) This straightforward method is an example of the direct method of
exposure assessment.

In a second approach to ingestion exposure assessment, people are asked to
keep dietary diaries. Simultaneously, various foods are purchased at local grocery
stores and brought back to the laboratory for analysis. A data set is then compiled,
listing each type of food and its contaminant concentration. The food diary data
set can then be combined with the concentration data set to determine the amount
of contaminant ingested by the individual. Because the food actually eaten by the
individual is never measured, this method is an example of the indirect method
of exposure assessment. This technique is quite useful in that food diaries are much
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easier to administer than duplicate diet studies and thus this technique can be
implemented on a large scale. Further, fewer food samples have to be analyzed,
as once all the various food items purchased have been assessed, no further analy-
sis 1s needed. The principal disadvantage of this method is that the individual
food items consumed by the participant are not analyzed. If the concentrations
in those items differ from the concentrations in the items purchased at the grocery
store, then the researcher makes an error in the exposure estimate proportional to
the variability in the pollutant concentrations.

Dermal exposures are quite difficult to study. In one method, individuals are
asked to wear a patch placed on the skin that absorbs the material of interest, such
as a pesticide. The individual then carries out activities while exposed to air con-
taining the pesticide. This may occur for research purposes in a laboratory setting,
with known concentrations of pesticide in the air, or it may occur in the individ-
ual’s normal exposure situations. Either way, the patches are removed from the in-
dividual’s skin following exposure and analyzed for pesticide concentration.
Knowing the size of the patch relative to the total exposed skin surface of an in-
dividual, one can estimate overall skin exposure. A second method uses cadaver
skin. Pesticide is placed on one side of the cadaver skin, and the penetration of
the material through the skin surface is measured.

Each of these techniques has limitations. Experimental use of the patch
method 1s contrived and offers few insights about real-world exposures. Use of the
patch in the real world, however, suffers in that many exposures will be below
the detection limit of the analytical process yet will still incur the large costs as-
sociated with that process. Although of interest, the cadaver skin method mea-
sures dose and provides little information on exposure. Further, cadaver skin may
not act the same way living skin does with a given exposure level, calling into ques-
tion the dose determination also.

Conclusion

Industrial hygiene, the anticipation, recognition, evaluation, and control of work-
place hazards, presents a paradigm for the study of the more general discipline of
environmental exposure assessment. Many of the tools of industrial hygiene are
easily transferable to environmental exposure assessment, but the latter requires
some new tools as well. The four-step paradigm must be integrated into the com-
munity setting. Sampling strategies, compliance with monitoring protocols, and
field implementation are often more difficult in community exposure assessment
studies, and call for statistical sampling techniques more commonly found in
epidemiological studies. Exposure assessment is a rapidly growing area, ripe for
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contributions from professionals in many areas of environmental health. Research
and professional practice in this area will continue to grow for the foreseeable
future.

Thought Questions

1. Exposure assessment faces challenges in the community setting that differ from
the challenges encountered in the workplace setting. Describe the differences.

2. Exposure assessment is essential to environmental epidemiology. Agree or dis-
agree, and explain your answer.

3. Biomarkers of exposure offer many advantages over environmental sampling;
Explain these advantages.

4. Biomarkers of exposure may function very differently in the age of genomics.
Do a literature search on the role of genetic polymorphisms in interpreting
biomarker data, and summarize your findings.
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CHAPTER FIVE

ENVIRONMENTAL PSYCHOLOGY

Daniel Stokols
Chip Clitheroe

Environmental psychology focuses on behavior in its sociophysical envi-
ronment. The field of environmental psychology assumes that a dynamic
and reciprocal relationship exists between individuals and groups and the
environments in which they live, work, play, learn, recreate, and travel (see
Box 5.1). To an environmental psychologist, environmental health and well-
being are the result of an appropriate and supportive fit between an individual
or group and the places and people with whom they interact as they go about
their lives.

Box 5.1. A Trio of Trip