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Preface

The American people have become increasingly aware of the potential for exposure to toxic material in the
air we breathe and have developed a need for accurate, objective information on the health effects of inhaled
pollutants. In keeping with that need, the National Heart, Lung, and Blood Institute, the National Institute of
Environmental Health Sciences, the Office of Health Research of the U.S. Environmental Protection Agency,
and the Agency for Toxic Substances and Disease Registry of the U.S. Public Health Service asked the Board on
Environmental Studies and Toxicology in the National Research Council's Commission on Life Sciences to
examine the potential for use of biologic markers in environmental health research. The term "biologic markers"
refers to indicators of events in biologic systems or samples. It is useful to classify biologic markers into three
types—markers of exposure, of effect, and of susceptibility—and to describe the events peculiar to each type.

The Committee on Biologic Markers was organized and considered the subjects of environmental research
in which the use of biologic markers had the greatest potential for major contributions. Three biologic systems
were chosen: the reproductive system, the respiratory system, and the immunologic system. This report is the
product of the Subcommittee on Pulmonary Toxicology.

The subcommittee comprised a wide variety of persons working in the field of respiratory health effects,
including clinicians, epidemiologists, toxicologists, physiologists, pathologists, aerosol scientists, and
biochemists. The intent was to consider various kinds of basic research wherein phenomena under study might
have the potential for use as markers of environmental exposures and disease, even if the original goal of the
research had nothing to do with such markers. The major topics of discussion at the first meeting of the
subcommittee were the meaning of the term "biologic marker" in the respiratory system and how these markers
could be used in environmental health research. Eventually, the subcommittee decided to place major emphasis
on biologic markers of two types: markers of exposure and markers of effects of environmental pollutants.
Markers of susceptibility to environmental materials were also considered important, but, because of limitations
of resources, were included only if they could also serve as markers of exposure or effects.

Finding biologic markers that can be used to measure the extent of exposure to and effects of environmental
pollutants is not easy. In exposed persons, a marker must be able to detect an extremely small increase in a
disease due to environmental exposures against a large background of the same or similar diseases from other
causes. Inevitably,
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then, the subcommittee expanded its consideration of markers to examples of exposures in industrial situations.
That was considered to be valid because of the potential use of such markers or their modifications in
occupational applications.

The subcommittee decided to organize its report according to types of biologic markers (markers of
exposure and of effects), rather than according to specific pollutants, on the grounds that it was more important
to discuss general approaches than to attempt to compile a list of pollutant-specific markers.

In the course of the subcommittee's deliberations, many additional scientists were called on to provide
information. The subcommittee especially recognizes the contributions of John Catrava, Medical College of
Georgia, Augusta, Georgia; Delores Graham, U.S. Environmental Protection Agency, Research Triangle Park,
North Carolina; Anton Jetten, National Institute of Environmental Health Sciences, Research Triangle Park,
North Carolina; Barbara Meyrick, Vanderbilt University, Nashville, Tennessee; and Barry Peterson, University
of Texas, Tyler, Texas.

This report could not have been produced without the untiring efforts of the National Research Council
staff. Beulah Bresler was the administrative secretary and Linda Poore was the bibliographer. Devra Davis,
Alvin Lazen, and James Reisa provided encouragement and helpful insight. Norman Grossblatt edited the report.
Finally, the subcommittee gratefully acknowledges the persistence, patience, and expertise of Richard Thomas,
the project director, in bringing this report to its final form.

ROGENE F. HENDERSON, CHAIRMAN
SUBCOMMITTEE ON PULMONARY TOXICOLOGY
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Executive Summary

In the course of a year, an adult breathes approximately 7 million liters of air. Industrial workers breathe
about 20 liters/minute, and runners can breathe up to 80 liters/minute. As part of the body's autonomic processes,
breathing fulfills the vital function of exchanging the gases of oxygen and carbon dioxide. Along with air,
respiration can bring in common air pollutants, such as toxic pollutants, respirable particulate matter, and the
''criteria'' air pollutants—nitrogen dioxide, sulfur dioxide, ozone, and carbon monoxide.

Original interest in reducing the intake of these pollutants came directly from episodes of severe air
pollution that were clearly linked with immediate increases in deaths related to respiratory disorder, such as
those in the Meuse Valley, Belgium, in 1930 and in Donora, Pennsylvania, in 1948. By December 1952, the
"great fog" of London had killed an estimated 4,000 residents, many of whom were elderly persons who already
had heart and lung problems. Sobered by such episodes, the United States developed an aggressive program for
reducing air pollutants.

Still, subtle differences in pulmonary performance can occur and chronic pulmonary problems afflict one of
every five persons; exposure even of healthy persons to environmental pollutants, even at their current
magnitudes, plays a role. Such problems include reductions in the maximal amount of air that can be expelled,
increases in chest tightness, wheezing, and possibly even cancer. Young children, elderly persons, and those with
chronic diseases are likely to be especially vulnerable to pollution; respiratory symptoms can occur in them when
concentrations of air pollutants increase even slightly.

In light of these longstanding and continuing concerns and corresponding concerns for other elements of
public health, the Board on Environmental Studies and Toxicology (BEST) of the National Research Council's
Commission on Life Sciences undertook a major investigation of the use of biologic markers in health research.
At the request of the Office of Health Research of the U.S. Environmental Protection Agency (EPA), the
National Institute of Environmental Health Sciences, and the Agency for Toxic Substances and Disease Registry,
the Committee on Biologic Markers was formed to clarify the concepts and definitions of biologic markers.
After completion of its task, the committee organized two subcommittees: the Subcommittee on Reproductive
and Neurodevelop-mental Toxicology (with individual panels on male reproduction, female reproduction,
pregnancy, and neurodevelopment),
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and the Subcommittee on Pulmonary Toxicology, which developed this report.
This executive summary encapsulates each of the seven chapters in the body of the report and presents a

summary of the major conclusions and recommendations. Preceding the summary of the chapters are
introductory sections that present concepts, definitions, and selected applications of biologic markers.

CONCEPTS AND DEFINITIONS

The committee has defined, as described in Chapter 1, the following concepts related to biologic markers.
Biologic markers in the context of environmental health are indicators of events in biologic systems or samples.
It is useful to classify biologic markers into three types—markers of exposure, of effect, and of susceptibility—
and to describe the events peculiar to each type. A biologic marker of exposure is an exogenous substance or its
metabolite or the product of an interaction between a xenobiotic agent and some target molecule or cell that is
measured in a compartment within an organism. A biologic marker of effect is a measurable biochemical,
physiologic, or other alteration within an organism that, depending on magnitude, can be recognized as an
established or potential health impairment or disease. A biologic marker of susceptibility is an indicator of an
inherent or acquired limitation of an organism's ability to respond to the challenge of exposure to a specific
xenobiotic substance. Biologic markers of susceptibility are discussed in this report only insofar as they also can
serve as markers of exposure or effect.

Once exposure has occurred, a continuum of biologic events can be detected. These events may serve as
markers of the initial exposure, administered dose (circulating peak or cumulative dose), biologically effective
dose (dose at the site of toxic action, dose at the receptor site, or dose to target macromolecules), altered structure
or function with no ensuing pathologic effect, or potential or actual health impairment. Even before exposure
occurs, biologic differences among humans might cause some to be more susceptible to environmentally induced
disease. Thus, biologic markers are tools that can be used to clarify the relationship, if any, between exposure to
a xenobiotic compound and health impairment.

Markers of Exposure

Exposure is the sum of xenobiotic material presented to an organism, whereas dose is the amount of the
xenobiotic compound that is actually absorbed into the organism.

Blood flow, capillary permeability, transport into an organ or tissue, the number of receptor sites, and route
of administration (which determines the path of the parent material or its metabolites in the body) all can
influence absorbed dose or biologically effective dose. An inhaled carcinogen that is retained in the lung might
produce tumors in the lung; if the same material were ingested and eliminated via the kidney, renal tumors might
be produced, If the parent material is responsible for the observed toxicity, the amount of metabolite that reaches
the target might be of no importance. If metabolites are responsible, however, metabolism in the liver, another
target organ, or elsewhere as a result of metabolic cooperation between several tissues is an important
determinant of absorbed dose and biologically effective dose.

Markers of Effect

For present purposes, the effects of an exposure on an organism (the responses of an organism to an
exposure) are considered in the context of the relationship of exposure to health impairment or to the probability
of health impairment. An effect is defined as an actual health impairment or recognized disease, an early
precursor of a disease process that indicates a potential for health impairment, or an event peripheral to any
disease process, but correlated with one and thus predictive of development of health impairment.

A biologic marker of an effect or response, then, can be any change that is qualitatively or quantitatively
predic
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tive of health impairment or potential impairment associated with exposure. Biologic markers are also useful to
identify endogenous components or system functions that are considered to signify normal health, e.g., blood
glucose. It is important to recognize, however, that the concentration or presence of such markers represents
points on a continuum. Therefore, the boundaries between health and disease can change as knowledge increases.

Markers of Susceptibility

Some biologic markers indicate individual or population differences that affect the biologically effective
dose of or the response to environmental agents independently of an exposure under study. An intrinsic genetic
or other characteristic or a pre-existing disease that results in an increase in the absorbed dose, the biologically
effective dose, or the target-tissue response can be a marker of increased susceptibility. Such markers include
inborn differences in metabolism, variations in immunoglobulin concentrations, low organ reserve capacity, or
other identifiable genetically determined or environmentally induced variations in absorption, metabolism, and
response to environmental agents. Other factors that can affect individual susceptibilities include nutritional
status of the organism, the role of the target site in controlling overall body function, the condition of the target
tissue (whether disease is or was present), and compensation by homeostatic mechanisms during and after
exposure. The reserve capacity of an organ to recover from an insult at the time of exposure can play an
important role in determining the extent of an impairment.

EXTRAPOLATION FROM ANIMALS TO HUMANS

Extrapolations of data from animals to humans should be based on the most sensitive animal species tested,
barring clear evidence that that species is toxicologically distinct from humans. Recently, EPA issued guidelines
for evaluating exposure studies and other guidelines concerning various toxic effects (e.g., reproductive
mutagenicity). Those guidelines provide a means to estimate data quality and stipulate the types of data that are
necessary to estimate exposure for assessment evaluations.

Laboratory animals and humans can differ in structure, physiology, and pharmacokinetics. Thus, data from
animals must be used carefully in determining health risks in humans. Important similarities and differences in
relation to particle deposition and clearance between laboratory animals and humans must be considered when
animal data are used to model human diseases. It has been particularly difficult to model asthma and
emphysema. Furthermore, animal models of effects of suspected human carcinogens—such as radon, cigarette
smoke, and arsenic—have been difficult to develop.

The toxicity of some chemicals is mediated by activation or detoxification biotransformation reactions.
Inasmuch as biotransformation differs among species, it is important to establish whether the routes and rates of
human and animal metabolic pathways are similar.

Health risks often are associated with combinations of effects in humans. For example, cardiovascular
disease in humans can encompass atherosclerosis and hypertension. Although swine provide the most suitable
animal model for studying spontaneous atherosclerosis, young rats might be most appropriate for studying
hypertension. Estimating human risks necessarily would entail some appropriate combination of the relevant
animal test systems.

A common source of uncertainty in risk assessment is the dose-response relationship at low doses or for
rare effects. It is often impractical to conduct animal studies of effects at low doses, because large numbers of
animals are required to detect a low incidence of an effect. Demonstrable health effects in humans, given the
limits of epidemiology, often are associated with high doses. Sensitive molecular markers being developed will
permit study of the relationship between exposure
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to chemicals at low ambient concentrations and the formation of a molecular marker predictive of human risk.
The development of biologic markers might enable scientists to make better use of laboratory-animal data in
estimating the effects of chemicals in humans.

As a 1986 National Research Council study on drinking water and health observed, the timing of exposure
and the dose-response patterns in animal studies have important implications for extrapolating the resulting data
to humans.

MARKERS OF EXPOSURE

As the portal of entry for airborne pollutants, the respiratory tract should be an excellent site for detecting
pollutant-specific markers. From the fine cilia and mucosa of the nasal passages, through the trachea, to the
bronchi, bronchioles, and moist alveolar membranes, the respiratory anatomy may be considered a system for
detecting and identifying a variety of markers. Investigators seek markers of general pulmonary function or
toxicity that reflect such deviations from normal conditions as altered breathing patterns and airway constriction.
Specific exposure markers can be devised by sampling and examining tissue in the nose and lung (e.g., with
nasal or bronchoalveolar lavage) and noting concentrations of pollutants of interest, such as diesel-exhaust
particles, chrysotile asbestos, wood dust, fiberglass, wollastonite, iron, silica, and volcanic ash.

This report assesses various respiratory phenomena as markers of exposure, disease, and in some cases
predisposition to disease. The respiratory system can respond to inhaled toxicants in only a few ways. Pollutants,
antigens, infection, exercise, cold, and psychologic factors can all alter breathing patterns and lead to airway
constriction; and persistent alteration of lung structure can occur in persons with chronic obstructive pulmonary
disease (such as chronic bronchitis or emphysema, fibrosis, granulomatous disease, or neoplasia). None of those
responses can be associated with a specific etiology; each can result from a variety of causative agents or
conditions. Yet some markers could be chosen as peculiar to a specific disease state and could be quantitatively
relatable to the degree or stages of the disease.

Chapter 2 describes several new approaches to the use of biologic markers for providing information on
respiratory tract dosimetry. The development of biologic markers of exposure to xenobiotics offers much
promise. New molecular biologic techniques permit the measurement of such molecular markers as adducts
formed with macromolecules in the body; the techniques can be used to detect adducted material in blood, urine,
and tissue samples and are sensitive enough for the measurement of adducts formed with DNA or protein in cells
washed from the respiratory tract or collected in sputum.

Innovative procedures, such as magnetopneumography, allow estimation of the lung burdens of some types
of particles. Refined histologic techniques have revealed the cellular sites of deposition of inhaled particles in the
lung and thus created the potential for calculating the dose to critical cells. And techniques for analyzing markers
are well advanced; e.g., new techniques allow analysis of exhaled air, sputum, nasal lavage fluid, and
bronchoalveolar lavage fluid for chemical evidence of exposure to specific pollutants. The field of mathematical
modeling has advanced to the point where models now include physiologic measurements, such as blood flow
rates, ventilation rates, metabolic rates, and both blood-air and blood-tissue partition coefficients. The models
have made it much easier to extrapolate data from animal pharmacokinetic studies to predicted deposition and
distribution in humans.

To make optimal use of the new techniques, we must determine the relationship between markers of
exposure and the characteristics of the exposures that generate them. The markers usually yield only yes-no
answers; that is, a particular exposure did or did not occur. But we need to determine the kinetic relationships
between formation and breakdown of markers, so that we can use mathematical
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models to answer the question, "Given this amount of this marker in this tissue, what exposures could have
produced the marker?" In addition, there is a need to explore such readily available respiratory tract fluids as
nasal fluids and sputum for chemical markers of exposure to specific pollutants.

Chapter 2 briefly summarizes methods for collecting clinical information. The standardized questionnaire
on respiratory disease can play an important role in identifying markers of potential respiratory disease. Neither
the clinical history of a patient nor information obtained from a population with a standardized questionnaire
constitutes biologic material, but such information is important in identifying the potential for respiratory
disease. For instance, severe respiratory illness before the age of 2 years implies a likelihood of respiratory
illness in later childhood; and persistent wheezing in childhood predicts abnormal pulmonary function in
adulthood. Since the early 1950s, efforts to develop standardized procedures for gathering clinical and
epidemiologic data on pulmonary health status have been in place. One of the most successful questionnaires has
been the one developed by the British Medical Research Council and adopted by the American Thoracic Society.
This questionnaire is used widely in the United States and throughout the world.

Chapter 2 shows the importance of determining the mechanisms by which environmental pollutants induce
lung disease. What are the sites of toxic actions? How much of a given pollutant is required at a given site to
produce a given toxic response? Knowledge of the mechanisms by which toxicity occurs should provide the
most pertinent information on potential early markers of exposure to environmental pollutants and initial stages
of response to them.

MARKERS OF PHYSIOLOGIC EFFECTS IN INTACT ORGANISMS

Chapter 3 describes the role of physiologic measurements of the functional status of the respiratory tract,
which are applicable for use in intact humans and animals. These measurements range from commonly used
clinical tests of respiratory function to currently developing assays of the integrity of tissue barriers. Most of the
measurements described in this chapter are relatively noninvasive and do not require anesthesia, catheterization,
or collection of tissue samples. Several are readily adaptable to large-scale epidemiologic studies; however, some
that require extensive or highly sophisticated equipment are best suited to studies of small groups.

The physiologic markers of early biologic effects in intact organisms can be described in four general
categories:

•   Markers of changes in respiratory (gas-exchange) function of the lung. These are derived from
measurements of ventilation and its control, lung mechanical properties, intrapulmonary gas
distribution, and alveolar-capillary gas exchange. A wide variety of such measurements have been
developed and are in common use.

•   Markers of increased airway reactivity, both to specific environmental agents and to standardized
physiologic provocation. These are usually indexes of respiratory function. They are distinct from
markers in the first category, in that the focus is not on gas exchange.

•   Markers of change in clearance of particles. Measurement is used to examine an important set of
respiratory defense mechanisms, and alterations of the mechanisms at times provide an early indication
of an adverse effect of inhaled environmental agents.

•   Markers of increased permeability of the air-blood barrier and of increased uptake of potentially
injurious materials in the lung. Increase in permeability is sometimes an early feature of lung injury due
to inhaled particles.

MARKERS OF ALTERED STRUCTURE OR FUNCTION

Chapter 4 describes two of the simplest methods of assessing alterations in lung structure: examination with
the naked
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eye and microscopic examination. Of course, access to relevant materials in vivo is problematic, requiring in
most cases direct access to lung tissue during surgical procedures. Lung tissue at autopsy is very helpful in
establishing the burden of inhaled particles. Separate autonomic regions can be sampled, and quantitative data
obtained. Apart from gross examination of lung tissue, both light and electron microscopic examination can be
useful. Light microscopy has the advantages of speed, accuracy, and low cost. It also has some limitations, in
that the types of measurements of tissue compartments are restricted. Such measurements are more easily made
with electron microscopy. However, electron microscopy requires expensive equipment and more highly trained
personnel. Newer techniques using electron and x-ray microscopy can also identify elements such as silica,
cobalt, and nickel in human lung.

The proliferation of epithelial cells, fibroblasts, and macrophages can be measured microscopically.
Proliferation of those cells can serve as markers of lung damage. For example, oxidant gases and chrysotile
asbestos fibers cause rapid incorporation of tritiated thymidine into bronchiolar and alveolar cells. Detection and
analysis of inhaled particles are possible with microscopic techniques. The size and distribution of particles in
pulmonary tissue can be assessed with current morphometric techniques.

MARKERS OF INFLAMMATORY AND IMMUNE RESPONSE

Chapter 5 discusses markers associated with the inflammatory and immune responses of the respiratory
tract. Inflammation in the lungs starts with the macrophage, the resident cell in the lower respiratory tract. The
macrophage response is usually followed rapidly by an influx of neutrophils, which can damage tissue directly.
Neutrophils are, however, most effective for destroying bacteria, and their presence constitutes a primary
response to injury in any part of the body. The presence and timing of the neutrophil influx are good markers of
inflammatory response in the respiratory tract. Neutrophils are seen in nasal washings and in other biologic
samples from the respiratory system after exposure.

Another inflammatory cell, which is less commonly seen, is the eosinophil. It is attracted to the lung by
chemotactic factors released during an inflammatory response. Like neutrophils, eosinophils can release
chemotactic factors for other cells. They can also release several potential irritants, including oxygen radicals
and leukotrienes.

The influx of neutrophils and eosinophils is usually seen in the first 3–7 days of an inflammatory response.
If the inflammatory response is sustained, it is usually accompanied by a specific immune response. The immune
response is generally mediated by lymphocytes, which migrate into the inflamed area within days of the original
insult.

Apart from cells in the inflamed area that serve as markers, proteins and other products of cells can be
detected. Those products often appear in predictable patterns that allow one to estimate the duration and intensity
of the inflammatory response. Increases in proteins and other products in biologic fluids, such as
bronchoalveolar lavage fluid, can serve as sensitive markers of the inflammatory response.

The human respiratory tract contains a complex array of host defenses—anatomic barriers, mucociliary
clearance, phagocytic cells, and various components of cellular and humoral immunity—that collectively cleanse
inhaled air and inactivate infectious and other injurious agents that are inhaled. In particular, the mucosal lining
of the small airways and alveolar airspaces contains many components of the immune system that are important
in protecting the normal lung. However, some of the components also play an important role in immunologic
lung disease.

Antigen-antibody complexes are the basis of immune response. The initial phase of the immune response
usually begins with antigen processing by phagocytes, such as macrophages. That includes
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degradation of foreign substances and exposure of lymphocytes to antigens, which stimulate the production of
antibody, sensitized cells, or both. Chapter 5 describes the mechanisms of the immune response and the different
cells and factors involved in the immune response that can be used as markers.

MARKERS OF CELLULAR AND BIOCHEMICAL RESPONSE

Chapter 6 discusses current and developing cellular and biochemical techniques that provide a possible
source of markers peculiar to the lung and upper respiratory tract. The most important of the new techniques are
bronchoalveolar lavage and nasal lavage. The predominant cell in bronchoalveolar lavage fluids from healthy
people is the macrophage. However, in an inflammatory state, neutrophils, eosinophils, and mast cells might be
present. Macrophages play an important role in the regulation of the immune cellular response, acting as both
promoters and suppressors of events during inflammation. Thus, bronchoalveolar lavage fluid is ideally suited to
the study of cells from respiratory tract and their response to chemical insult in both laboratory animals and
humans. For example, alveolar macrophages secrete interleukin-1; the role of interleukin-1 as a mediator of
inflammation is uncertain, and bronchoalveolar lavage is providing important mechanistic information on it.

Biochemical markers of pulmonary disease processes are also present in lavage fluid. Lactate
dehydrogenase, a cytoplasmic enzyme released from damaged or lysed cells, can be used as a marker of
cytotoxicity. An increase in this enzyme activity can be used to distinguish between toxic events and physiologic
responses. An increase in serum proteins in the lavage fluid serves as an indicator of increased permeability of
the alveolar-capillary barrier. The activity of hydrolytic and proteolytic enzymes released into the epithelial
lining fluid has been shown to be correlated with the toxicity of inhaled particles. Biochemical and cellular
markers of inflammation are useful in animal toxicity studies to rank the toxicity of a series of compounds and to
study the mechanisms of development of late-occurring lung diseases, such as fibrosis and emphysema.

Testing for immune cellular response has often used whole animals or humans. The interaction of several
components of the immune system can be tested, and body responses can be measured, so one need not rely on
extrapolation from results obtained in vitro. The examination of individual cellular components is described in
detail in Chapter 6.

Exposure to environmental toxicants can cause damage in individual cells at the level of DNA and other
cellular components. New techniques are now available to measure molecular markers of damage to cell
components. Molecular markers have proved useful in the detection and diagnosis of some infectious diseases
and in sickle-cell anemia and alpha- and beta-thalassemia, and they are being developed for other diseases, such
as Duchenne muscular dystrophy, cystic fibrosis, Lesch-Nyhan syndrome, phenylketonuria, antithrombin III
deficiency, and alpha1-antitrypsin deficiency. The development and use of molecular markers to identify cellular
responses to environmental toxicants will be important in increasing understanding of the mechanisms involved
in pulmonary disease.

RECOMMENDATIONS

The recommendations of the Subcommittee have been divided into four major groups: exposure dosimetry,
physiologic measurements, structural and functional measurements, and cellular and biochemical measurements.

Exposure Dosimetry

More information is needed on factors that affect the dosimetry of inhaled toxicants at specific sites along
the respiratory tract. Specifically needed is information on the following:

•   Regional deposition of inhaled pollutants at various sites along the respir
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atory tract. Considerable information is available on regional deposition of inhaled particles larger than
0.1 µm in aerodynamic diameter, but relatively little is known about factors that govern the deposition
of inhaled gases, vapors, and ultrafine particles (smaller than 0.1 µm in aerodynamic diameter). Specific
factors that affect deposition, particularly airway structure, need to be assessed in both laboratory
animals and humans.

•   Pollutant effects on clearance of deposited material. Dosimetry at specific sites in the respiratory tract
depends both on how much is deposited at the site and on how quickly it is removed. Inter-species
studies of regional clearance are required.

•   The capacity of tissues at the site of deposition to metabolize a pollutant to a more toxic or a less toxic
form. The toxicity of an inhaled organic compound might be increased by metabolic activity at some
sites of deposition.

•   Effects of chemical and physical characteristics of pollutants on the site of sequestration and on the
induction of injury in the respiratory tract.

Physiologic modeling of the pharmacokinetics of inhaled materials in animals and humans shows promise
for allowing extrapolation of dosimetry data between species, sexes, and regimens. Extension of that approach to
the active metabolites of inhaled compounds would greatly increase our understanding of the toxicity of inhaled
materials. Physiologic modeling also requires information on deposition, clearance, and metabolism.

One region of the respiratory tract that has received little attention, but is readily accessible for sampling, is
the nose. The analysis of nasal rinses or sputum to detect exposures to specific pollutants could be useful. It must
be applied with appropriate knowledge of dosimetry differences between the nose and the rest of the respiratory
tract when different toxicants are inhaled.

Macromolecular adduct formation offers a promising new method of measuring exposure to organic
chemicals that are reactive or can be metabolized to reactive forms. Further research on the kinetics of adduct
formation and clearance is required to determine the relationship between exposure history and the concentration
of adducts in blood or tissue samples. Most research has been on formation of adducts with DNA and
hemoglobin. Adducts with other macromolecules, particularly those with site specificity, should be explored as
markers of dose.

Physiologic Measurements

Existing physiologic tools need to be extended and new tests need to be developed and evaluated to focus
on specific sites of action of environmental pollutants and specific effects of given pollutants. That requires
evaluation of pathophysiologic correlates assessed initially in animals and later in humans, both in controlled
exposure settings and in population-based samples.

Further research is required on the role of increases in nonspecific airway reactivity in identifying persons
susceptible to environmental agents and on the role of increases in airway reactivity in the natural history of
chronic obstructive pulmonary disease (COPD). The role of transient changes in airway reactivity in response to
specific environmental agents needs to be assessed in regard to risk of development of COPD.

Links among alterations in particle clearance, environmental exposures, and development of lung disease
need to be studied further to determine the usefulness of clearance as a marker of susceptibility and response.

Markers of early endothelial changes that would identify persons likely to develop acute or chronic vascular
injury are needed. Markers of endothelial dysfunction that demonstrate toxicant specificity should be sought.
More information is needed on how endothelial barrier function is correlated with nonbarrier functions.
Refinements in techniques are needed to render them applicable to the screening of large numbers of people for
vascular function.

Immunologic, biochemical, cytologic, and structural markers identified as re
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lated to specific lung injury need to be correlated with physiologic measures of respiratory function, airway
reactivity, particle clearance, and indexes of air-blood barriers. Understanding of those relationships could be
important in developing methods for assessing risks associated with environmental exposures.

Structural and Functional Measurements

Animal studies are needed for increasing understanding of the pathologic sequelae of particle disposition at
specific sites in the lung. Examples of some analytic methods that can be made highly site-specific and cell-
specific are morphometry, immunocytochemistry, histochemistry, and in situ hybridization (i.e., formation of
RNA-DNA hybrids).

Research is required on the specific cell kinetics of response to injury. Labeling indexes determined by
autoradiography are not adequate for describing cell kinetics. New techniques, such as a combination of
autoradiography with morphometry to measure cell pool sizes before and after injury, can make it possible to
determine changes in the entire cell cycle during lung injury.

Three-dimensional reconstruction of cells and tissues could establish changes in intracellular organelles and
cell-cell relationships that result from exposure and injury. Such techniques as computer-assisted tissue
reconstructions, time-lapse photography, and high-voltage electron microscopy can be applied to obtain data on
cell function and cell regulation.

Lavage fluids should be analyzed to determine whether exposure to particles or gases changes chemotactic
activity. Alterations could be due to depletion or activation of pulmonary C5, oxidants, arachidonic acid
metabolites, growth factors, and other chemotactic factors that might be important markers of response.

Cell- and organ-culture models should be developed for extrapolating animal data on histologic changes to
humans.

Findings on early histologic markers of exposure and injury in animals are difficult to apply to humans,
because they require invasive techniques. New ways to maintain and use human cells obtained by
bronchoalveolar lavage, transbronchial lung biopsy, and tracheal exploration need to be developed.

Cellular and Biochemical Measurements

Bronchoalveolar lavage has proved useful for evaluating lung inflammation, but further research is required
to determine its utility for assessing pollutant exposure. Interspecies studies are needed to determine
relationships between changes in bronchoalveolar-lavage fluid constituents and site-specific and pollutant-
specific injury. Where applicable, clinical studies should be used for confirmation of results.

Cell and mediator changes found in bronchoalveolar and nasal-lavage fluid need to be related to physiologic
and pathologic changes to assess their utility as biologic markers.

Nasal lavage needs to be investigated as a means of evaluating pollutant exposure and as an epidemiologic
tool. The characteristics of bronchoalveolar-lavage fluid, nasal-lavage fluid, and whole-lung specimens need to
be correlated in humans and animal models.

Monoclonal antibodies and molecular genetic techniques need to be applied to characterize types and
functions of cells of the respiratory tract. As those techniques are introduced, relationships between phenotypic
changes, pollutant exposure, and cell function should be established.

It would be of value to identify markers of susceptibility. Changes in cells and mediators in lavage fluid
should be examined as possible markers of susceptibility.

Markers of the early events leading to late-stage disease should be developed to serve as molecular probes
of mechanisms of disease.

EXECUTIVE SUMMARY 9

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Pulmonary Toxicology 
http://www.nap.edu/catalog/1216.html

http://www.nap.edu/catalog/1216.html


EXECUTIVE SUMMARY 10

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Pulmonary Toxicology 
http://www.nap.edu/catalog/1216.html

http://www.nap.edu/catalog/1216.html


1

Introduction

Breathing fulfills the vital function of exchanging the gases of oxygen and carbon dioxide. With oxygen,
breathing brings in common toxic air pollutants, such as nitrogen dioxide, sulfur dioxide, ozone, carbon
monoxide, and particulate matter. Because of concern for the potential impacts of these and other pollutants on
public health, the National Heart, Lung, and Blood Institute, the Office of Health Research of the Environmental
Protection Agency (EPA), the National Institute of Environmental Health Sciences, and the Agency for Toxic
Substances Disease Registry asked the Board on Environmental Studies and Toxicology (BEST) in the National
Research Council's Commission on Life Sciences to conduct a study of the scientific basis, potential use, and
current state of development and validation of biologic markers in the respiratory system. BEST organized the
Committee on Biologic Markers to examine the use of biologic markers in environmental health research. Three
specific biologic systems or fields of research were chosen for study: the reproductive system, the respiratory
system, and the immune system. This is the report of the Subcommittee on Pulmonary Toxicology, which was
charged to review potential biologic markers in the respiratory tract.

Biologic markers, broadly defined, are indicators of variation in cellular or biochemical components or
processes, structure, or function that are measurable in biologic systems or samples. For most purposes in
environmental health research, the reason for interest in biologic markers is a desire to identify the early stages
of disease and to understand basic mechanisms of exposure and response in research and medical practice.

The growth of molecular biology and biochemical approaches to medicine has resulted in the rapid
development of markers for understanding disease, predicting outcome, and directing treatment. Many diseases
are now defined, not by overt signs and symptoms, but by the detection of biologic markers at the subcellular or
molecular level. For example, liver and kidney diseases are often diagnosed by measuring enzymes in blood or
proteins in urine; lead poisoning can be diagnosed on the basis of blood lead concentrations and such biologic
changes as increases in heme biosynthesis components in red cells and urine; and many inborn errors of
metabolism, such as phenylketonuria, are diagnosed on the basis of cell biochemical findings, rather than
expressed dysfunctions. The identification, validation, and use of markers in medicine and
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biology depend fundamentally on increased understanding of mechanisms of action and the role of molecular
and biochemical processes in cell biology.

It is important to recognize that markers represent signals on a continuum between health and disease and
that their definitions might shift as knowledge of the fundamental processes of disease progression increases.
That is, today's markers of exposure might become tomorrow's markers of early biologic effect. What are
perceived at first to be early signals of risk could come to be considered health impairments themselves because
the predictive relationship is so strong; i.e., an early signal could represent an effect at a stage in the progression
at which it is difficult to prevent a disease. Thus, biologic markers can be valuable in the prevention, early
detection, and early treatment of disease.

There is growing interest in the use of biologic markers to study the health effects of exposure to
environmental toxicants in clinical medicine, epidemiology, toxicology, and related biomedical fields. Clinical
medicine uses markers to allow earlier detection and treatment of disease; epidemiology uses markers as
indicators of exposure, internal dose, or health effects; toxicology uses markers to help determine underlying
mechanisms of diseases, develop better estimates of dose-response relationships, and improve the technical bases
for assessing risks at lower levels of exposure.

TYPES OF BIOLOGIC MARKERS

The Biologic Markers Committee has defined the following concepts related to biologic markers. Biologic
markers are indicators of events in biologic systems or samples. It is useful to classify biologic markers into
three types—markers of exposure, of effect, and of susceptibility—and to describe the events peculiar to each
type. A biologic marker of exposure is an exogenous substance or its metabolite or the product of an interaction
between a xenobiotic agent and some target molecule or cell that is measured in a compartment within an
organism. A biologic marker of effect is a measurable biochemical, physiologic, or other alteration within an
organism that, depending on magnitude, can be recognized as an established or potential health impairment or
disease. A biologic marker of susceptibility is an indicator of an inherent or acquired limitation of an organism's
ability to respond to the challenge of exposure to a specific xenobiotic substance. Biologic markers of
susceptibility are discussed in this report only insofar as they can also serve as markers of exposure or effect.

Once exposure has occurred, a continuum of biologic events can be detected. These events may serve as
markers of the initial exposure, administered dose (circulating peak or cumulative dose), biologically effective
dose (dose at the site of toxic action, dose at the receptor site, or dose to target macromolecules), altered structure
or function with no ensuing pathologic effect, or potential or actual disease. Even before exposure occurs,
biologic differences among humans might cause some individuals to be more susceptible to environmentally
induced disease. Thus, biologic markers are tools that can be used to clarify the relationship, if any, between
exposure to a xenobiotic substance and disease.

Markers of Exposure

Exposure is the sum of xenobiotic material presented to an organism, whereas dose is the amount of the
material that is actually absorbed into the organism or reaches a target tissue or organ.

Blood flow, capillary permeability, transport into an organ or tissue, the number of receptor sites, and route
of administration (which determines the path of the parent material or its metabolites in dose. An inhaled
carcinogen might produce tumors in the lung; if the body) all can influence absorbed dose or biologically
effective the same material were ingested and eliminated via the kidney, renal tumors might be produced. If the
parent material is responsible for the observed toxicity, the amount of metabolite that reaches the target might be
of no importance. If metabolites are respon
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sible, however, metabolism in the liver, in another target organ, or elsewhere as a result of metabolic cooperation
between several tissues is an important determinant of absorbed dose and biologically effective dose.

Markers of Effect

For present purposes, the effects of an exposure on an organism (the responses of an organism to an
exposure) are considered in the context of the relationship of exposure to disease or to the probability of disease.
An effect is defined as a health impairment, a precursor that indicates a likelihood of health impairment, or an
event peripheral to any disease process, but correlated with one and thus predictive of development of disease.

A biologic marker of an effect or response, then, can be any change that is qualitatively or quantitatively
indicative of health impairment or potential impairment (disease process) associated with exposure. Biologic
markers are also useful to identify endogenous components or system functions that are considered to signify
normal health. It is important to recognize, however, that the magnitude of such a component or function
represents points on a continuum. Therefore, the boundaries between health and disease can change as
knowledge increases.

Markers of Susceptibility

Some biologic markers indicate individual or population differences that affect the biologically effective
dose of or the response to environmental agents independently of the characteristics of a particular exposure. An
intrinsic genetic or other characteristic or a pre-existing disease that results in an increase in the absorbed dose,
the biologically effective dose, or the target-tissue response after an exposure can be a marker of increased
susceptibility. Such markers include inborn differences in metabolism, variations in immunoglobulin
concentrations, low organs reserve capacity, and other identifiable genetically determined or environmentally
induced variations in absorption, metabolism, and response to environmental agents. Other factors that can affect
individual susceptibilities include the nutritional status of the organism, the role of the target site in controlling
overall body function, the condition of the target tissue (whether disease is or was present), and compensation by
homeostatic mechanisms during and after exposure. The reserve capacity of an organ to recover from an insult at
the time of exposure can play an important role in determining the extent of an impairment.

VALIDATION OF BIOLOGIC MARKERS

The usefulness of a biologic marker must be validated by establishing the existence of a relationship
between an environmental exposure and the biologic change of interest. Two characteristics of assessment
determine the validity of a marker: sensitivity and specificity. Sensitivity is the extent to which a biologic marker
indicates that a particular characteristic is present when it is present. If sensitivity is high, the probability of
obtaining false-negative results is low. Specificity is the extent to which a biologic marker indicates that a
particular characteristic is absent when it is absent. If specificity is high, the probability of obtaining false-
positive results is low.

It is desirable for a marker to be as specific and as sensitive as possible. Specificity is needed to be able to
associate a biologic marker with exposure to a specific pollutant. Sensitivity is required because many
environmental exposures are airborne pollutants at low concentrations. The ideal biologic marker of an
environmental exposure would be pollutant-specific, available for analysis with noninvasive techniques,
detectable in trace concentrations or at very low activities, inexpensive to detect, and quantitatively relatable to
the degree of exposure. Very rarely will all those qualities be available in a biologic marker. Most markers
discussed in this report lack at least one of the attributes. Furthermore, many, if not most, diseases
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can be due to multiple causative agents, only some of which are environmental. Nevertheless, biologic markers
provide valuable information that can improve our ability to determine the extent of environmentally induced
respiratory disease.

Before many markers can be used for large epidemiologic field studies, efforts must be directed toward both
the miniaturization of laboratory techniques and the preservation and banking of appropriate specimens. Those
efforts initially must be carried out by laboratory scientists developing new biologic markers and—because of
the intensity of the developmental efforts—will usually be of only second-order interest. Delays in taking the
new techniques from the laboratory and applying them to population-based field studies will be inevitable.

A useful approach to the validation of biologic changes as markers is to use experimental studies in animals
and clinical (human) studies to develop a matrix of information that enables one to make estimates for humans
(Table 1-1). For example, markers of acute effects of short-term, low-concentration exposures to a pollutant can
be detected in both animals and humans. A comparison of this information with markers of chronic effects
resulting from long-term exposure of animals to the same pollutant could lead to the development of markers
that are more predictive of health effects in chronically exposed humans (McClellan, 1986).

Numerous instances of clinical research and animal toxicology studies have both used and provided
validation of biologic markers. Analysis of bronchoalveolar-lavage fluid is used to detect markers of an
inflammatory response in the respiratory tract (Hunninghake et al., 1979b; Henderson et al., 1985a; Utell et al.,
1985; Reynolds, 1987). Those markers have proved useful in diagnosing, staging, and planning therapeutic
approaches to pulmonary disease in humans (Reynolds, 1987); in screening for pulmonary toxicity of inhaled
pollutants in animals (Henderson et al., 1985a); and in detecting human responses to inhaled pollutants in short-
term clinical studies (Utell et al., 1985). From such studies has come information on potential biologic markers
of both the magnitude and the respiratory effects of environmental exposure.

It is important to distinguish between physiologic responses that represent normal defense mechanisms and
responses that are predictive of disease. An organism might have a continuum of responses to a noxious agent—
from responses that lead to removal of the agent or repair of initial injury to responses that indicate that
irreversible damage has occurred or is destined to occur. Markers are needed to indicate where a given response
lies on the continuum.

USE OF BIOLOGIC MARKERS IN THE RESPIRATORY TRACT

The potential usefulness of markers applies to all organ systems and tissues. In this report, discussion is
limited to use of markers in the respiratory tract. The respiratory tract, as a portal of

Table 1-1 Example of a Matrix for Determining the Validity of a Biologic Marker
Species Nature of Exposure External Exposure Internal Dose Health Effect
A Acute X X X

Chronic X X X
B Acute X — X

Chronic — — —
Human Acute X X X

Chronic ? ? ?

X = Marker determined.
-= Marker not yet determined.
? = Not yet tested.
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entry for airborne pollutants into the body (and as a route of exit of some materials), should be advantageous for
detecting pollutant-specific markers. If tissues or cells of the respiratory tract react chemically with an inhaled
pollutant, it might be possible to detect reaction products in the lumen of the respiratory tract or in cells washed
from it. Gaseous pollutants or the volatile metabolites of pollutants might be detected in the exhaled breath of
exposed people.

A disadvantage of attempting to assess toxicant-induced changes in the respiratory tract, with respect to
potential biologic markers of effects of environmental exposures, is the lack of specificity of pulmonary
responses in relation to etiologic agents. The lung can respond to inhaled toxic materials in only a few ways:

•   Altered breathing patterns and airway constriction. Altered breathing patterns are receptor-mediated
responses; airway constriction can result from the direct action of a variety of stimuli or be mediated
through neurogenic reflexes. Besides pollutants, potential stimuli include such agents as various
antigens (in sensitized persons), infection, exercise, cold, and psychogenic factors.

•   Cell injury leading to inflammation. The inflammatory response is characterized by an influx of
inflammatory cells and an increased permeability of the alveolar-capillary barrier, which might lead to
edema. Such an inflammatory response can also be induced by immunologic responses in a sensitized
lung or by infectious agents.

•   Persistent alteration of lung structure, such as fibrosis, chronic obstructive pulmonary disease (such as
chronic bronchitis or emphysema), granulomatous disease, or neoplasia. None of these conditions or
responses has a specific etiology; each can be a response to a variety of causative agents or conditions.

Thus, although biologic markers, such as changes in respiratory function, can be used to detect some
structural alterations, it is not readily possible to associate a single functional alteration with a single causative
agent. In the same manner, it might be easy to detect an inflammatory response in the respiratory tract by
analyzing bronchoalveolar-lavage fluid or nasal-lavage fluid, but without additional information it is not easy to
associate inflammation with a particular environmental exposure.

The following chapters discuss potential biologic markers of environmentally induced pulmonary disease.
Some of the markers represent new techniques made possible by recent technologic advances. Others represent
new uses of technique or procedures that have been used in other fields of research.

STRUCTURE OF THE REPORT

Chapter 2 examines markers of exposure. The deposition and clearance of inhaled material is discussed.
New methods for monitoring inhaled material are reviewed as well as clinical techniques for assessing exposure.
Chapter 3 examines current methods for assessing respiratory function. In addition, methods for assessing airway
hyperactivity and injury to alveolar and vascular tissues are described. Chapter 4 discusses methods for structural
assessment of whole lung, airways, and parenchyma.

Chapter 5 describes the mechanisms of inflammatory and immune response in the respiratory system and
the associated markers. Chapter 6 continues the discussion developed in Chapter 5 but focuses on the cellular
and biochemical responses observed as the lung responds to chemical insult. Finally, Chapter 7 provides the
recommendations of the Subcommittee on Pulmonary Toxicology.
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2

Markers of Exposure

In all matters of toxicologic concern, one must relate the effect of a toxicant to the dose required to cause
the effect. Our ability to determine dose accurately varies widely with the kind of study involved—from
epidemiologic studies, in which dose estimation must often be based on limited information from area
monitoring, to studies performed in vitro, in which the dose to a subcellular organelle can be measured exactly.
One way to obtain an accurate measure of dose is to measure biologic markers of exposure. A biologic marker of
exposure is a substance measured in a compartment within an organism—an exogenous substance or its
metabolite or a product of an interaction between a xenobiotic agent and some target molecule or cell. This
chapter examines biologic markers of exposure.

Exposure is the sum of xenobiotic material presented to an organism, whereas dose is the amount of the
material that is absorbed into the organism (internal dose) or the amount of active material that reaches the site of
toxic action (in the case of biologically effective dose). Thus, there is an important distinction between exposure
and dose that should be considered in the assessment of human exposure to toxic substances.

In many animal toxicologic studies and human clinical studies, the internal dose is inferred from knowledge
of the exposure to a toxicant administered by ingestion or injection. However, if the toxicant is volatile, much of
the compound might be exhaled unchanged soon after ingestion or intraperitoneal injection, and the retained
dose could be less than the administered dose. If the toxicant is delivered by inhalation, the internal dose is
difficult to assess and will depend on exposure conditions (air concentration, timing of exposure, etc.),
deposition and absorption efficiencies of the inhaled material, metabolism, and ventilation patterns of the
exposed subject.

In inhalation exposures, the estimated dose is sometimes expressed as duration of exposure to a toxicant at a
given atmospheric concentration. It is particularly important for regulatory agencies to be able to relate the
appearance of an adverse health effect to specific atmospheric concentrations of a toxicant, because regulations
are usually set in terms of allowable concentrations in air. In the absence of toxicokinetic data, however,
atmospheric concentrations used in toxicologic studies can be misleading, if the internal dose is not linearly
related to the atmospheric concentration, especially at the high concentrations often used in such studies.

If the mechanism of a toxic effect is
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known (the ideal situation), one can speak of the biologically effective dose at the cellular or subcellular site of
action; that is the actual dose causing the effect, but it might be difficult to measure, except in studies performed
in vitro. Recent advances in molecular epidemiology (Perera and Weinstein, 1982; Wogan and Gorelick, 1985;
Wogan, 1988) have provided techniques that allow sampling of such biologic markers as covalent adducts
formed by the binding of toxicants with macromolecules at or near the site of toxic action. Such adducts could
prove to be valuable markers of biologically effective dose (e.g., DNA and protamine adducts) or of exposure
(e.g., hemoglobin adducts).

All those assessments of dose—i.e., biologically effective dose, dose to critical tissues, internal dose, and
atmospheric concentration—are required for various aspects of health-effects studies, and biologic markers of
each would be useful. Most important, however, is information on how each type of dose measurement is related
to the others, so that measurement of some can be used to estimate others. Mathematical models based on the
physical and chemical properties of the toxicant and the recipient organism have proved useful for extrapolation
not only between different dose measurements, but also between species and between exposure regimens (NRC,
1987).

The mechanism of action of a toxicant is rarely known, and the dose to tissues where the toxic effects occur
is usually the most useful expression of dose. Toxicokinetic studies are required to establish the relationship
between an administered dose and the dose to the tissue of concern. It is useful if the relationship between the
dose to a target tissue and the appearance of an indicator substance in readily sampled body fluids can be
established, so that the dose to a target tissue can be estimated from available biologic material.

In the following sections, we first discuss the factors that govern the deposition of inhaled materials—
particles, gases, and vapors; those are the factors that determine the initial internal dose resulting from inhalation
exposure. We then discuss the toxicokinetics of the deposited material, i.e., the rate and extent of clearance of
deposited material and its metabolites from the respiratory tract, of their distribution in the body, and of their
excretion. We then treat methods and sites for monitoring for inhaled materials and their products in the body.
All that information determines the dose to the critical tissue, or, if the mechanism of injury is known, can even
reveal the biologically effective dose. Mathematical models used to extrapolate animal toxicokinetic data to
humans are discussed, and the use of clinical techniques to assess markers of exposure and dose is reviewed at
the end of this chapter.

DEPOSITION OF INHALED MATERIAL IN THE RESPIRATORY TRACT

Particles

Particulate matter can include solid, relatively insoluble particles and liquid droplets that can be readily
soluble in body fluids. The deposition of both types of particles are governed by the same forces, but the
disposition of the deposited material will depend on the chemical properties of the material. This section deals
with the deposition of both types of particles. The clearance of insoluble particles and the clearance of lipid-
soluble material, whether inhaled as an aerosol or as a gas or vapor, is dealt with later.

Inhaled particles can come into contact with airway surfaces and be deposited on them. The extent and site
of deposition depend on various factors, such as particle characteristics, ventilation pattern, and airway structure.
Deposition can occur by five basic physical mechanisms: impaction, sedimentation, Brownian diffusion,
interception, and electrostatic precipitation.

•   Impaction is inertial deposition. It occurs when a particle's momentum prevents it from changing course
in an area where there is a change in the direction of airflow. Impaction is the main mechanism by
which a particle having an aerody
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namic equivalent diameter (Dae) of 0.5 µm or more is deposited in the upper respiratory tract and at or
near tracheobronchial-tree branching points. The probability of impaction is proportional to air velocity,
rate of breathing, and particle density and size.

•   Sedimentation is deposition due to gravity. When the gravitational force on an airborne particle is
balanced by the total of forces due to air buoyancy and air resistance, the particle will fall out of the
airstream at a constant rate, known as the terminal settling velocity. The probability of sedimentation is
proportional to particle residence time in the airway and to particle size and density and is inversely
proportional to breathing rate. Sedimentation is an important deposition mechanism for particles with
Dae of 0.5 µm or more, which penetrate to airways whose air velocity is relatively low, e.g., mid-size to
small bronchi and bronchioles.

•   Submicrometer-size particles, especially those with physical diameters of 0.2 µm or less, acquire a
random motion due to bombardment by surrounding air molecules; this motion can result in contact
with an airway wall. The displacement sustained by a particle is a function of the diffusion coefficient,
which is inversely related to particle cross-sectional area. Brownian diffusion is a major deposition
mechanism in airways whose airflow is low or absent, e.g., bronchioles and alveoli. However,
extremely small particles can be deposited by diffusion in the upper respiratory tract, trachea, and larger
bronchi.

•   Interception is an important mechanism of deposition of fibers and occurs when a fiber edge makes
contact with an airway wall. The probability of interception increases as airway diameter decreases;
fibers that are long and thin can penetrate into distal airways before deposition. Fiber shape is also
important, in that straight fibers penetrate more distally than do curved fibers.

•   In electrostatic precipitation, some freshly generated particles are electrically charged and exhibit
greater deposition than that expected from size alone. That is due either to ionic charges induced on the
surface of an airway by the particles or to space-charge effects; repulsion of particles bearing like
charges results in increased migration toward the airway wall. The effect of charge on deposition is
inversely proportional to particle size and airflow rate. Most ambient particles become neutralized
naturally because of the presence of air ions, so electrostatic deposition is generally a minor contributor
to particle collection by the respiratory tract; however, it is important in some laboratory studies.

Patterns of deposition efficiency (i.e., percentage deposition of amount inhaled) in the human respiratory
tract are shown in Figures 2-1 through 2-4. The use of different experimental methods and protocols results in
considerable variation in reported values. Figure 2-1 shows the pattern for overall respiratory tract deposition.
Note the deposition minimum over the size range 0.2-0.5 µm. As previously discussed, particles with diameters
of 0.5 µm or more are subject to impaction and sedimentation, whereas the deposition of those 0.2 µm or less is
diffusion-dominated. Particles with diameters between these values are minimally influenced by all three
mechanisms and tend to have relatively long suspension times in air. They undergo minimal deposition after
inhalation, and most are carried out of the respiratory tract in exhaled air.

The effect of breathing mode on particle deposition in humans is evident from Figure 2-1. Nasal inhalation
results in greater total deposition of particles with diameters over 0.5 µm than does oral inhalation, because
collection in the upper respiratory tract is greater. But there is little apparent difference in total deposition of
particles of 0.2–0.5 µm between nasal and oral breathing.

Figure 2-2 shows the pattern of deposition in the upper respiratory tract (the larynx and airways above it).
Again, it is evident that nasal inhalation results in much greater deposition than oral. The greater the deposition
of a substance in
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Figure 2-1 Particle deposition efficiency in human respiratory tract. Values are means with standard deviations.
Source: Reprinted with permission from Schlesinger, 1989.

Figure 2-2 Particle deposition efficiency in human upper respiratory tract. Values are means with standard
deviations.
Source: Reprinted with permission from Schlesinger, 1989.
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the head, the less is available for removal in the lungs. Thus, the extent of collection in the upper respiratory
tract affects deposition in more distal regions.

Figure 2-3 depicts deposition in the tracheobronchial tree. The relation between deposition and particle size
is not as well defined as in other regions; fractional tracheobronchial deposition is relatively constant over a wide
range of particle size.

Deposition in the pulmonary region (alveolated airways) is shown in Figure 2-4. With oral inhalation,
deposition increases with particle size after a minimum at approximately 0.5 µm. With nasal breathing, percent
deposition tends to decrease with increasing particle size. The removal of particles in more proximal airways
determines the shape of the pulmonary deposition curves. For example, increased upper respiratory and
tracheobronchial deposition would be associated with a reduction of pulmonary deposition; thus, nasal breathing
results in less pulmonary penetration of larger particles, and a smaller fraction of deposition of entering particles,
than does oral inhalation. In the latter case, the peak for pulmonary deposition shifts upward to larger particles
and is more pronounced. However, with nasal breathing, there is a relatively constant pulmonary deposition over
a wider range of particle size.

Rodents are often used in aerosol inhalation studies. To apply the results to humans adequately, it is
essential to consider interspecies differences in total and regional deposition patterns. In evaluating studies with
aerosols, the amount of deposition expressed merely as a percentage of the total inhaled—i.e., deposition
efficiency—might not be adequate information for relating results between species. For example, total
respiratory tract deposition for particles of the same size can be similar between humans and many laboratory
animals; total deposition efficiency is independent of body size (McMahon et al., 1977; Brain and Mensah,
1983). Different species exposed to identical particles at the same exposure concentration will not receive the
same initial mass deposition. If the total amount of deposition is divided by body weight, smaller animals would
receive greater initial particle burdens per unit weight per unit exposure time than would larger ones.

Figure 2-3 Particle deposition efficiency in human tracheobronchial tree. Values are means with standard deviations.
Source: Reprinted with permission from Schlesinger, 1989.

Humans differ from most other mammals used in inhalation pharmacologic studies in various aspects of
respiratory tract anatomy; but the implications for particle deposition have not been adequately understood. One
major difference is in bronchial-tree branching pattern, which might affect the depth of penetration of inhaled
particles, as well as localized patterns of deposition. In the pulmonary region, alveolar size differs between
species; this could affect the probability of deposition by diffusion and sedimen
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tation, because of interspecies differences in the distance between airborne particles and alveolar walls.

Figure 2-4 Particle deposition efficiency in human alveolated airways. Values are means with standard deviations.
Source: Reprinted with permission from Schlesinger, 1989.

From the discussion of deposition mechanisms, it should be evident that the major particle characteristic
that influences deposition is size. A particle characteristic that can alter its size after inhalation is hygroscopicity.
Hygroscopic particles grow substantially while they are still airborne in the respiratory tract and are deposited
according to their hydrated size, rather than their initial dry size.

Some environmental particles consist of a relatively insoluble core coated with various chemical substances,
such as metals, acids, and organic compounds. Variations in both the core material and any adsorbed material
depend on the source of the particles. For example, in combustion processes, volatile metal compounds and
organic compounds might condense on carbon particles during the cooling of the effluent stream in the
smokestack or exhaust line and during release to the atmosphere. Adsorption or condensation of gases from the
atmosphere can produce a high surface concentration on particles that are already airborne. If those processes are
diffusion-limited, the condensation and coagulation will be quantitatively proportional to particle diameter for
particles with Dae larger than 0.5 µm and proportional to particle surface area for smaller particles. In either case,
the fractional mass of the surface-coating material will be greater on smaller particles than on larger ones. Thus,
surface deposition provides a layer of soluble material present at high concentration and results in small-particle
enrichment, which leads to a shift in size of the potentially toxic surface materials to Dae smaller than the Dae of
the total particle mass. Consequently, the deposition of surface-enriched material could be significantly increased.

Gases

Because of the rapid and consequent even distribution motion of gas molecules in air, inhaled gases can be
deposited on or at least come into contact with a large portion of the surface of the respiratory tract. However, if
deposited molecules are not removed by metabolic action, solubility in or chemical reaction with the epithelial
lining fluid, or absorption into blood, the molecules will be re-entrained in the airflow and reach more distal parts
of the respiratory tract. Deposition efficiency of a gas is usually defined as the proportion that is retained by the
respiratory tract. Gases that are
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water-soluble and highly reactive chemically will be deposited (retained) to a higher degree in the upper
respiratory tract, only at high concentrations will they reach the lung. Lipid-soluble, nonreactive gases, such as
anesthetics, will be deposited in the alveoli, even at low concentrations.

The deposition and absorption of inhaled lipid-soluble gases have been investigated for some time by
anesthesiologists (Fiserova-Bergerova, 1983). As noted above, lipid-soluble vapors are not absorbed by the
aqueous lining fluid of the upper respiratory tract and so penetrate to the alveolar region at low concentrations.
Their absorption from the respiratory tract depends mainly on their solubility in blood. Removal from the blood
is by exhalation or metabolic action. A compound with low blood solubility and low tissue metabolic rate, such
as vinylidene fluoride, will quickly reach saturation concentrations in the blood that depend on Henry's law and
the gas-blood partition coefficient. The amount of such a compound that reaches other tissues depends on
perfusion, or blood flow, because only a small amount will dissolve in blood. However, if a compound has high
solubility in blood, such as acetone, the amount that reaches other tissues will depend on ventilation, because the
blood will take up a large portion of any highly soluble chemical that enters the lung.

A ventilation-perfusion model similar to that developed for alveolar deposition of anesthetic (Henderson
and Haggard, 1943, pp. 71–89) has been reported for the deposition of acetone and ethanol (nonreactive vapors)
in the upper respiratory tract of the rat and guinea pig (Morris and Cavanagh, 1986; Morris et al., 1986). Species
differences were observed: the rat was more efficient in deposition of the gases (Morris et al., 1986). Deposition
of ethanol was twice as efficient as deposition of acetone, in agreement with the higher partition coefficient of
ethanol and in agreement with the results of earlier studies of ethanol deposition in humans (Landahl and
Hermann, 1950).

Water-soluble, reactive gases, such as the rat carcinogen formaldehyde (Kerns et al., 1983) are deposited
mainly in the nasopharyngeal region. Less water-soluble reactive gases, such as ozone and nitrogen dioxide,
penetrate more deeply into the respiratory tract and damage the terminal bronchioles.

Miller and coworkers (F. J. Miller et al., 1982, 1985) have done extensive quantitative extrapolation
modeling of the deposition of reactive gases in the respiratory tract. Their model takes into account not only the
physical and chemical properties of an inhaled gas, but also the anatomic and physical properties of the
respiratory tract and their influence on the deposition and absorption of inhaled gases.

The model predicts that dosimetry and uptake of ozone or other reactive gas will depend heavily on the
thickness of the mucous blanket and on the rate of chemical reaction of the gas with the lining material. The
model also predicts that exercise (with its increased ventilation rate) will increase the dose proportion of a
reactive gas that reaches the lung.

CLEARANCE OF INHALED MATERIAL FROM THE RESPIRATORY TRACT

Insoluble Particles

The toxic response to inhaled particles depends on both the amount of material deposited at target sites and
the duration of retention of deposited material. Particles are cleared from their deposition sites by various routes
and interacting processes. The specific pathway depends on the region of the respiratory tract where the material
is deposited.

The primary biologic mechanisms of clearance of insoluble particles are mucociliary transport in the nasal
passages and tracheobronchial tree and removal from the pulmonary region by resident macrophages. Most of
the surface of the tracheobronchial tree and nasal passages is lined with ciliated epithelium overlaid with mucus.
The mucus is produced by specialized epithelial cells and submucosal glands and consists of two layers: a low-
viscosity hypophase that surrounds the
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cilia and within which they move and a high-viscosity epiphase that lies on top of the cilia. Material deposited on
the mucus is cleared to the pharynx by movement of the epiphase due to coordinated beating of the cilia.

Several mechanisms and pathways contribute to clearance from the pulmonary region, but their relative
importance is uncertain. The mechanisms involve absorptive (dissolution) and nonabsorptive processes, which
can occur simultaneously or at different times.

Nonabsorptive clearance processes are mediated primarily by alveolar macrophages. These large
mononuclear cells originate as precursors in bone marrow, reach the lung as monocytes, and mature in the
pulmonary interstitium, from which they traverse the epithelium to reach the alveolar surface. As macrophages
move freely on alveolar surfaces, they phagocytose, transport, and detoxify deposited material, with which they
come into contact by chance or by directed motion due to chemotactic factors.

Particle-laden macrophages are cleared from the pulmonary region along a number of pathways. The
primary route is the mucociliary system, but the mechanism by which cells reach it is not certain. One possibility
is movement along the alveolar epithelium; another involves passage through the alveolar epithelial wall into the
interstitium—macrophages could then reach the surface of ciliated airways, perhaps through small collections of
lymphatic tissue at alveolobronchiolar junctions.

Particle-laden macrophages that do not clear by way of the bronchial tree might actively migrate within the
interstitium to a nearby lymphatic channel or, with uningested particles, be carried in the flow of interstitial fluid
toward the lymphatic system. Alternatively, uningested particles or macrophages in the interstitium could cross
the alveolar capillary endothelium and enter the blood directly. Finally, free particles or macrophages within the
interstitium could end up in perivenous or subpleural sites, where they become trapped. The migration and
grouping of particles and macrophages can lead to the redistribution of deposits into focal aggregates.

The most important mechanism of absorptive clearance is dissolution. Particles that dissolve in the alveolar
fluid can diffuse through the epithelium and interstitium into the lymph or blood, and particles initially
translocated to and trapped in interstitial sites can undergo dissolution there. Dissolution is a major clearance
route even for particles usually considered to be relatively insoluble. The factors that affect the solubility of
deposited particles are poorly understood, although they are influenced by the particles' surface-to-volume ratio
and other surface properties. Some deposited material can dissolve after phagocytic uptake by macrophages. For
example, some metals can dissolve within the acidic milieu of phagosomes. It is not certain, however, whether
the dissolved material then leaves the cell.

The residence time of deposited particles depends on their clearance route. Material deposited on the
conducting airways is cleared within about 1–2 days, although some long-term retention can occur. Particles
deposited in the pulmonary region might remain for months or years or be retained indefinitely in interstitial
sites. Soluble particles, and even particles with relatively low solubility, can dissolve in the pulmonary region.
Solubilized components can be retained in the lungs, be redistributed in the body (where they might be retained
in extrapulmonary tissues), or be excreted. In the conducting airways, solubilization occurs if the rate of
dissolution is greater than the rate of removal by mucus transport. The mucociliary system of the lung provides a
major line of defense in eliminating bacteria, inhaled particles, toxicants, and cellular debris. Bates (1989) has
published an excellent review of the physiology of mucociliary clearance and its function in protecting the lung.
The present subcommittee has addressed mucoculiary clearance in several sections, depending on the type of
contaminant and the type of marker being considered.

The retention of some materials cannot be studied experimentally in humans, so experimental animals must
be used. Dosimetry depends on clearance rates and routes,
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so adequate pharmacologic assessment necessitates relating clearance kinetics in animals to those in humans.
Although the basic mechanisms of respiratory tract clearance are similar in humans and most other mammals,
regional clearance rates show substantial variation among species, even for similar particles deposited under
comparable exposure conditions (Snipes et al., 1983). Dissolution rates and rates of transfer of dissolved
substances into blood are probably related solely to the properties of the material being cleared and essentially
independent of species (Cuddihy et al., 1979; Griffith et al., 1983; Bailey et al., 1985). However, different rates
of mechanical transport, such as macrophage clearance from the pulmonary region (Bailey et al., 1985) and
mucociliary transport in conducting airways (Felicetti et al., 1981), occur and result in species-dependent rate
constants for these clearance pathways. Differences in regional (and perhaps total) clearance rates among species
are probably due to the latter processes.

Gases and Soluble Particles

Reactive gases—such as ozone, nitrogen dioxide, and formaldehyde—exert their toxic effects at the site of
deposition in the respiratory tract. Little is known about distribution of these gases or their products beyond the
site of deposition. Therefore, the discussion of the clearance or disposition of inhaled materials in this section
will include only nonreactive gases and soluble particles.

The collection of knowledge about the extent and rate at which inhaled toxic materials distribute throughout
the body and are excreted is referred to as toxicokinetics. Toxicokinetic studies are fundamental to an
understanding of internal dose and dose to target tissue. Toxicokinetic measurements are specific for individual
pollutants and thus are valuable as biologic markers of environmental exposure.

For ethical and practical reasons, most detailed toxicokinetic studies have been performed in animals. In
such studies, either radiolabeled material can be used to detect and measure the parent substance and its
metabolites or standard analytic chemistry techniques can be used to measure the same materials. Using newer
forms of mathematical modeling, which include physiologic parameters, one can make reasonable extrapolations
from animal data to humans. This section discusses the types of toxicokinetic data that can be obtained in animal
studies. The following sections discuss the types of human samples that can be analyzed to obtain information on
exposure history, internal dose, and dose to target tissue and how animal toxicokinetic data can be extrapolated
with modeling techniques to predictions for humans.

In animal inhalation exposure studies, one can determine the fraction of an inhaled substance that is
absorbed, the time it takes to reach a steady-state concentration of the substance and its metabolites in the blood,
equilibrium concentrations in tissues, major routes and rates of excretion of the substance and its metabolites,
and times required for their elimination from each tissue and from the whole body. One can also determine the
effects of exposure concentration, of exposure rate, and of repeated exposures on those measures. Tissue and
excreta samples can be analyzed for materials of interest with standard analytic chemistry techniques or, for
greater sensitivity, with radiolabeled compounds. In the latter case, the chemical form of a labeled compound
(exposure material or metabolite) is often identified.

A few examples will illustrate the importance of such data in determining the internal dose of a compound
received by an organism and the dose to target tissue. In rats exposed to methyl bromide at atmospheric
concentrations of 50, 300, 5,700, and 10,400 nmol/L, the internal doses of the compound at the two highest
exposure concentrations were equal (Medinsky et al., 1985). That was because the absorbance of methyl bromide
and the tidal volume were decreased at the highest exposure concentration. The data indicate that absorption of
methyl bromide is a saturable process and show the impor
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tance of knowing both internal dose and external exposure concentration.
When rats and mice were exposed by inhalation to formaldehyde at 14.3 ppm for up to 2 years, the rats had

a 50% incidence of nasal carcinoma, the mice an incidence of only 1% (Kerns et al., 1983). The difference was
explained biologically by analysis of effective dose, as opposed to administered dose, the external exposure
concentration (Starr and Gibson, 1984). The mice were more sensitive to the sensory irritation properties of
formaldehyde than the rats and thus had a smaller minute volume during exposure and received a lower internal
dose (Barrow et al., 1983).

Such species differences can often be explained by toxicokinetic data, particularly if rates of formation and
elimination of metabolites are determined. Studies in rats and mice exposed to benzene indicated that the mice
had higher tissue and blood concentrations of putative toxic metabolites of benzene than did rats (Sabourin et al.,
1987a,b). Mice were also more sensitive to benzene in long-term bioassay studies (NTP, 1986) and to the
tumorigenic properties of inhaled butadiene (Huff et al., 1985). Pharmacokinetic studies on butadiene and its
methylated derivative, isoprene, indicated higher blood concentrations of the reactive epoxide metabolites in
mice (the more sensitive species) than in rats exposed at the same atmospheric concentration (Bond et al., 1986;
Dahl et al., 1987).

It should be borne in mind that the lung is a target organ for some toxicants that can reach the lung through
the blood or skin. For example, prolonged skin exposure, inhalation, or ingestion of the herbicide paraquat can
cause death from lung injury in humans and animals. Paraquat accumulates selectively in lung tissue by a carrier-
mediated mechanism and is retained there; accumulation not only influences lung paraquat burden, but is
probably also an important determinant of organ response. Other pneumotoxic agents can reach the lung through
the circulation, including antibiotics (e.g., bleomycin) and plant toxins (e.g., electrophilic metabolites of
pyrrolizidine alkaloids). Therefore, in the consideration of pulmonary markers and their development, it is
important to examine not only inhaled environmental toxicants, but also those which reach the lung through the
blood, through the skin, or by ingestion.

MONITORING FOR INHALED MATERIAL

Several biologic samples can be obtained from humans to assess internal dose or dose to target tissue. In
reviewing the biologic approaches to dosimetry of carcinogens in humans, Tannenbaum and Skipper (1984)
listed blood, urine, feces, sweat, hair, nails, milk, semen, saliva, lens, and biopsy tissues. Respiratory system
samples—such as exhaled air, nasal-lavage fluid, and, in special cases, bronchoalveolar-lavage fluid—could be
added. Substances most suitable for field sampling in epidemiologic studies are blood, urine, hair, nails, saliva,
exhaled air, and perhaps nasal-lavage fluid. The other substances are more likely to be sampled in laboratory
studies.

Biologic monitoring of industrial workers is most often based on blood, urine, or exhaled air (Lauwreys,
1983). Such an approach is appropriate in an industrial setting, because samples can be taken often and the
exposures are normally higher than in an environmental setting. The methods also provide information for those
in environmental research on the relationship between magnitude of exposure and the amount of compound or
metabolite expected to appear in body fluids. However, for environmental exposures, such analyses might not be
sensitive enough to detect small exposures; for compounds cleared rapidly from the body, only the most recent
exposures can be detected. Some newer methods, however, have proved useful in monitoring for chemical
exposures.

The following sections discuss the types of monitoring that can be done with such samples from humans
and the kinds of animal studies on which some human monitoring is based. The emphasis is on newer techniques
and on samples that are most
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relevant to exposure by environmental inhalation.

Insoluble Particles

The best marker of exposure to particles that one could hope for is detection of the inhaled material at the
sites in the lung where disease develops. Establishing the presence of the particles at such sites is good;
quantitation is better, if it is important to determine the dose delivered to a target site. In rats and mice exposed to
asbestos, fiberglass, wollastonite, iron, silica, and ash from the volcano Mt. St. Helens, it has been established
that 80% of the particles small enough to pass through the conducting airways was deposited on the bifurcations
of alveolar ducts (Brody and Roe, 1983). Scanning electron microscopy was used after brief exposures (1, 3, or 5
hours), to calculate the number of particles per square micrometer of bifurcation surface (Brody and Roe, 1983).
That number is a marker of exposure. Whether such a marker could be useful for human exposures is difficult to
know. The lung would have to be fixed for electron microscopy within several hours after exposure; otherwise,
substantial numbers of inhaled particles would have been transported from the alveolar surfaces by epithelial
cells, macrophages, and the alveolar lining layer (Brody et al., 1981).

Particle deposition is a good marker of exposure in animals, because it can predict whether the subject is
likely to develop lung disease, where the disease will originate, and the nature of the pathogenic process. The
first prediction is based on the elemental nature of the inhaled particles as they reside on the epithelial surfaces.
That is determined routinely with x-ray spectrometry, a technique widely used in studies of particle burden in
humans and animals (Brody, 1984). If the particles are asbestos fibers or silica crystals, it would be valid to
assume that a fibrogenic disease will ensue. If wollastonite fibers or ash particles are detected, it is less likely
that a pathologic response will follow. The second prediction is validated by a series of studies that show that the
initial response of epithelial cells, macrophages, and fibroblasts takes place at the sites of original particle
deposition, i.e., the alveolar duct bifurcations (Warheit et al., 1986). Decades ago, pathologists used the finding
of early inflammation and fibrogenesis in the bronchiolar-alveolar regions as a marker of particle-induced lung
disease (Wagner, 1965). The nature of the response should be predictable on the basis of the two other
predictions. If asbestos is inhaled, then interstitial macrophage-mediated fibrogenesis should be expected. If
silica is inhaled, a nodular fibrosis mediated by acute and chronic inflammatory cells will develop. If iron or ash
particles reach the alveolar surfaces, one should expect rapid clearance of particles with little or no pathogenic
sequelae.

Some particles are retained in the lungs for long periods, even through the lifetime of the experimental
animal or occupationally exposed person (Abraham, 1978). Such particles are excellent markers of exposure and,
as suggested above, could increase understanding of the nature of any disease process that is present. For
example, if rats inhale chrysotile or crocidolite asbestos for I hour, approximately 20% of it will still be in the
lungs a month after exposure (Roggli and Brody, 1984; Roggli et al., 1987). If clearance continues as predicted
by calculated clearance curves (Lippman et al., 1980; Roggli and Brody, 1984), the animals will still have many
fibers in their lungs at the time of expected natural death. Occupationally exposed people have large quantities of
dust in their lungs many decades after cessation of exposure (Selikoff and Hammond, 1978); this knowledge has
yet to be exploited in a quantitative way in attempts to use lung burden to predict lung injury.

Many techniques are available for assessing the lung burden of many commonly inhaled particles. Several
new imaging techniques can be used to determine the nature of crystalline particles. Transmission electron
microscopy (TEM) is used to locate the particles in lung
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tissue; then energy-dispersive x-ray analysis (EDXA) and selected area electron diffraction (SAED) are used to
identify the mineral species. Some techniques are noninvasive or minimally invasive and can be applied to
humans, although definitive analysis of specific sites of particle burden requires access to properly fixed tissue.

•   Minimally invasive techniques for analysis of particle burden. Use of labels, such as technetium-99,
permits determination of particle size and total lung burden of inhaled particles with whole-lung
scanning. In addition, single photon emission computed tomography (SPECT) scanning has sufficient
resolution for routine determination of total particle burden in lung segments smaller than 1 cm3 and
can permit some definition of distribution of inhaled particles across the lung.

•   Bronchoalveolar lavage. Numbers of fibers recovered from filtered aliquots of bronchoalveolar-lavage
fluid have been shown to correlate closely with total lung asbestos burden (Roggli et al., 1986).
Bronchoalveolar lavage might provide useful data on the lung burden of other types of particles, but the
correlations have not been experimentally verified.

•   Open-lung biopsy. Acid digestion of open-lung biopsy specimens permits direct counting of particles or
determination of fiber burden per gram of lung tissue in selected patients. The obvious limitation of this
marker is the need to justify an open-lung biopsy in a patient.

•   Lung ashing and assay for lung particle burden. This technique permits a rigorous determination of total
lung burden of some particles, such as asbestos fibers, but is applicable only to animal studies or to
human autopsy studies.

•   Magnetopneumography. This is a non-invasive technique by which magnetizable particles in the lung
can be quantitated by the magnetic field induced by the particles. Because it is noninvasive, it is
discussed in some detail.

Various inhaled particles contain minerals that can act as miniature permanent magnets, such as arc-welding
fumes, foundry dust, steel-mill dust, asbestos, fly ash, and coal-mine dust. In some cases—for example, the latter
three—magnetic materials are minor constituents that can be used as tracers of the dust. The presence of
magnetic particles in the thorax can be detected with an external measurement technique known as
magnetopneumography, which involves the brief application of a strong magnetic field across the thorax to align
the magnetic dipoles in the particles (i.e., to produce magnetization) and then the rotation of the magnetized
particles into a common alignment. The resulting magnetic field, known as a remanent field, can then be
measured with a magnetometer. The strength of the remanent field when the magnetizing field is turned off can
be directly related to the amount of magnetic dust in the field of view of the magnetometer, provided that the
spatial distribution of the dipoles in relation to the detector and the relation of magnetic moment to dust mass are
known or can be estimated. The measurement of a magnetic field due to the presence of particulate contaminants
in the human lung was first reported by Cohen (1973), and the verification that MPG can measure the retention
of particles in the thorax was provided by later studies in experimental animals (Oberdorster and Freedman,
1981; Halpern et al., 1981).

A variety of techniques for initial magnetization and field-strength measurement exist; they differ in
sensitivity, practicality for general or field use, and the influence of variations in the spatial distribution of dust in
the thorax. All the techniques are characterized by uncertainty concerning the exact relationship between
remanent field and lung burden; that is because the remanent field depends on both the magnetic moments of
retained particles and their position in relation to the detector. For particles of mixed composition, the fraction
that is magnetic usually varies with particle size, as do deposition and retention. The magnetic moment per unit
mass that is assumed, or measured, for bulk dust samples probably differs from that of the fraction in the field of
view of the detector, so there is a calibration error in estimates of burden.
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Further errors result from differences between the assumed and actual distributions of particles in a field of
view that includes areas of varied sensitivity.

There is always some time between magnetization and the measurement of remanent field. Once the
external field is removed, the remanent field immediately begins to decay, as processes in the particle and the
thorax act to randomize the orientation of the dipoles and particles; this loss of magnetic field with time is known
as relaxation. Because relaxation begins immediately after removal of the field, the measured remanent-field
strength is less than the initial, maximal value. Accordingly, the latter is determined by making serial
measurements of remanent field and then extrapolating back to time zero. But even the extrapolated value might
not indicate the total amount of dust in the field of view. For example, the presence of particles with relaxation
times shorter than the time between the removal of the magnetizing field and the initial remanent-field
measurement might not be detected. They could include small particles or particles in pulmonary macrophages
that are being rapidly reoriented by intracellular activity. In addition, overall thoracic relaxation rates can vary
widely because of a variable distribution of deposited dust in different lung compartments with time after
inhalation.

The fraction of magnetic dust whose detection is prevented by extrapolating back can be expected to vary
with time since deposition and with the amount of dust in the lungs. With increasing residence time, an
increasing fraction of retained dust is in intracellular sites or in lymph nodes, where rotational freedom is
diminished. With increasing dust burden, there is also an increased probability of aggregation of particles into
clusters, which leads to diminution of rotational freedom.

In all MPG systems, the subject measured is moved relative to magnetic sensors. That is necessary, because
strong, low-frequency variations of the local field often make continuous measurement of the remanent chest
field impossible. In addition, the remanent field from dust in the lungs is much weaker than the earth's steady
magnetic field or field variations due to environmental sources; thus, measurements must be performed in a
magnetically shielded chamber or with a gradiometer field sensor that reduces sensitivity to both uniform
background fields and local fluctuating fields. Table 2-1 shows some representative field strengths due to
contaminants in the lungs, compared with background fields of the earth and the chest.

Table 2-1 Relative Strength of Various Magnetic Fieldsa
Source Field Intensity, Picoteslas
Steady field of earth 70 × 106

Diamagnetic thoracic field 30
Urban dwellers 30
Asbestos workers 6.4–5,000b

Foundry workers 800b

Arc welders 50–3,000b

Machinists 27b

Coal miners 4.8–17b

a Compiled from Williamson and Kaufman (1981).
b Based on remanent fields in occupationally exposed persons.

Various measuring devices are used, and the amount of measurable material in the lungs depends on the
specific sensor. Sensors range from large superconducting devices (superconducting quantum interference
device, or SQUID) to smaller flux-gate magnetometers and induction coils (Table 2-2). Some of the systems
allow mobility, which is useful in field studies (Kalliomaki et al., 1986). Induction coils show field sensitivity,
which is related to field frequency; at some frequencies, they can be more sensitive than the SQUID
magnetometer, but the spatial resolution is much poorer. Flux-gate magnetometers are relatively sensitive to field
frequency and are ideal for inexpensively measuring fields due to large concentrations of magnetic particles in
the lungs.

Although a simple system with one magnetometer and movement of the subject back and forth can be used,
more sophisticated systems have increased the utility
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of MPG. One such system (Kalliomaki et al., 1980, 1981) uses coaxial flux-gate gradiometers positioned both in
front of and behind the subject, who rests on an inclined chair or platform and is moved horizontally between the
detectors in increments to obtain a profile of remanent-field strength. A modification of that system that can
determine the proportional burdens of different dusts has also been described (Junttila et al., 1983; Kalliomaki et
al., 1983). Discrimination of the dusts is based on differences in ''coercive'' force (magnetic hardness), a
characteristic of each specific metal. To determine coercive force, the thorax is magnetized to saturation with a
strong field. A reversed magnetizing field is then applied, and the remanent field is measured. The strength of the
reverse field required to just cancel the original remanent field is a measure of coercive force. The strength of the
reverse field required for cancellation varies among different metals.

Table 2-2 Sensitivities of Various Magnetic Detectorsa
Detector Sensitivity,b T/Hz
Induction coil
Air core 5 × 10-12

Ferrite core 3 × 10-13

Flux-gate magnetometer
Commercial 3 × 10-11

Specialized 1.5 × 10-12

Superconducting quantum
interference device (SQUID)
With shielded chamber 8 × 10-15

Unshielded, urban area 8 × 10-14

a Data from Williamson and Kaufman (1981).
b At 10 Hz.

An approach that might allow greater precision in the measurement of thoracic dust burdens is localized
field magnetopneumography (LPG), whereby the field of view of the detector is matched to the size of the region
magnetized (Robinson and Freedman, 1979). There is virtually no cancellation of the remanent field of the
magnetic particles in the field of view by return lines from particles in adjacent tissues. After the region of
interest is measured, the particles in it are demagnetized, so that they do not interfere with later measurements in
an adjacent region. LPG can be extended to provide information on the depth distribution of dust in the thorax by
serial measurements of remanent field after successive degrees of demagnetization from the chest surface
inward. Such information could be particularly important for long-term dust burdens, which can be concentrated
in pleural and hilar lymph nodes. When such redistributions occur, thoracic measurements based on a calibration
that assumes uniform distribution can show substantial errors.

Regardless of the specific MPG technique used, the external field must be strong enough and be applied
long enough to magnetize the bulk of the deposited particles. Paired or single electromagnetic coils are generally
used. In the uniform-field MPG, the whole thorax is magnetized. In LPG, one region is magnetized at a time, and
the resulting field is measured and then erased before application of the magnetic field to the next region. The
latter technique helps to avoid the internal cancellation of fields that might occur if the entire thorax were
magnetized at once.

Another approach to measuring magnetic dust burdens in the thorax has been described by Stern et al.
(1986). It uses two matched pairs of Helmholtz coils. The alternating current in the coils is balanced, so the
magnetic fields cancel each other midway between them; a flux-gate magnetometer is in this field-free region.
Insertion of an object into the region of uniform magnetic field of one pair of coils causes a net magnetic field to
be generated in the otherwise field-free region at the detector, and the magnitude of the field imbalance depends
on the magnetic moment of the object. Ferromagnetic and paramagnetic materials, such as metals, produce
positive signals; diamagnetic materials, such as water, produce negative signals. Measurements involve
repeatedly sliding the subject to a position centered between the coils and then out again.

MPG, even in its simplest forms, has demonstrated that populations with oc
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cupational exposures to various magnetic dusts have higher average remanent fields than do nonexposed control
populations (Table 2-1). But there are some inherent problems. A major one is that the relationship between
remanent field and thoracic dust burden is highly variable, even in one person. The accuracy with which
measurements of remanent field can be used to measure thoracic burden depends on the validity of the
assumptions made about the distribution of magnetic particles in the thorax. Thus, persons of extreme body
shape and size or with patterns of deposition and retention different from those assumed could have particle
burden estimates that differ substantially from their actual ones. The greatest errors might occur with long-term
dust burdens. For example, the field from a point (dipole) source varies inversely as the cube of the distance, and
the magnetic-field measurements are much more sensitive to particles in the lung periphery, which is closer to
the probe(s), than to those in other areas. Particles translocated toward the pleural surface of the lung in clearance
could result in an increase in the observed magnetic field, whereas translocation away from this area could result
in a decrease. More studies are needed with MPG and selective erasure by depth to clarify the extent of the
artifacts associated with incorrect assumptions about the effects of body size and the distribution of dust in the
thorax.

Few people are exposed to a pure magnetic material, or even to a material with an established magnetic
moment. Many inhaled dusts contain magnetic components that serve as surrogates or tracers for the material of
interest, and the magnetic fraction of the total burden often varies according to the size of the particles. With
increasing residence time in the lungs, there can also be selective dissolution or clearance. The former can be a
major concern in the analysis of dust retention. When a health hazard from some specific exposure is related to
nonmagnetic constituents in the dust, whose presence either is not detected or is masked by magnetic
components of the dust, MPG might be of little value for obtaining the retention data of primary interest.

In spite of its limitations, MPG does have important positive aspects. It is totally noninvasive and causes no
discomfort or apparent risk to the person being assessed. In addition, there is good agreement between estimates
of thoracic burden and both estimates of inhalation and evidence of dust accumulation as seen in x-ray studies
(Kalliomaki et al., 1978a,b, 1979, 1981; Cohen et al., 1981; Freedman et al., 1982; Stern et al., 1986). MPG
provides a means of actively monitoring the dust burden in exposed people in occupations in which magnetic
dusts are used or in cases in which magnetic minerals can serve as tracers of another dust of interest (Table 2-3).
It can also provide a means of identifying and monitoring workers who, for whatever reason, might be
accumulating dust at an "unacceptable" rate (Freedman et al., 1982).

Respiratory Tract Fluids

Respiratory tract fluids that could

Table 2-3 Thoracic Dust Burdens in Humans as Determined by MPG
Population Burden, mga References
Arc welders 0–2,000 Kalliomaki et al. (1978b);

Freedman et al. (1982); Stern et al. (1986)
Asbestos miners and millers 7.8 (mean) Cohen et al. (1981)
Coal miners 26–1,440 Freedman et al. (1980)
Iron foundry workers 30–600 Kalliomaki et al. (1979)
Stainless-steel welders 10–1,600 Kalliomaki et al. (1981)
Steel-mill workers 10–200 Koponen et al. (1980)

a Expressed as mg Fe3O4 equivalents. Variability within one occupation often reflects extent of exposure, e.g., duration of employment.
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be monitored for markers of exposure or effects include sputum, nasal-lavage fluid, and bronchoalveolar-lavage
(BAL) fluid. Sputum and nasal-lavage fluid can be obtained with relatively noninvasive procedures. BAL
enables sampling of alveolar lining fluid, which is in direct contact with or intimately related to cells that are
involved in injury or disease. However, the procedure is relatively invasive, requiring that a subject undergo
fiberoptic bronchoscopy with some anesthetic. Although the procedure is relatively safe in normal or
asymptomatic subjects, substantial morbidity might occur in a person with severe pulmonary disease.

Asbestos and wool fibers have been found in sputum from exposed people. In fact, the ability to detect
asbestos bodies in BAL fluid from those exposed occupationally to asbestos is being used diagnostically (De
Vuyst et al., 1987). Other inhaled particles, such as coal dust or mineral dust, should be detectable in sputum,
nasal-lavage fluid, and BAL fluid from heavily exposed persons (Roggli et al., 1986). The sensitivity of such
monitoring and the relationship between what is in the samples and the extent of exposure are unknown.

Recent studies have shown BAL to be a sensitive indicator of effects of environmental pollutants on the
lung. Koren and co-workers (1989) reported that, 18 hours after a 2-hour exposure to ozone at 0.4 ppm, the
proportion of polymorphonuclear leukocytes in BAL fluid from healthy, nonsmoking men increased by a factor
of 8. Similar but smaller increases were seen in immunoreactive neutrophil elastase. Markers of vascular
permeability in the BAL fluid doubled. Complement fragment C3a increased by a factor of 1.7, prostaglandin E2
by a factor of 2, fibronectin by a factor of 6.4, and urokinase plasminogen activator by a factor of 3.6. Smaller
exposures (at 0.1 ppm for 7 hours) produced smaller responses, but there were no definite indications of a
threshold (above ambient concentration) for ozone-related tissue responses.

The use of such samples as quantitative monitors of exposure will require validation in humans under
conditions of known exposure. With the availability of more sensitive means of detecting specific adducts, it
might be possible to monitor human samples previously thought to contain nondetectable concentrations of
exposure-related material. Pulmonary macrophages represent the cleanup crew of the lung and lower airways
and can be expected to reflect the material inhaled and deposited in that area. Sputum, bronchial washes, and
BAL fluid contain macrophages. Macrophages are not target sites for tumorigenic responses, but might be used
to monitor the extent of recent exposures. Exposures to insoluble particles or fibers should be reflected as
phagocytosed material in the macrophages. Particle-associated organic substances are retained in the lung long
enough to be metabolized (Sun et al., 1983, 1984). Bond et al. (1984) showed that macrophages can metabolize
such compounds as benzo[a]pyrene to reactive substances that could bind to DNA. Newer methods, such as
those used by Haugen et al. (1986) to detect benzo[a]pyrene adducts in lymphocytes, could allow detection of
DNA adducts; in alveolar macrophages. The average time that a macrophage spends in the alveolar space has
been estimated at 7–27 days (Van oud Alblas and van Furth, 1979; Bowden, 1983). Thus, alveolar macrophages
could be used to measure cumulative exposures over a relative short period (days to weeks). Such an approach
deserves further investigation.

Exhaled Air

Exhaled air contains an array of volatile organic constituents that are likely to be in equilibrium with a
number of compartments in the lung or can arise from endogenous or absorbed volatile substances circulating in
the blood. In addition, some substances in lung air might be in equilibrium with alveolar lining material. Finally,
cells within the airspaces (including mucous glands) and cells that are attached to the bronchial epithelium (such
as alveolar macrophages) could also contribute to the constituents of lung air. Obviously, exhaled air lends itself
to easy noninvasive collection.
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Exhaled air can be analyzed with gas chromatography/mass spectroscopy (GC/MS) to yield markers of
exposure in the form of volatile substances in the blood. In one case, differences in the contents of exhaled air of
a nonsmoking submariner before and after a cruise gave information on the environment of the submarine
(Knight et al., 1984, 1985). The halogenated hydrocarbons used for refrigeration on the submarine were easily
detectable in the submariner's breath. The exhaled air contained both endogenous metabolites and atmospheric
contaminants from the submarine. The comparison between the before-cruise sample and the after-cruise sample
helped to distinguish between the metabolites and contaminants. For example, isoprene, the monomeric unit of
terpenes known to be an endogenous metabolite in mammals and known to be emitted by a wide range of plants
(Tingley et al., 1979), was present in the exhaled breath both before and after the cruise. Conkle et al. (1975)
reported the trace contaminants in exhaled air from eight unexposed volunteers. They identified 53 volatile
compounds and used a cryogenic trapping system for concentrating trace organic compounds to allow detection
of submicrogram quantities. Such a procedure appears to have the sensitivity required for application to
environmental exposures.

In the Total Exposure Assessment Methodology (TEAM) study funded by the Environmental Protection
Agency (EPA) (Wallace, 1987), the amounts of 11 prevalent volatile organic compounds found in the breath of
355 New Jersey residents were found to correlate with the previous 12-hour average air exposures. That caused
the investigators to conclude that "breath measurements may be capable of providing rough estimates of
preceding exposures." The same group used analysis of exhaled air to determine exposure to benzene during the
filling of a gasoline tank, exposure to tetrachloroethylene in dry-cleaning shops, exposure to chloroform from hot
water in the home, and exposure to aromatic compounds in tobacco smoke.

A potential approach that has been little studied is the analysis of exhaled air for volatile metabolites that
might be involved in lung disease. The approach is noninvasive and involves sampling of volatile organic
compounds from easily obtainable physiologic materials, such as breath and saliva. There are two critical
requirements for this type of analysis to be useful: the disease process must lead to the production of volatile
metabolites that will be present in exhaled air, and these metabolites must reach measurable concentrations in the
total exhaled air. Fulfillment of the latter requirement is limited by the sensitivity and sophistication of the
instruments used to analyze the exhaled air. With the use, for example, of gas chromatography combined with
mass spectroscopy and appropriate computer analysis, the detectable amount could be as small as several
hundred picograms.

Many volatile constituents of body fluids have been characterized in diabetes, respiratory viral infections,
and renal insufficiency (Zlatkis et al., 1981). In several diseases, breath analysis with GC/MS has revealed the
presence of simple endogenous alcohols, ketones, and amines and numerous compounds of endogenous origin
(Chen et al., 1970a,b; Krotoszynski et al., 1977; Simenhoff et al., 1977; Kaji et al., 1978). For example,
concentrations of mercaptans and C2–C5 aliphatic acids are increased in the breath of patients with cirrhosis of
the liver (Chen et al., 1970a,b; Kaji et al., 1978), and dimethyl and trimethyl amines are present in the breath of
uremic patients (Simenhoff et al., 1977). A similar approach to the analysis of other volatile metabolites involved
in acute and chronic damage to the lung should be explored.

Blood

Inhaled organic compounds enter the blood directly from the lung, and analysis of the blood for an inhaled
compound or its metabolites can provide valuable information on recent exposures. Traditional analytic
chemistry techniques involving various types of chromatography and spectroscopy have been used to separate
and identify compounds. Recently,
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an innovative vacuum-line distillation technique has been used to separate volatile compounds and their volatile
metabolites in blood (Dahl et al., 1984). The approach has proved useful for toxicokinetic studies of such
compounds as butadiene (Bond et al., 1986) and isoprene (Dahl et al., 1987)—compounds that have volatile
monoepoxide and diepoxide metabolites.

To be able to monitor cumulative exposures over longer periods, one needs a marker that is not cleared
from the blood as rapidly as are organic compounds and their metabolites. Newer approaches to biologic
monitoring make use of the fact that reactive metabolites of organic compounds can react spontaneously with
nucleophilic sites on macromolecules to form covalently bound adducts to DNA, hemoglobin, and other
important proteins. Once formed, the adducts are relatively long-lived in the body (compared with the exposure
compound or its free metabolites). Some of the materials of greatest interest, mutagens and carcinogens, are
classes of compounds that either are reactive electrophiles or can be metabolized to electrophiles. The
electrophiles can then bind to nucleophilic macromolecules, such as proteins and DNA. Blood contains large
amounts of two proteins, albumin and hemoglobin, with reactive amino and sulfhydryl groups that can interact
with electrophiles. Adducts formed with such proteins can be expected to remain in the blood with the same half-
time as the proteins. In the case of hemoglobin, the life span of the protein, approximately 4 months, permits
detection of cumulative doses from exposures over several months. Albumin has a shorter half-life-
approximately 2 weeks. Recent research (Harris et al., 1987; Poirier and Beland, 1987b) has centered around the
use of hemoglobin adducts for monitoring.

Hemoglobin adducts formed from reactive metabolites are being investigated for their potential as biologic
markers of exposure. Segerback (1983) reported the formation of hemoglobin adducts in mice exposed to ethene
or ethylene oxide. The same group has published many studies on the ability of alkylating agents to form
hemoglobin adducts and on the value of monitoring persons exposed to such agents by quantification of these
adducts (Osterman-Golkar et al., 1976, 1983; Calleman et al., 1978). Tornqvist et al. (1986) used hemoglobin
adducts to determine tissue doses of ethylene oxide in cigarette-smokers. They found an increased amount of
hydroxyethylation of the N-terminal valine of hemoglobin that correlated with the amount of ethene in cigarette
smoke. Pereira and Chang (1981) studied a series of 15 carcinogens and their ability to form hemoglobin adducts
in animals. They found that oral exposures of all the carcinogens produced hemoglobin adducts and that the most
efficient binding occurred at the lowest doses (0.1 µmol/kg). Green et al. (1984) found the use of hemoglobin
adducts promising for monitoring arylamine exposures in humans, on the basis of a study in rats exposed to 4-
aminobiphenyl. Shugart and Matsunami (1985) found that hemoglobin adduct formation provided a suitable
monitor of exposure to benzo[a]pyrene in mice. Newmann (1984), in a review article, pointed out that
hemoglobin adduct formation not only is a more reliable indicator of internal dose, but also indicates a person's
capacity to metabolize an inhaled organic compound to a reactive intermediate.

To judge from the results of studies conducted thus far, the use of hemoglobin adducts to monitor exposure
to chemicals is promising. The adducts form with a variety of compounds and allow detection of subnanogram
amounts of material. The formation of albumin adducts should also be investigated as a potential marker of
exposure. Despite the short half-life of albumin, this protein is available in the serum for reaction with reactive
metabolites without the need for the metabolites to cross a cellular membrane. In occupational settings, where
small exposures can occur daily, an end-of-shift measurement of albumin adducts would yield a sensitive marker
of exposure.

Urine

Recent findings have suggested that
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biochemical markers in urine can be useful in monitoring the development of nonneoplastic pulmonary diseases.
Clearly, such markers would be advantageous if they could be obtained with noninvasive procedures. However,
their major drawback is that they reflect events in the lung only indirectly.

Microsomal metabolism of inhaled organic compounds can produce water-soluble metabolites and their
conjugates that are excreted in the urine. These compounds are not usually the toxic forms of an inhaled chemical—
although exceptions occur (see Culmen et al., 1986)—but their presence in urine can indicate that exposure to a
specific chemical has taken place. If pharmacokinetic information is available from animal studies and from
physiologic modeling, the total amount of the metabolites excreted in the urine can be used for quantitative
estimates of exposure. For example, phenol in urine has long been used to monitor worker exposure to benzene
(Teisinger et al., 1955). More recently, DNA adducts have been monitored in urine (Groopman et al., 1985) with
monoclonal antibodies to adducts of aflatoxin B1.

Urine has also been analyzed for mutagenic activity as a monitor of exposure to genotoxic agents (Bloom
and Paul, 1981). The relationship between concentrations of urinary mutagen and risk of cancer is still unknown
and requires further research. Analysis of urinary mutagen shows promise, on the basis of such work as that of
Chummiest et al. (1984) in which two strains of mice with different susceptibilities to development of cancer
were treated with benzo[a]pyrene and the urinary mutagen concentrations were correlated with tumor formation.
In general, the ability to produce urinary mutagen corresponded to susceptibility to tumorigenesis.

The use of urinary mutagen to monitor environmental exposure will be difficult, because such confounding
factors as diet, smoking, and occupational exposure introduce uncertainties in interpretation of the assays.
Ohyama et al. (1987) reported that ingestion of cooked salmon increased urinary mutagen, whereas ingestion of
cooked vegetables did not. Choanae et al. (1987) reported a correlation between increases in mutagen in
smokers' urine and the number of cigarettes smoked per day. Similar results were reported by Mohtashamipur et
al. (1985). T. H. Conger et al. (1985) reported no increase in urinary mutagen in autopsy-service workers
exposed to formaldehyde, but there was an increase in a heavy smoker in the control group. Steel workers
exposed to coke-oven emission (benzo[a]pyrene concentrations, 0.01–0.6 µg/m3) had slightly higher
concentrations of urinary mutagen than unexposed controls, but smoking habits were the major influence on the
concentrations (De Méo et al., 1987).

Turnover of extracellular matrix of the lung has been suggested as accompanying tissue remodeling after
exposure to environmental pollutants. Some investigators believe that measurement of hydroxyproline or
hydroxylysine in urine could reflect collagen turnover; both these amino acids are found only rarely in molecules
other than collagen. Kelly et al. (1986) tested the utility of connective tissue breakdown products as markers of
current injury after brief exposure of Fischer rats to NO2. They found a linear increase in hydroxylysine
excretion with increasing NO2 concentration.

Several environmental contaminants can now be monitored in urine. For example, Interline et al. (1987)
have examined exposure to arsenic in men working at a copper smelter in Tacoma, Washington. They found a
good correlation between urinary concentrations of arsenic in workers (as a marker of exposure) and respiratory
tract cancer.

In clinical studies by Hiation et al. (1977), hydroxyproline glycosides were increased in the urine of three
American astronauts who were accidentally exposed to toxic fumes of NO2 during the descent phase of their
mission. More recently, Yanagisawa et al. (1986) attempted to correlate NO2 exposure with urinary
hydroxyproline-to-creatinine ratios in 800 women who were mothers of primary-school children in two
communities around Tokyo. The ratio was found to be correlated with NO2 exposure and with numbers of
cigarettes
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smoked actively and passively. Such experiments appear promising, but methods must be developed to allow
identification of specific sources (e.g., lung, liver, and bone) of the breakdown products, inasmuch as collagen is
present in many organs other than the lung. Studies to define site specificity of the breakdown products are
essential.

Adipose Tissue

Organic vapors and gases that are inhaled can be retained in the fat depots of the body long after they have
cleared from other parts of the body. Biopsies of fat could potentially be used to obtain information on lipid-
soluble compounds to which a person has been exposed.

An attempt to use that approach to determine which Vietnam veterans had been exposed to Agent Orange
was based on laboratory animal studies that showed that the toxic contaminant of Agent Orange, 2, 3, 7, 8-
tetrachlorodibenzo-p-dioxin (TCDD), accumulates in fat. Four groups of male volunteers were included: five
"heavily exposed" veterans, 20 men who believed that they had been exposed to Agent Orange in Vietnam, II
who had not been in Vietnam and had had no other contact with Agent Orange, and three Air Force officers who
had definitely worked with either Agent Orange or TCDD (Gross et al., 1984). Samples of 10-30 g of adipose
tissue were taken from the abdominal wall of each volunteer and analyzed with gas chromatography and high-
resolution mass spectrometry. The results indicated that it was possible to detect TCDD in human fat, but it was
present in the fat of both the control (supposedly nonexposed) men and the veterans. Four of the five heavily
exposed veterans had a mean concentration of TCDD in fat of 55±34 parts per trillion (ppt), and one did not have
detectable TCDD. The mean in the other Vietnam veterans was 4±1 ppt, and the mean in the control subjects
was 6±3 ppt.

The 2, 3, 7, 8-tetrachlorodibenzo-p-dioxin concentrations in the adipose tissue of Missouri residents
distinguished between persons with a history of exposure to the chemical and control (presumable nonexposed)
persons (Patterson et al., 1986). Anderson (1985) stressed the importance of analyzing blood samples and
adipose tissue samples at the same time to provide more information on the partitioning between the two
compartments. When sufficient information of this type is available, blood samples can be used to predict
concentrations of the compound in fat.

Some success has been achieved in monitoring adipose tissues for evidence of exposure to polychlorinated
biphenyl (PCB) congeners and for exposure to dioxins and furans in accident situations, in which concentrations
are higher than would be expected in ordinary environmental exposures. M. S. Wolff et al. (1982) reported
concentrations of PCBs in plasma and adipose tissue that were related to duration and magnitude of exposure in
persons occupationally exposed to PCBs. Schecter et al. (1985) examined persons 1–2 years after exposure to
PCBs, dioxins, and furans in the Binghamton, N.Y., State Office Building incident and found PCBs in their blood.

The National Adipose Tissue Survey of the Environmental Protection Agency's National Human
Monitoring Program (Lucas et al., 1982) is an example of the excellent use that can be made of tissue banks for
retrospective studies of the influence of occupation, geographic location, age, and sex on the concentrations of
halogenated hydrocarbons in human fat.

DNA and Protein Adducts

The use of DNA and protein adducts as a measure of exposure and of risk of tumor formation is under
intense investigation (Poirier and Beland, 1987a). A rapid, sensitive method for detecting adducts has aided
research (Randerath et al., 1985), but does not distinguish between types of adducts. The development of
monoclonal antibodies to specific DNA adducts promises to provide valuable monitoring tools for the future.
Monoclonal antibodies have been developed for such specific DNA adducts as those formed from benzo[a]
pyrene diol epoxide, 1-aminopyrine,
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8-methoxypsoralen (Santella et al., 1987), and the carcinogen aflatoxin B1 (Groopman et al., 1987).
Some of the most extensive work has been done on adducts formed after exposure to aflatoxin B1

(Groopman et al., 1987). Studies have shown that the concentration of DNA adducts formed is quantitatively
related to the intake of the carcinogen. In addition, the kinetics of the removal of the adducts have been
determined, and a monoclonal antibody to the adducts has been made and can be used to measure them in DNA
and in urine. A constant proportion of DNA adducts appears in urine as a function of time after exposure
(Groopman et al., 1985). Such work to determine quantitative relationships between exposure and adduct
formation is needed for other carcinogens in the environment.

Recent advances in analytic techniques allow the detection of DNA adducts in lymphocytes. Haugen et al.
(1986) reported the determination of polycyclic aromatic hydrocarbons (PAHs) in urine, benzo[a]
pyrenediolepoxide-DNA (BPDE-DNA) adducts in lymphocyte DNA, and antibodies to the adducts in serum of
coke-oven workers. To measure the adducts in lymphocytes, an ultrasensitive enzymatic radioimmunoassay and
synchronous fluorescence spectrophotometry were used. Approximately one-third of the workers had detectable
BPDE-DNA adducts in their lymphocytes and antibodies to epitopes on BPDE-DNA adducts in their serum. The
concentrations of PAHs in the atmosphere of the workplace were 212–315 µg/m3.

The problems and promise of the use of macromolecular adducts (both protein and DNA adducts) in
biologic monitoring were reviewed at a recent workshop (Poirier and Beland, 1987b). The long-term hope is to
be able to relate the concentration of adducts to the extent of exposure and to the risk of tumor formation. To
achieve that, animal experimentation must indicate the relationship of adducts to the extent of exposure and
tumorigenesis in various exposure regimens, and then the relationship for humans must be validated by adduct
analysis of human tissues under known exposure conditions. In other words, the pharmacokinetics of adduct
formation must be known. Work addressing the rate of accumulation and persistence of DNA adducts, such as
that reported by Belinsky and Anderson (1987) on the accumulation of 4-(N-methyl-N-nitrosamino)-1-(3-
pyridyl)-l-butanone (NNK), is required. A linear relationship between exposure dose and adduct formation (with
both protein and DNA) has been shown in single-exposure experiments for hemoglobin adducts to 4-
aminobiphenyl (Green et al., 1984), to alkylating agents (Osterman-Golkar et al., 1976, 1983), and to 4-
dimethylaminostilbene (Newmann, 1984) and for DNA adducts to benzo[a]pyrene and to aflatoxin Bl, (Pereira et
al., 1979; Appleton et al., 1982; Dunn, 1983; Adriaenssens et al., 1983). With continuous exposures to alkylating
agents (Swenberg et al., 1986), adduct concentrations increase with time and eventually reach a plateau or
equilibrium where the rate of formation equals the rate of removal.

Poirier et al. (1987) reported information that can aid in validating adduct formation in humans. DNA
adducts with the cancer chemotherapeutic agent cisplatin were measured in the nucleated peripheral blood cells
and other tissues of patients receiving the drug. A positive correlation was observed between adduct
concentrations in the blood cells and cumulative dose of the drug over several months. A major need that
remains is to identify the adducts that have biologic significance. Further research in animal models or in human
clinical work, such as that reported by Poirier et al. (1987) in cancer patients on chemotherapeutic regimens, is
required to correlate adduct formation with biologic effects.

DNA adducts have been detected in respiratory tract tissues, and the amount of these adducts increases after
inhalation exposure to some organic compounds. DNA adducts identified as BPDE deoxyguanosine adducts
were detected in the lungs of rats exposed to BaP (Wolff et al., 1989). In another study, the concentration of total
DNA adducts in various regions along the respiratory tract was compared with the site of tumor development in
rats exposed to diesel exhaust. The concentration of
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DNA adducts, detected with the 32P-postlabeling technique, was highest in the peripheral lung tissue, the site of
tumors in rats chronically exposed to the exhaust (Bond et al., 1988). Such results point to the importance of
DNA adducts as measures of effective dose of inhaled carcinogens. However, it will be important to understand
the kinetics of formation and repair of individual adducts (as opposed to total adducts), to elucidate the
relationship of DNA-adduct formation to carcinogenesis.

Recent work has shown that adducts formed with protamine, a basic protein associated with sperm DNA,
might also be potential markers of exposure at the critical site for adverse biologic effects. In one of the first
reports linking adduct formation with a specific deleterious effect, Sega et al. (in press) identified one of the
protamine adducts formed after acrylamide exposure as S-carboxyethyl-cysteine. The formation of that adduct
acts to break S-S bonds in the protamine and might be the basis for the chromosomal breakage induced by
acrylamide.

MATHEMATICAL MODELING OF EXPOSURE

Detailed toxicokinetic studies in humans are usually impossible, because of ethical constraints and because
not all relevant human organs and tissues can be sampled. However, mathematical modeling of the disposition
and fate of inhaled chemicals in animals is useful for extrapolating data between species (NRC, 1987). A strong
impetus for the development of mathematical models of the deposition and retention of inhaled particles came
with the nuclear age. The Task Group on Lung Dynamics of the International Commission on Radiological
Protection developed such a model to determine the dosimetry associated with inhaled radioactive particles
(Task Group on Lung Dynamics, 1966). That model, which remains the basis for modeling the toxicokinetics of
inhaled insoluble particles today, predicts the dose to internal tissues throughout the respiratory tract and allows
extrapolation of results from animals to humans.

Mathematical modeling has also been used successfully to predict the uptake, distribution, and elimination
of inhaled lipid-soluble volatile materials (Andersen, 1981; Fiserova-Bergerova, 1983; Andersen and Ramsey,
1983). Such models are useful for calculating doses to critical tissues, for extrapolating between species
(including humans), for assessing hazards (F. J. Miller et al., 1987), and for guiding research. Recent advances in
modeling that include physiologic characteristics—such as blood flow into and out of an organ, membrane
permeability, and chemical partitioning among blood, other tissues, and air—allow rather accurate extrapolations
between species (Fiserova-Bergerova and Holaday, 1979; Fiserova-Bergerova et al., 1980; Andersen, 1981;
Fiserova-Bergerova, 1983). A pharmacokinetic model developed and validated in animals can be adjusted for the
physiologic characteristics appropriate for humans and validated by analyzing readily available human material,
such as blood or excreta from humans exposed in clinical studies or in other situations of known exposure (Reitz,
1986).

An example of that approach is the work of Ramsey and Andersen (1984), who developed a physiologically
based pharmacokinetic model of the behavior of inhaled styrene in rats to predict accurately the behavior of
inhaled styrene in humans. Using a set of physiologic and biochemical constants, the investigators were able to
simulate the behavior of inhaled styrene in rats. Experimentally determined values for several measures were
used: body weight, alveolar ventilation, blood flow rates, tissue volumes, blood-air partition coefficient, tissue-
blood partition coefficients, maximal reaction rate (Vmax), and the Michaelis constant (substrate concentration at
half the maximal reaction rate). They then extrapolated the values to humans and found that the model accurately
predicted the amount of styrene that had previously been published to be in blood and exhaled air of humans
exposed in clinical studies (Ramsey et al., 1980). The same group (Andersen et al., 1987) did a similar study
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later with methylene chloride and for the first time extended the model to include values to take into account the
metabolic capacity of the lung, as well as the liver. This type of modeling constitutes a powerful tool for
extrapolating from animal to human data.

Some precautions should be mentioned. In the animal studies, it is important to determine how and at what
rate a chemical and its metabolites are cleared from the body in different doses or exposure regimens, to find the
range of doses over which the disposition and metabolism of the chemical are linearly related to dose. Such
information is required for extrapolation from animal studies (normally at high doses) to the low doses normally
encountered by humans. It is also important to determine the effect of repeated exposure on the fate of a
chemical. Repeated exposure at low concentrations, the most commonly encountered human exposure regimen,
could induce enzymatic changes that affect the toxicity of a chemical. Such studies can be conducted in animals.

The biggest problem in using animal toxicokinetic data for human risk assessment is the potential for
species differences in metabolism. Recent work by Medinsky et al. (in press a, b) extended physiologic modeling
to include the disposition of both the parent substance and its metabolites in rats and mice given benzene orally
or by inhalation. To extend such models to humans, however, requires some information on human metabolism
of the chemical of interest. For example, rats and mice metabolize benzene differently (Sabourin et al., 1988).
Extension of the model of Medinsky et al. to humans by changing the physiologic parameters from those of the
rat and mouse to those of humans necessitates choosing the appropriate metabolic parameters for humans. If one
uses either the rat or mouse metabolic parameters, the extension of the model will predict only how a very large
rat or a very large mouse would handle benzene. Therefore, it is essential to have enough information on the
human metabolism of a chemical to permit a valid extension of a physiologic model from animals to humans.
Comparison of metabolism of xenobiotics by liver slices or cultured cells from laboratory animals and humans
should aid in making such extrapolations.

CLINICAL TECHNIQUES FOR GATHERING DATA

Neither the clinical history of a patient nor information obtained on a population with a standardized
questionnaire constitutes biologic material in an ordinary sense. However, both can play a role in identifying
markers of exposure. Obviously, age is an important biologic determinant of disease risk, and the simplest and
most efficient way to determine it is to ask. Similarly, symptoms related to altered biologic states that indicate
likelihood of disease can be simply asked about. For example, severe respiratory illness before the age of 2 years
implies risk of lower respiratory illness at 6–11 (Samet et al., 1983), and persistent wheezing during childhood
predicts diminished pulmonary function in later life (Weiss et al., 1980).

Questionnaire

Since the early 1950s, efforts to develop standardized procedures for gathering clinical and epidemiologic
data on pulmonary health status have been in place (Samet, 1978). The efforts have been directed toward
reducing bias and ensuring reliability and validity of the information obtained. The first recognized standard
questionnaire became available in 1960: the British Medical Research Council (BMRC) questionnaire on
respiratory symptoms. The questionnaire was moderately revised in 1966 and 1976. The American Thoracic
Society (ATS) adapted the BMRC questionnaire in 1968 and published it with instructions for its use in the
United States. Additional modifications have taken place, and the questionnaire has been translated and used
extensively throughout the world.

In 1978, after an extensive evaluation of the questionnaire, ATS and the Division of Lung Disease (DLD) of
the National Heart, Lung and Blood Institute recommended a new version (Ferris, 1978). An
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extensive review of the 1978 ATS-DLD questionnaire is beyond the scope of this report, but we should note that
it is effective and reliable for ascertaining respiratory symptoms related to the ill effects of cigarette-smoking or
other respiratory irritants. Because smoking-habit information is obtained in a standardized format, the
questionnaire makes it possible to measure current and lifetime exposure and allows for comparisons between
groups.

Specific biologic risk factors identified in the questionnaire for chronic respiratory diseases are summarized
in Table 2-4. Other questions can also be used in a clinical setting with patients and provide useful measures of
the severity of disease, but are not as well standardized as those discussed. With the use of standardized
questions, population groups with different degrees of risk can be defined; the questions can then become useful
to delineate biologic markers.

Although generally considered effective, the use of questionnaires clearly has limitations. Repeated
assessments in what are thought to be stable populations are not without variance, and few (if any) questions
have been independently validated (Samet, 1978). The original survey questions in the ATS-DLD questionnaire
were designed specifically to identify smoking effects. Few questions are related to specific environmental
agents other than cigarette smoke. Now that smoking occurs only in a minority of subjects, alternative questions
might be warranted. And concern has been expressed that better questions need to be developed to deal with
symptoms of reactive-airway disease, such as asthma.

The present questionnaire includes only one question on asthma and one series of questions on wheezing.
Developing useful questions on reactive-airway disease will require correlations of responses to newly
constructed questions with a readily acceptable physiologic test of increased airway reactivity (e.g., nonspecific
airway hyperreactivity).

Clinical signs and examinations by physicians or other trained observers usually have not proved
particularly useful as biologic markers of predisease status. The yellow-stained fingers of a chronic cigarette-
smoker might be just as useful ''biologic markers'' as are questions about smoking habits.

Lung Sounds

One item in a physical examination that is potentially useful as a biologic marker is the recording of lung
sounds (Wooten et al., 1978). However, instruments for reproducible scaling of lung sounds remain to be
developed, and credible scientific investigation of the usefulness of lung sounds has been sparse (Loudon and
Murphy, 1984). Existing technology allows accurate recording of sounds transmitted from the airways and
parenchyma to the chest wall. Integrating and possibly automating

Table 2-4 Biologic Questionnaire Data That Can be Used to Predict Chronic Respiratory Disease in Adults
Risk Factor Comments
Age Few cases of emphysema below age 40; risk increases

with age; greater risk in men (might be related to greater
exposure)

Chronic cough and/or phlegm (chronic mucus
hypersecretion)

Associated with cigarette-smoking; not independently
associated with risk of COPD; might be associated with
excess risk of lung cancer

Episodes of cough and phlegm Associated with chronic mucus hypersecretion, increased
episodes of pneumonia, and time lost from work

Persistent wheeze Increased risk of asthma; reduced pulmonary function;
increased susceptibility to pulmonary irritants

Dyspnea Poorly correlated with pulmonary function, but at severe
grades associated with reduction and inability to perform
pulmonary function test adequately

Smoking history Important predictor of risk (e.g., of lung functional
impairment and lung cancer)
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the information obtained from those sounds would allow useful categorization of early respiratory injury that
could be correlated with other markers of exposure. The recording of lung sounds has the advantage of being
noninvasive and warrants further exploration.

An example of the use of lung sounds is shown in a survey of 270 asbestos factory workers. Shirai et al.
(1981) found fine discontinuous lung sounds (i.e., crackles) more frequently in asbestos workers (32.2%) than in
controls (4.5%). There was good agreement between findings on chest auscultation and sound recordings. In
fact, it was found that bilateral basal crackles occurred in asbestos workers before radiographic abnormalities
were present. Fine crackles might be valuable as an early diagnostic marker of pulmonary asbestosis.

Respiratory Function

The use of respiratory function studies is described in detail in the next chapter. Nonetheless, the summary
report by Lippmann (1988) related to acute ozone exposures provides an example of the use of clinical
techniques to assess exposure in epidemiologic studies. He concluded that there were "progressively increasing
functional decrements with each consecutive hour of O3 at 0.12 ppm, as well as substantial increase in bronchial
reactivity...." Information presented at the U.S.-Dutch meeting "suggests that lung inflammation from inhaled
O3" has no threshold down to ambient background concentrations. It was further concluded that rats constitute a
good test model for the observed human response to ozone, even though they are less sensitive than humans.

Studies in healthy and asthmatic adolescents (Koenig et al., 1987) used standard measures of respiratory
function—e.g., peak flow, respiratory resistance, and forced expiratory volume (FEV)—and found significant
increases in respiratory resistance in both healthy and asthmatic adolescents after exercise exposure to ozone at
0.18 ppm, but no differences in response between the two groups. Koenig reported that the most important
finding is that there was little difference in the effects of ozone or nitrogen dioxide between healthy and
asthmatic subjects.

Other studies of respiratory responses to ozone exposure in healthy, active children have also used standard
respiratory function measures and found highly significant changes in PEFR in response to changes in ambient
ozone concentrations (Spektor et al., 1988).

Imaging

Other noninvasive techniques that could be regarded as yielding biologic markers of exposure or disease
include radiography and other imaging techniques. Unfortunately, the techniques seldom provide evidence of
specific exposure or disease. Two notable exceptions are the pneumoconioses that constitute specific evidence of
dust accumulation in the parenchyma and the pleural reactions that are produced by asbestos exposure; in both
cases, the findings must be accompanied by appropriate exposure data if they are to be reliable.

The major rationale for obtaining screening x-ray pictures has been to identify persons with clinically silent
pulmonary tuberculosis. More recently, chest x-ray examination has been used to screen asymptomatic smokers
for lung tumors and to screen for occult lung or heart diseases in general hospital admissions. Clinicians have
recommended the use of chest x-ray pictures to establish a baseline for comparison, especially in people
presumed to be at risk of lung disease. Even in such select groups, the merits of screening have been debated.
Although enthusiasm for chest x-ray pictures for screening, in general, seems to be waning, it is worth
emphasizing that radiologic examination remains a major diagnostic tool for revealing occupationally induced
interstitial lung disease.

In the 1970s, the International Labor Organization (ILO) produced a standardized procedure for obtaining
and reading chest x-ray pictures that allowed crude measurement of exposure to mineral dust (Jacobson and
Lainhart, 1972). Refine
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ments of the procedure in the 1970s have led to a standardized method that increases the uniformity and
reproducibility of readings of these films made by certified persons (ILO, 1980). At least in serious cases, the
degree of parenchyma! infiltrate is correlated with histopathologic evidence of dust accumulation (Seaton, 1983).
Thus, the x-ray pictures in specific circumstances become the documentation of the biologic marker of inorganic
dust exposure. For example, although it is less quantitative, the appearance of pleural plaques or pleural
thickening on a chest x-ray picture in the presence of a history of asbestos exposure implies a greater likelihood
of future asbestos-related disease.

Sophisticated imaging techniques used in clinical practice, such as computed axial tomographic (CAT)
scanning, can locate and characterize small lesions that could be considered biologic markers of disease.
However, the procedures are clinical diagnostic tools and not likely to be used in screening populations of
apparently healthy subjects.

Such techniques are of tremendous importance to experimental medicine and toxicology, because they
permit resolution at the subcellular level and might ultimately promote the identification of biologically effective
dose, early biologic effect, and altered structure or function.

SUMMARY

The development of biologic markers of exposure to xenobiotics offers much promise. New molecular
biologic techniques permit the measurement of such molecular markers as adducts formed with macromolecules
in the body; the techniques can be used to detect adducted material in blood, urine, and tissue samples and are
sensitive enough for the measurement of adducts formed with DNA or protein in cells washed from the
respiratory tract or collected in sputum.

Innovative procedures, such as magnetopneumography, allow estimation of the lung burdens of some types
of particles in the lung. Refined histologic techniques have revealed the cellular sites of deposition of inhaled
particles in the lung and thus created the potential for calculating the dose to critical cells. Techniques for
analyzing markers are well advanced; e.g., new techniques allow analysis of exhaled air, sputum, nasal lavage
fluid, and bronchoalveolar lavage fluid for chemical evidence of exposure to specific pollutants.

Mathematical modeling has advanced to the point where models now include physiologic measurements,
such as blood flow rates, ventilation rates, metabolic rates, and both blood-air and blood-tissue partition
coefficients. The models have made it much easier to extrapolate from animal pharmacokinetic data to predicted
disposition in humans.

To make optimal use of the new techniques, we must determine the relationship between markers of
exposure and the characteristics of the exposures that generate them. The markers usually yield only yes-no
answers; that is, a particular exposure did or did not occur. But we need to determine the kinetic relationships
between formation and breakdown of markers., so that we can use mathematical models to answer the question.,
"Given this amount of this marker in this tissue, what exposures could have produced the marker?" In addition,
there is a need to explore such readily available respiratory tract fluids as nasal fluids and sputum for new
chemical markers of exposure to specific pollutants.

Finally, we must determine the mechanisms by which environmental pollutants induce lung disease. What
are the sites of toxic actions? How much of a given pollutant is required at a given site to produce a given toxic
response? Knowledge of the mechanisms by which toxicity occurs should provide the most pertinent information
on potential early markers of exposure to environmental pollutants and initial stages of response to them.
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3

Markers of Physiologic Effects in Intact Organisms

This section discusses markers of pulmonary response that can be applied in studies of intact human
subjects (all can also be applied to animals). The focus is on physiologic tests of respiratory system function that
reflect early biologic effects or underlying changes in lung structure, function, or sensitivity to inhaled materials.

Most of the techniques reviewed here can be applied in a relatively noninvasive manner and do not require
anesthesia, catheterization, or collection of tissue samples. Many are suitable for epidemiologic studies of large
populations and have the characteristics of mobility of equipment, short subject interaction time, minor
requirement for subject training, ability to be performed by technicians, and automated data processing; an
example of such a technique is spirometry, the most common of those discussed in this section. The equipment,
personnel, and sample-collection requirements of others imply that they are likely to be used only in stationary
facilities. Many centers are suitable for these tests, but they are most appropriate for evaluation of small
populations. Techniques that use gamma-camera imaging are examples of this class because gamma-camera
equipment is large. Other approaches require equipment and expertise that are likely to be present only in a few
specialized laboratories, for example, measurements of the dispersion or clearance of inhaled boluses of particles.

The markers of early biologic effects or altered structure/function discussed here are in four general
categories. The first includes markers of respiratory or gas-exchange function of the lung. These are derived
from tests of ventilation and its control, lung mechanical properties, intrapulmonary gas distribution, and
alveolar-capillary gas exchange. A wide variety of such tests have been developed and are in common use to
evaluate lung functional competence. Although all these tests yield markers of lung response, only a few thought
most likely to have potential for detecting responses of populations to environmental exposures are discussed in
detail. The second category includes markers of increased airway reactivity, both to specific environmental
agents and to standardized physical or pharmacologic bronchial provocation. Although these are usually indexes
of respiratory function, they are distinct from the first category, in that the focus is not on gas exchange. The
third category includes markers derived from measurement of the
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clearance of particles. These measurements examine an important set of defense mechanisms of the respiratory
system, and alterations of the mechanisms sometimes give an early indication of an adverse impact of inhaled
environmental agents. The fourth category includes markers of increased permeability of the air-blood barrier,
which is sometimes an early feature of lung injury due to inhaled materials.

The usefulness of assays of physiologic function is generally limited to their ability to demonstrate
responses to inhaled environmental agents. They reveal the functional manifestations of structural changes in the
respiratory system, whether the changes are transient (e.g., bronchoconstriction) or lasting (e.g., fibrosis). As a
group, the assays have little specificity for specific environmental agents. The lung responds to injury in a
limited number of ways, and the functional manifestation of a given type of injury is often the same, regardless
of the causative agent. An exception to both those generalizations might be the usefulness of an increase in
airway sensitivity to specific agents as a marker of exposure and sensitization.

The sensitivity of physiologic tests varies, but many demonstrate substantial intersubject variability. The
sensitivity is often improved when control populations are studied or when individual baseline values are
obtained; however, there is often a reliance on predicted normal values. The results of physiologic assays
generally depend on technique, and both the degree of standardization of technique and the magnitude of the data
base for predicting normal values vary widely from assay to assay. Some of the physiologic tests offer the
advantage that a response, once detected, can be placed in a context that can be interpreted in terms of its
practical impact on the subject. That is based on knowledge of correlations among measured values related to
function, subjective perception of ill health, clinical lung disease, and impairment of physical performance.

RESPIRATORY FUNCTION

The respiratory functions of the lung include mechanisms involved in ventilation, gas distribution, alveolar-
capillary gas exchange, and perfusion. Although developments in the understanding and evaluation of respiratory
function are continuing, most of these physiologic phenomena are well-studied, and many assays of function are
long established. Table 3-1 lists several common assays of respiratory function. Note that each listed category
contains numerous individual tests or measured characteristics.

Only a few of the many assays of respiratory function are discussed in detail in this section, but all the
assays listed are useful in a clinical setting and yield potential markers of response to environmental exposures.
As there is considerable literature on the performance and interpretation of the assays; it would be inappropriate
to review it all here. The intent of this review is to comment on the function tests that the Committee thought
were most likely to have potential for studies of the effects of environmental exposures in occupational groups or
more general populations.

Considerable attention has been focused on the development of respiratory function tests that are sensitive
to alterations in the region of terminal bronchioles and respiratory bronchioles—i.e., small-airway disease. That
anatomic region is at particular risk from several types of inhaled toxicants. Therefore, respiratory function tests
that have been proved (or proposed) to have particular sensitivity to small-airway disease are discussed here.
Current knowledge suggests that a given test has little usefulness for producing markers of effects of specific
environmental exposures.

Spirometry

The forced expiratory maneuver, which records the time taken to expel as quickly as possible as much gas
as possible from a full deep inspiration, is the mainstay of both clinical pulmonary physiology and epidemiologic
field studies designed to
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explore the development of chronic obstructive pulmonary disease. The volume of air expelled in the first second
is termed the forced expiratory volume in 1 second (FEV1). The total amount expelled is called the forced vital
capacity (FVC). The flow-volume curve is a plot of expiratory flow rate against expired volume, and it is also
analyzed to evaluate flow limitation.

Table 3-1 Assays of Respiratory Function
Breathing pattern
Respiratory frequency, tidal volume, and minute volume
Inspiratory-expiratory times and flow rates
Alveolar ventilation
Physiologic subdivisions of lung volume
Total lung capacity
Vital capacity
Functional residual capacity
Residual volume
Inspiratory and expiratory reserve volumes
Spirometry (forced exhalation)a

Forced vital capacity (FVC)
Forced expired volume in 1 second (FEV1) and %FVC in 1 second
Peak expiratory flow
Mean midexpiratory flow
Flows at selected absolute lung volumes or portions of FVC
Breathing mechanics
Dynamic lung mechanics
Dynamic lung compliancea

Total pulmonary resistance
Airway resistance and conductance, and specific airway resistance and conductance
Oscillation mechanics (respiratory system impedance, composed of compliance, resistance, and inertance)a

Static-quasistatic lung compliancea

Intrapulmonary gas distribution
Single-breath gas washouta
Multiple-breath gas washout
Imaging of radiolabeled gas and particlesa

Particle bolus distributiona

Alveolar-capillary gas transfer
Blood gases, pH, and alveolar-arterial gas tension differences
Oxygen and carbon dioxide exchange at rest
Diffusing capacity for carbon monoxidea

Gas exchange during exercisea

Multiple-gas evaluation of ventilation-perfusion relationships
Evaluation of respiratory control

a Discussed in this report.

Patients with chronic obstructive respiratory diseases are those whose airflow limitation prevents them from
continuing activities that they would otherwise be able to perform (Speizer and Tager, 1979). There is a
continuum between the normal state and the diseased state. Most people would consider themselves substantially
disabled when their FEV1 approached 40–50% of the predicted value. Most physicians would take an FEV1
below 65% of the predicted value as indicative of obstructive disease.

FEV1 tends to decline smoothly in adult life with modest acceleration with increased age (Figure 3-1)
(Speizer and Tager, 1979). Several studies have shown that airflow function is a strong predictor of morbidity
(Fletcher et al., 1976). Thus, FEV1 is a good biologic marker of risk of developing obstructive pulmonary disease.
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Figure 3-1 Decline of FEV1 at normal rate (solid line) and at accelerated rate (dashed line). "A" represents a person
who has attained a "normal" maximal FEV1 during lung growth and development. ''B'' represents a person whose
maximal FEV1 has been reduced by childhood respiratory infection (CAO). Reprinted with permission from Samet
et al., 1983.

Additional measures of ventilatory function that are general biologic markers of risk of chronic respiratory
disease are based on a forced expiration. To use them, one must have recording devices that capture the essential
components of the maneuver or the entire curve. The total volume of an expiration, the FVC, has been
recognized since the mid-nineteenth century as a predictor of "vital status" (Hutchinson, 1846). In the 1960s, the
Framingham heart program found FVC to be a predictor of total mortality (Kannel et al., 1980). More recently,
FEV1 and FVC measurements obtained some 20 years previously were used to predict specific respiratory
disease mortality (Peto et al., 1983). Other components that are believed to represent the flow characteristics of
the airways include flow after 50 or 75% of the volume has been forcibly expelled (forced expiratory flow of 50
or 75%, FEF50 or FEF75) and the maximal midexpiratory flow (MMEF, the slope of the line drawn between
points at 25 and 75% of the FVC).

The same measures have all been used (with other measures discussed below) to test the effects of exposure
to an array of environmental agents, generally at concentrations that exceed only slightly those occurring in the
environment. In each case, pre-exposure, postexposure, and recovery measurements were compared. The
interpretation of those measures as biologic markers of risk is only partly understood. When asthmatic subjects
are exposed at rest to SO2 at 0.25–0.5 ppm, some undergo significant reductions in FEV1 (Sheppard et al., 1980).
Whether the results predict which asthmatics are more susceptible to naturally occurring environmental insults is
as yet unknown. However, we do know that children who report wheezing or asthma generally have more
respiratory symptoms than those who do not when exposed to ambient environments with particulate pollution
(Ware et al., 1984). No relation between pollutant concentration and magnitude of FEV, FVC, or MMEF change
has been discerned, but children with a history of wheezing clearly have lower MMEF.

In most chronic respiratory diseases other than asthma, lost ventilatory function does not return. By the time
impairment is judged to be significant, there is little need for subtle biologic markers of risk of disease (it might
still be appropriate to use markers to study mechanisms). Therefore, it is important to consider how the
sensitivities of the other markers compare with the sensitivity of FEV1. For example, subtle decreases in flow at
50 or 75% of vital capacity (FEF50 or FEF75) might be associated with cigarette-smoking without necessarily
being simultaneously associated with reduced FEV1. Some have argued that those findings represent changes in
small airways (Gelb and Zamel, 1973). Typically, reduced FEF50
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or FEF75 without a reduced FEV1 has not been used to define obstructive airway disease (Speizer and Tager,
1979). MMEF similarly might be reduced in association with exposure to respiratory irritants, but this has not
typically been used to define obstructive disease without a reduced FEV1. Those more subtle measures are useful
as biologic markers, because they might indicate earlier or more subtle damage to small airways that, if not
reversed, could lead to more severe and irreversible damage reflected in reduction in FEV1 and eventually in
FVC.

Mechanical Properties of the Lung

Dynamic Lung Mechanics

Measurement of dynamic lung mechanics is a means of assessing the work of breathing. The work of
breathing is incurred in the need to overcome elastic, resistive, and inertial forces of the lung tissue and air
column (Mead and Agostoni, 1964; Rodarte and Rehder, 1986). Dynamic lung mechanics—lung mechanical
properties during breathing—are usually expressed in terms of dynamic lung compliance (indicative of work
required to stretch the lung) and airway resistance (indicative of work required to overcome resistance to
airflow). Classical measures of dynamic lung mechanics are often useful in evaluating clinical lung disease, but
by themselves have low potential as sensitive markers of lung response to environmental exposures.

Tests commonly applied in epidemiologic studies to detect abnormalities of respiratory function typically
evaluate lung volume and resistance to airflow, but do not examine the compliance. Lung compliance is reduced
in disorders such as inflammation and fibrosis, which increase lung elastic recoil, and is increased in diseases
like emphysema, which decrease elastic recoil. Measurement of static or quasistatic compliance demonstrates
those changes more sensitively than does measurement of dynamic compliance. Aside from forced-oscillation
methods, measurement of dynamic compliance requires placement of an esophageal balloon catheter. Although
that is not difficult or hazardous, it is sufficiently time-consuming and unpleasant for its use to be limited usually
to selected clinical subjects and to the physiology laboratory. Oscillation techniques now constitute the most
likely use of lung compliance as a marker of response.

Dynamic lung compliance depends on breathing frequency. Compliance decreases with increasing
breathing frequency, because of regional inhomogeneities among lung units (Otis et al., 1956). Measurement of
the frequency dependence of compliance was introduced as one of the first tests "specific" for small-airway
disease (Woolcock et al., 1969). Compliance is measured as the subject breathes over a range of frequencies, and
the magnitude of the reduction is noted. Although the dependence of compliance (or resistance) on frequency is
often mentioned as a potential marker of small-airway disease, these changes have actually been correlated with
structural changes in the lung in only a few studies (Berend, 1982). The dependence on frequency has been
shown to be abnormal in a large portion of asymptomatic young smokers (Martin et al., 1975). The compliance
test is not broadly used, and there are few data on which to base either an estimate of its usefulness in population
studies or estimates of normal values.

The most common method of assessing resistance to airflow is spirometry during forced exhalation.
Resistance to airflow during either forced exhalation or tidal breathing is commonly used to indicate response in
studies of airway sensitivity and in evaluating experimental exposures of humans to inhaled toxicants. Although
resistance can be measured during tidal breathing with esophageal catheters or oscillation methods, it is most
commonly measured with plethysmography (Leith and Mead, 1974; Zarins and Clausen, 1982). The subject is
seated within a body plethysmograph (a box with transducers that sense changes in pressure) and breathes with a
panting pattern while flow at the mouth and pressure changes within the plethysmograph are measured. The
airway is then occluded, and mouth pressure is
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measured as representative of alveolar pressure. The resulting data are used to calculate resistance and thoracic
gas volume. Resistance can depend on volume, so it is often divided by volume and expressed as specific airway
resistance (resistance per unit volume) or its reciprocal, specific airway conductance.

Current measurements of dynamic lung mechanics are useful clinical tools, but are unlikely to gain
substantially broader use in population studies. The information obtained represents the integrated response of
the entire lung; the lack of regional specificity and the lack of sensitivity due to intersubject variability reduce its
utility as a marker of subtle effects. The greatest potential for development as a marker appears to lie in the use
of oscillation methods because they are noninvasive and provide considerable information without requiring
difficult procedures as described below.

Respiratory System Impedance (Oscillation Mechanics)

Measurement of "oscillation mechanics" is a means of evaluating the mechanical properties of the
respiratory system. The technique provides a marker of response in the form of information on changes in the
mechanical properties of the lung. The technique is rapid and and requires little cooperation from the subject—
characteristics that make it suitable for epidemiologic studies. It provides indexes of lung compliance, as well as
resistance; thus, it has potential for adding to the spectrum of information obtained in population studies. Tests of
oscillation mechanics are in use for measuring the integrated compliance and resistance of an entire lung, but its
potential as a marker is primarily in describing mechanical properties of specific regions of the respiratory
system. The extent of the potential is uncertain and is the focus of current developmental work.

Oscillation mechanics was recently reviewed by Peslin and Fredberg (1986). The general approach is to
superimpose an oscillating pressure signal on the airway during normal tidal breathing with a loudspeaker or
pump. The frequency of oscillation is higher than the respiratory frequency of the subject, and the oscillating
pressure and flow changes are small. The resulting pressure, volume, or flow perturbations in the air column are
measured and used to calculate values of components of the mechanical impedance (resistance, compliance, and
inertance) of the respiratory system.

The response of the respiratory system to an oscillating signal is determined by its impedance, which in turn
is determined by its anatomic and mechanical properties. The overall response of the system represents an
integration of the elastic, resistive, and inertial characteristics of each component of the system. In the simplest
form of the assay, oscillation at a single frequency is used to measure dynamic compliance and airway resistance
of the entire lung, without the need for a body plethysmograph or esophageal catheter. By manipulating the
oscillating signal and analyzing the resulting response, one can theoretically extract information specific for
different mechanical properties and for different anatomic structures.

Two approaches have been used for interpreting respiratory system impedance. One is the empirical
association of changes in impedance with lung abnormalities (Kejeldgaard et al., 1976). The second is the
estimation of specific impedance parameters by fitting impedance data to mathematical models of the respiratory
system, which are based on mechanical or electric analogues (Jackson et al., 1984; Peslin et al., 1986). The latter
approach should provide more descriptive information, if model parameters can be correlated with physiologic
elements of the respiratory system.

Much of the effort in this field is directed toward development of improved models of respiratory system
impedance. Previous work focused primarily on oscillating frequencies of 2–32 Hz, and it now appears that such
data allow reliable extraction of only the integrated compliance, resistance, and inertance of the total respiratory
system (Jackson et al., 1984). By extending the range of oscillat
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ing frequency, one can obtain statistically reliable estimates of additional parameters. For example, Jackson and
Watson (1982) differentiated between central and peripheral resistance, compliance, and inertance by fitting
oscillation data from rats to a six-parameter model. Their group has obtained similar results with other animal
species, but has encountered difficulties in applying such models to data from humans. They hypothesize that
models for humans need to account for shunting of flow in upper airways and for acoustic phenomena that occur
in the relatively long airways of humans. No models have yet been shown to be satisfactory for clearly
discriminating between mechanical properties of central and peripheral airways of human lungs.

It is not clear whether oscillation measurements will constitute improved tools for detecting and describing
abnormalities of respiratory system mechanics due to environmental exposures. Considerable work remains to be
done to develop appropriate models and to confirm associations among impedance changes, physiologic
correlates, and alterations in respiratory system structure. That will require both application of the method to
patients with known abnormalities of representative types and the study of animals with specific, experimentally
induced abnormalities. Those lines of research are just now being pursued, and the utility of the approach is not
likely to be fully known for a few years.

Measurements of oscillation mechanics with substantially improved descriptive value beyond that of tests
currently in use would require specialized equipment. The oscillating system would consist of computer-
generated signals fed to carefully calibrated loudspeakers or pumps. The frequency-response characteristics of
the measurement system would have to be optimized. The data-reduction and model-fitting systems would be
computer-based. Although the equipment would be specialized, it could probably be packaged into a mobile unit
that could be operated by people with only modest training. Professional input would be required for calibration,
supervision of maintenance, and interpretation of results.

In summary, oscillation mechanics has potential for development into a useful marker of response. Its
advantage lies in its ability to distinguish mechanical abnormalities on a site-specific anatomic basis. Its primary
disadvantages are its dependence on an appropriate model for fitting data and the likelihood of substantial
variation among individuals in regional mechanical properties of the respiratory system. General acceptance and
widespread use will require substantial effort to demonstrate physiologic and clinical correlates, standardization
of procedures and analysis, and packaging into measurement systems that are readily used.

Static-Quasistatic Lung Pressure—Volume Analysis

Lung compliance measured during breathing is usually lower than the actual compliance of lung tissue,
because of the lack of time for tissue relaxation and because of differences in compliance among lung units.
Measurement of static or quasi-static compliance avoids such frequency dependence by plotting transpulmonary
pressure against lung volume during a single, slow exhalation. The current tests are assays that examine the
elastic properties of lung tissue most directly and are the procedures of choice, if a specific index of lung elastic
recoil is desired as a marker of response.

Standardized procedures for measuring lung compliance were recommended in a report from NIH
(Macklem, 1974). Transpulmonary pressure is measured with an esophageal balloon catheter (Dawson, 1982).
The subject inhales to total lung capacity and then exhales slowly while the exhaled volume and transpulmonary
pressure are recorded. The test is termed quasistatic if exhalation is continuous, and static if exhalation is
interrupted periodically to allow flow to cease and elastic forces to come to equilibrium. The elastic
characteristics of the lung are expressed either by calculating compliance as the
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slope of some portion of the pressure-volume curve or by simply displaying the entire curve.
The lung pressure-volume curve shifts to the left (compliance increases) when lung elastic recoil is reduced

(e.g., in emphysema) and shifts to the right (compliance decreases) when elastic recoil is increased (e.g., in
fibrosis) (Macklem and Becklake, 1963). The curve represents the integrated elastic characteristics of the entire
lung. It is not specific for the anatomic site of the change in recoil. Nor is it specific for the cause of the change
in recoil. For example, fibrosis, inflammation, edema, and proliferative disorders could all cause similar shifts of
the curve to the right (showing reduced compliance). Regardless, the test could be a useful marker of response in
populations in which abnormal elastic recoil is a likely response.

Intrapulmonary Gas and Particle Distribution

Gas Distribution Properties-Single-Breath Gas Washout

Patterns of the washout of gases inhaled in a single breath have received considerable attention as indexes
of small airway disease. Although the test can be performed by having the subject inhale a bolus of inert gas
(bolus technique), the most common approach is to evaluate the washout of nitrogen from the lung after an
inhalation of oxygen (resident-gas technique).

The single-breath nitrogen washout (SBNW) test was introduced in 1969 as a test of small-airway function
(Anthonisen et al., 1969). The air-breathing subject exhales to residual volume, inhales a single breath of
oxygen, and exhales again to residual volume. The nitrogen concentration of the expirate is plotted against its
volume. The normal curve has a characteristic shape, first noted in 1949 (Fowler, 1949), in which the nitrogen is
initially low (washout of dead-space oxygen), rises to a plateau that represents the nitrogen-oxygen distribution
in the majority of the lung, and then increases again near the end of the exhalation. The slope of the curve
depends on the uniformity of gas distribution among ventilating units and is affected both by asymmetry of
airway path lengths and by nonuniformity of compliance among ventilating units (Engel and Macklem, 1977).
The slope increases as gas distribution becomes less uniform. The onset of the terminal nitrogen rise has been
termed "closing volume" and is thought to indicate the lung volume at which airway closure begins (Engel et al.,
1975). The phenomena responsible for determining the closing volume remain incompletely defined, but it is
generally agreed that an increase in, if not onset of, airway closure is primarily responsible (Forkert et al., 1979).

It is interesting that Ernst et al. (1986) examined the relationship of closing volume and fluoride air
pollution in children living near an aluminum smelter. In both sexes, there was a significant linear relationship
between increased closing volume and the amount of fluoride found in urine samples from the children.

Since 1969, the SBNW test has been the focus of numerous physiologic studies and has been applied in
several population studies. Standardized measurement procedures were disseminated by NIH in 1973 (Martin
and Macklem, 1973), partly to facilitate multi-institutional collaborative studies funded by the National Heart
and Lung Institute (NHLI). Methods for computerizing analysis of the curves have been published (Craven et al.,
1976; Cramer and Miller, 1977). Equipment for performing the test is available commercially, and several
equations have been developed for predicting normal values of SBNW parameters (Gold, 1982).

Although the SBNW test continues to be included in lists of tests sensitive to small-airway disease, its
usefulness as a marker of responses to environmental exposures has not been clearly demonstrated. In 1973, a
workshop on screening programs for early diagnosis of airway obstruction (NHLI, 1973) concluded that,
"although closing volume and closing capacity are sensitive tests, they are probably of low specificity and
moderate precision, and their validity as an early diagnostic test is unknown." The presumed usefulness
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of the test is founded largely on the finding in numerous studies that it can detect abnormalities in asymptomatic
smokers, often in the absence of abnormalities in "conventional" lung function tests (McCarthy et al., 1972;
Buist and Ross, 1973; Nemery et al., 1981; Teculescu et al., 1986).

Recent work has more directly demonstrated associations between SBNW abnormalities and small-airway
pathologic conditions. Cosio et al. (1978) and Berend et al. (1981a,b) found significant correlations between
abnormal values of washout slope and closing volume in human subjects and small-airway disease in excised
lung tissue. The latter study demonstrated that closing volume was related more closely to small-airway
inflammation than to lung elastic recoil. Petty et al. (1980) performed SBNW tests on excised human lungs and
found that increased closing volume was associated with inflammation and squamous metaplasia in small
airways. Those results further confirm and define the morphologic basis for SBNW abnormalities.

Incalzi et al. (1985) recently published regression equations of SBNW parameters with age, height, and lung
volume for 234 normal subjects 20–80 years old with no history of smoking, occupational exposure to known
pulmonary toxicants, or chronic respiratory illness. The authors concluded that the variability was too great for
detection of subtle changes in population studies.

In summary, the utility of the SBNW test as a marker of responses to environmental exposures remains
uncertain. The test reflects small-airway abnormalities, but its sensitivity and specificity are questionable.

Inhaled-Particle Distribution

The deposition of inhaled particles is a function of particle characteristics, airway geometry, and ventilation.
The latter two can be altered by exposure to pollutants or by disease, so it follows that aerosols can be used as
markers of exposure or response to environmental agents. Although the specific equipment required for tests of
aerosol distribution is not generally available in the standard pulmonary function setting, the technology is
neither new nor very complicated. Establishment of guidelines for their use, which do not now exist, could result
in uniform application in the future.

Aerosol particles can be used to assess pulmonary structure and function, because they can trace the
convective motion of air in the lungs and their deposition is related to the dimensions of the airways through
which they pass. Three techniques can be used to obtain information from inhaled particles; they allow
assessment of airway sizes and inhomogeneities of ventilation and gas mixing. The use of aerosols to assess
mechanical clearance from the respiratory tract is discussed later.

Assessment of gas mixing. Intrapulmonary mechanical mixing of gases can be assessed by injecting an
aerosol during the entire tidal-volume inhalation or in a pulse during a portion of this inhalation and then
examining the particle concentration recovered in exhaled air. The procedure requires the use of particles with a
minimal probability of deposition—approximately 0.3–0.5 µm—so that their loss from the inhaled air occurs
largely because of nondiffusive gas mixing in the lungs, i.e., bulk transfer from tidal to reserve air. By separating
mixing due to molecular diffusion from mechanical mixing due to airflow, one can estimate the role of molecular
diffusion in ventilation (Altshuler et al., 1959). Although the procedure provides some assessment of bulk
transfer, conclusions as to the sites at which this occurs await the further development and use of models of
aerosol dynamics and gas transport in the lungs that take into account the effects of geometric complexities on
lung ventilation (e.g., Engel, 1983).

The distribution of exhaled aerosol in normal people shows a fair degree of inter-subject variability;
nevertheless, general profiles are reproducible within groups of subjects, and exhaled-aerosol measurements
have been used to assess airway abnormalities, in which case the shape of the aerosol exhalation curve is
different from that in normal subjects. In airflow
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obstruction, for example, the shape of the curve is different because the recovery of particles is decreased, owing
to an increased rate of particle deposition and a change in mixing characteristics. A correlation has been found
between the percentage of aerosol recovered and the predicted percentage change in FEV1 over a wide range of
degrees of airway obstruction (Muir, 1970). A difference in aerosol recovery (i.e., a decrease) has also been
demonstrated in coal miners with various forms of pneumoconiosis (Hankinson et al., 1979).

Aerosol probe procedures. The aerosol probe technique allows inferences concerning small-airway (< 1
mm) and alveolar dimensions; it is of particular use for assessing changes in diameter, such as those associated
with obstructive lung disease. Conducting-airway obstruction can also be detected with conventional pulmonary
function tests, but the latter might be less sensitive than the probe procedures in detecting early changes.
However, alveolar size, which is important in assessing emphysema progression, can be estimated in vivo only
with particle probes.

The aerosol probe procedure is a modification of the aerosol mixing technique discussed above, in that a
period of breath-holding is generally imposed between aerosol inhalation and exhalation. It is based on the
concept that the amount of deposition of inert, nonhydroscopic monodisperse particles with a known, but low,
rate of sedimentation during the breath-holding period depends on the settling distance required for the particles
before they come into contact with an airway wall; this distance is a reflection of the overall dimensions of the
airspaces in which the aerosol is found. Particles that are deposited and are removed from the air will not be
recovered during exhalation. In reality, and as should be evident from the discussion of the mixing technique
above, not all the inhaled aerosol will be recovered even if there is no breath-holding period between inhalation
and exhalation. In practice, the aerosol probe procedure requires determination of the extra loss of particles due
to gravitational settlement. The ideal particle size range used in the procedure is 1-1.5 µm MMAD (Gebhart et
al., 1981); however, the increased impaction deposition in people with obstructed airways might require some
size adjustment.

The work of Palmes et al. (1967) established a basic method for estimating the effective dimensions of the
respiratory airspaces with monodisperse aerosols. An aerosol is inhaled; the breath is then held at close to total
lung capacity (TLC), with different breaths held for periods of 0–30 seconds; and a volume equal to twice the
inhaled volume is then exhaled, to ensure recovery of all remaining airborne particles. The persistence of the
aerosol—i.e., the probability of its remaining suspended in air and thus being exhaled—decreases exponentially
as a function of breath-holding time. Aerosol inhalation was completed near TLC, so most of the aerosol mass
and most of its deposition were assumed to be in the region of the respiratory bronchioles and alveolar ducts; the
contribution of anatomic dead-space volume was considered to be small, and its influence on the shape of the
aerosol recovery curve could be ignored. The logarithm of percent of aerosol recovery is plotted against breath-
holding time; this results in a curve whose slope (or slopes) is related to the average size of the airways within
which residual aerosol remained before exhalation. Results are usually expressed in terms of the half-time of
aerosol persistence in the lung.

Subjects differ substantially, but the aerosol probe procedure is sensitive to changes in airway dimensions
and does yield reproducible results in normal subjects repeatedly tested (Lapp et al., 1975); in addition, the
variability in airway size measured in healthy people was found to be quite similar to that measured in fixed
lungs obtained from accident victims. However, the wide intersubject variability in normal people is a negative
feature of the test if applied to people with lung abnormalities; e.g., in obstructive disease, the results can be
equivocal (Palmes et al., 1971, 1973). In some cases, increased half-time of aerosol persistence indicates
enlarged airspaces; but
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results in patients with diagnosed emphysema can be comparable with those in healthy people. Inasmuch as the
aerosol has access only to airspaces to which it is delivered by convective airflow, it can penetrate to either
predominantly normal or diseased lung tissue, depending on the site of airflow obstruction (if any). Thus, half-
times observed in patients are more variable than those observed in healthy subjects. In addition, the amount of
aerosol at zero time of breath-holding was generally lower in patients than in normal persons; that indicates
increased deposition during the dynamic phase of the breath-holding maneuver, probably due to obstruction and
the resulting narrowing of airways.

Another group examined with the aerosol probe were coal miners with pneumoconiosis (Hankinson et al.,
1979). There was some correlation between disease type, aerosol persistence, and calculated airway dimensions,
but a lack of correlation between persistence and recovery suggested either that the mechanisms that cause
changes in those two phenomena are different or that the changes occur at different sites in the respiratory tract.
The latter possibility is of concern, because the results of the tests are a reflection of airway dimensions at
various depths in the lungs.

A slight modification of the aerosol probe technique might be used to examine particular regions (depths) in
the lungs. The modification, known as the bolus probe technique, involves either inhalation of an aerosol bolus
followed by a preset (but variable) volume of particle-free air (Palmes et al., 1973) or inhalation of the bolus at
various stages of inhalation rather than at a particular fixed stage (Heyder, 1983). When this procedure is used,
inhalation of equivalent tidal volumes leads to decreases in measured effective airway diameter as lung volumes
decrease. In addition, the measured persistence and thus the actual average airway diameter that is measured
depend heavily on the inhalation volume containing the aerosol, in that, the more deeply a bolus is inhaled, the
greater is the dispersion of the bolus later exhaled and the smaller are the airways being "probed." The airway
dimensions calculated from aerosol recovery curves for different depths of inhalation have been found to agree
well with what would be expected, on the basis of comparisons with both morphometric models of the human
lung and measured airways in fixed lungs (Gebhart et al., 1981; Heyder 1983; Nikiforov and Schlesinger, 1985).

In an aerosol rebreathing procedure described by Kim et al. (1983), subjects breathe 1-µm particles 30 times/
minute from a volume held at 500 ml. That results in magnification of the differences in particle recovery after a
single breath. The test is able to screen reproducibly for airway constriction and might also indicate the extent of
such concentration; variability in both normal subjects and those with chronic obstructive airway disease was 5–
10%. The ability of the test to detect changes early in pathogenesis is not yet known (C. S. Kim et al., 1985).

A variation of the single-breath aerosol bolus technique that is sensitive in detecting early airway changes
has been described (McCawley and Lippmann, 1984; McCawley, 1987). It involves precise control of volume
and flow during introduction of a bolus of monodisperse (0.5-µm MMAD) particles. With a dispersion index, it
was possible to differentiate between healthy smokers and nonsmokers; thus, the procedure seems capable of
detecting the early changes known to occur in the small airways of smokers. There were found to be no
differences in tests of forced expiration (e.g., FEV1 and FVC) between smokers and nonsmokers, and the
coefficient of variation of the dispersion parameter (approximately 17% in nonsmokers and 36% in smokers)
was less than that of the pulmonary mechanics tests. The procedure optimizes the protocol for rapid screening
and is useful in epidemiologic studies that attempt to assess airway obstruction.

Regardless of the specific probe procedure used, there are always differences between the simple theoretical
assumptions of the models of aerosol deposition and actual complex situations. Direct anatomic interpretations
should be made with caution, and one must bear in mind effects of a number of factors, e.g., axial
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dispersion of the aerosol bolus, nonuniformity of the aerosol concentrations in cross-section at the end of
inhalation, the relative shortness of the airways (which become increasingly short with greater depth in the lung),
the irregularity of branching, and the regional distribution of airflow in the lungs.

Radioimaging Techniques. Particles with MMAD of 1 µm or more are subject to deposition by impaction
and thus might provide information on obstruction in small airways before it is measurable with conventional
pulmonary mechanics tests. In all cases, the pattern of deposition depends on the distribution of ventilation in the
lungs; in obstructive disease, deposition is also influenced by the sites of obstruction, and there is no deposition
in regions where there is no ventilation. Radioimaging procedures involve the external detection of deposited
particles labeled with a radioactive tag. The types of detectors used are the same as those used in measuring
particle clearance and are discussed in Chapter 2.

In normal people, the radiolabeled aerosol image appears to indicate a fairly even distribution of
radioactivity, especially if particles 1–4 µm in diameter are inhaled at flow rates that occur at rest. However,
obstructive disease or obstruction is indicated by the presence of areas of concentrated deposition and areas of
minimal or no deposition. Much of the former occurs in the central bronchi, and the latter in peripheral areas.

Early studies (Ramanna et al., 1975; Taplin et al., 1977) indicated qualitative differences in the pattern of
deposition between normal people and people with clinical indications of airway obstruction; the differences
were ascribed to differences in regional ventilation. The quantitation of particle deposition to assess obstruction
is generally performed in two ways. One procedure is to use a measure of retention at an appropriate time after
exposure to the tracer particles as an index of regional deposition, i.e., tracheobronchial versus alveolar.
Generally, retention at 24 hours is the measure used. That is not necessarily accurate, in that changes in particle
clearance rates might alter amounts present and lead to false conclusions as to regional deposition. In addition,
24-hour retention varies widely in normal people and even more in smokers and people with lung disease.

Another technique makes use of gamma-camera imaging to differentiate deposition in central (hilar) and
peripheral regions of the lungs (Dolovich et al., 1976; Emmett et al., 1984). In the simplest procedure, which
uses a calibration with an 81-mKr ventilation scan, it is possible to obtain the ratio of outer to inner zone
radioactivity of the tracer particles and to describe a "penetration" index; the index relates the penetration of
radio-labeled aerosol into peripheral airways to the degree of ventilation of these airways. Such procedures do
show differences between healthy, nonsmoking subjects and asymptomatic smokers; thus, they can detect
changes often not seen with conventional pulmonary function tests. Penetration index has also been found to
correlate fairly well with pulmonary function measures, such as FEV1, in people with diagnosed chronic
obstructive disease (Agnew et al., 1981; Agnew, 1984). Unfortunately, the tests appear to yield a high number of
false-positives, even though they are very sensitive.

The above procedures provide no information on the precise anatomic location of deposited particles. An
approach to assessing gamma-camera images to allow better definition of sites of deposition involves
development of concentric zones around the hilar region, each of which constitutes a different percentage (e.g.,
25%, 50%, and 75%) of the entire lung field (Foster et al., 1985). The innermost 50% is considered as the central
fraction.

Differences in aerosol penetration sometimes observed between smokers and nonsmokers have resulted in
the suggestion that radioimaging procedures can be used to produce markers of developing or early disease.
They also seem better as sensitive indicators of obstruction in large airways than in small airways (Chopra et al.,
1979). However, there is an inherent problem in the techniques: they require the use of radioactive aerosols on a
routine screening basis. Thus, such proced
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ures should not be used if other, more conventional tests are available for screening.

Alveolar-Capillary Gas Transfer

Diffusing Capacity for Carbon Monoxide

The diffusing capacity for carbon monoxide (DCCO), sometimes called "transfer factor," is considered the
most sensitive measure of alveolar-capillary gas-exchange efficiency performed with the subject at rest and is
recommended by the American Thoracic Society (1986) as one of the two primary measures for evaluating
impairment of respiratory function (spirometry is the other). DLCO is the rate of uptake of a low concentration
of inhaled CO, normalized by the alveolar-capillary difference in the partial pressure of CO. CO is used as the
indicator gas, because of its high affinity for hemoglobin, which, at low concentrations, obviates the sampling of
blood to measure the pressure difference.

There are several methods for measuring DLCO and multiple variations of each method; however, the
single-breath technique (Ogilvie et al., 1957) is preferred. The measurement technique and methodologic factors
that influence the results were described in detail in a recommendation for standardization published by the
American Thoracic Society (1987). The subject inhales a large breath of a mixture of CO and an inert gas in air,
holds the breath for a few seconds, and exhales. A sample of "alveolar" gas is taken late in exhalation, and
concentrations of CO and the inert gas are measured. The inert gas allows the lung volume at end inspiration
(termed "alveolar volume," although airway volume is also included) to be calculated. DLCO is volume-
dependent, so the DLCO:alveolar volume ratio helps in determining the contribution of reduction in lung volume
to reduction in DLCO.

As with most measures of respiratory function, DLCO is influenced by several factors; thus, the test has
little specificity. DLCO is influenced by membrane factors, such as thickness and surface area; by capillary
blood volume; and by the rate of combination of CO with hemoglobin. The latter factor makes the test somewhat
sensitive to hemoglobin concentration and to altitude. Methods for correcting for hemoglobin concentration were
included in the recommendations of the American Thoracic Society (1987). Ayers et al. (1975) reviewed some of
the physiologic factors that influence DLCO and a scheme for differential diagnosis.

Of the tests performed at rest, measurement of DLCO has been shown to be the most sensitive to some
abnormalities, such as radiation-induced pneumonitis in humans and animals (Mauderly et al., 1980). It was the
first measure shown to change in a progressive disease. Its inherent sensitivity is limited, however, by the
presence of considerable variation among individuals. Coefficients of variation among individuals are typically
about 4% for normal persons and 7% for subjects with severe obstructive disease (American Thoracic Society,
1987). It has been recommended that, for a subject to be considered "mildly impaired," the measured value be
below 79% of predicted (American Thoracic Society, 1986). Generally accepted formulas for predicting normal
values are available (Crapo and Morris, 1981).

Automated equipment for measuring DLCO is available commercially and is in general clinical use. The
test requires sufficient subject cooperation to perform the single-breath maneuver, but is rapid and readily
adapted to mobile facilities. The trace amount of CO used in the test is innocuous. The test could be used in large
population studies; however, because of variability, it would have questionable utility in such a setting. It would
be more useful in studies of more selected populations, such as occupational cohorts. The test is well developed;
recent progress has been largely in standardization of technique and development of commercially available
equipment for reproducible performance.

Gas Exchange During Exercise

A major problem in using respiratory function tests at rest to detect subtle

MARKERS OF PHYSIOLOGIC EFFECTS IN INTACT ORGANISMS 55

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Pulmonary Toxicology 
http://www.nap.edu/catalog/1216.html

http://www.nap.edu/catalog/1216.html


abnormalities is the large reserve functional capacity of the lung. Exercise testing provides an examination of the
performance of both the respiratory and cardiovascular systems under metabolic conditions that increase the
demand on them. Although exercise testing requires cooperation from the subject and takes longer than the
functional assays described above, it need not be invasive (i.e., blood samples are not necessarily required), and
it can be performed in the field. If blood samples are obtained, the approach should provide greater sensitivity to
subtle gas-exchange abnormalities than any of the tests performed at rest. Excellent reviews of exercise testing
have recently been published. Wasserman et al. (1987) presented a thorough review of theoretical and practical
aspects, including case reports; and Hansen (1982) presented a concise review, including procedures, equations,
and sources of error. Only selected facets of the approach are discussed here.

Gas exchange between the cells and the environment requires the effective interaction of the lung and chest
''bellows'' (thoracic wall and diaphragm), a heart capable of pumping sufficient blood, a vascular system that can
selectively distribute flow to match requirements, and respiratory control mechanisms capable of regulating
blood-gas tensions and pH. In a healthy person, the responses of those systems to exercise are predictable and
depend only on the rate of work performed and the fitness of the subject (Wasserman et al., 1981). The
usefulness of exercise testing is based on the ability to measure deviations from predicted physiologic behavior.

There are several variant protocols for exercise testing, but all have the goal of using work by large muscle
groups to increase metabolic demand. Both treadmill exercise and cycle ergometer exercise are used, but the
cycle is usually preferred. The work expended on a cycle is more readily calibrated than that on a treadmill.
Variability during treadmill exercise associated with body build, pattern of leg movement, and holding onto side
rails is minimized with a cycle, and there is less risk of slipping. Both prolonged, steady-state exercise and non-
steady-state incremental exercise are used. The latter might be preferable, because it can be matched to the
subject's ability, and the various factors that affect performance can be distinguished. The basic measurements
include electrocardiography, determination of ventilatory flows and volumes, and measurement of oxygen and
carbon dioxide concentrations at the mouth. Manual collection of exhaled gas is usually obviated by computer
integration of breath-by-breath volumes and gas concentrations; however, manual collection is possible.
Measurements of arterial pressure, blood gases, alveolar-arterial gas tension differences, and acid-base status
contribute substantially to the information gained from the test, but require arterial puncture. Much information
can be gained, however, from numerous other measurements that are.

Characteristics that can be measured during exercise and their interpretive usefulness have been listed and
discussed at length (Wasserman et al., 1987). The anaerobic threshold and relationships between heart rate and
oxygen uptake appear to have good overall sensitivity to gas exchange and cardiovascular inefficiencies. The
anaerobic threshold is the highest oxygen uptake that can be sustained without metabolic acidosis, and it is
lowered by any factor that limits oxygen flow to exercising muscles. Although blood samples are required for
precise definition of the anaerobic threshold, it can be satisfactorily estimated noninvasively from a plot of
carbon dioxide output versus oxygen uptake over a range of work magnitudes. The slope of the ratio of heart rate
to oxygen uptake, plotted over a range of work magnitudes, is sensitive to both airway and heart abnormalities
and can sometimes be used to distinguish between the two. The "oxygen pulse," oxygen uptake per heartbeat,
equals the product of stroke volume and the arteriovenous oxygen difference and is also sensitive to anemia and
carboxyhemoglobin.

Several additional characteristics can be measured noninvasively, including maximal exercise ventilation,
ratio of
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dead space to tidal volume, ventilatory equivalents for oxygen and carbon dioxide, respiratory-exchange ratio
(ratio of CO2 output to O2 input), expiratory flow patterns (examined as are those obtained during forced
exhalation), and ratio of tidal volume to inspiratory capacity (a reflection of lung stiffness). Each of those has a
relatively specific sensitivity for particular physiologic abnormalities.

The addition of arterial-blood sampling extends the usefulness of exercise testing greatly. Not only are
blood-gas tensions and acid-base status of interest, but the alveolar-arterial differences in oxygen and carbon
dioxide tensions during exercise are probably the most sensitive of all tests of pulmonary gas exchange at the
alveolar level.

Exercise testing is being applied to clinical subjects in numerous laboratories. Application in population
studies (discussed by Wasserman, 1985) has been limited. Sue et al. (1987) compared the sensitivities of exercise
testing and resting single-breath CO diffusing capacity (DLCO) to detect abnormalities among 276 current or
former shipyard workers. The criterion for abnormal DLCO was set at 70% of predicted, and several prediction
equations were evaluated. Only 16 subjects had an abnormal DLCO, and exercise gas exchange was abnormal in
all but two of them. In contrast, resting DLCO was abnormal in only 14 of 96 men with abnormal exercise gas
exchange. Those results suggest that exercise testing can greatly improve the detection of subtle gas-exchange
abnormalities, in addition to providing considerable discrimination among the factors that cause the abnormalities.

In summary, exercise testing appears to have one of the strongest potentials among respiratory function
assays as a sensitive marker of pulmonary injury associated with environmental exposures. The degree of
interaction required from the subject and the extended usefulness of the assay if blood samples are included tend
to make it more suitable for studies of limited populations in stationary facilities under the direct supervision of
experienced researchers. Equipment for performing exercise tests in a standardized manner is now becoming
available commercially. It is practical to consider use of at least some aspects of exercise testing in mobile
facilities in the field. Exercise testing would have particular usefulness in studies in which gas-exchange or
cardiovascular abnormalities were of primary interest.

AIRWAY HYPERREACTIVITY

Although airway provocation testing dates to the late 1940s, it did not emerge as a clinical diagnostic and
research tool until the early 1970s. Nonspecific airway hyperreactivity is defined as an exaggerated
bronchoconstrictor response to a variety of chemical, physical, and pharmacologic stimuli. There is now nearly a
consensus that nonspecific airway hyper-reactivity is a characteristic shared by virtually all asthmatics (Boushey
et al., 1980); that is, the asthmatic develops bronchoconstriction after inhaling a lower concentration of a
provoking agent than is needed to cause a similar degree of change in airway tone in a healthy subject. Thus, in
one sense, airway hyper-reactivity serves as a marker of asthma. Its mere presence alone does not define asthma,
however, inasmuch as increased bronchial reactivity can occur in otherwise healthy people. Furthermore, airway
hyperreactivity has been observed in healthy people after viral upper respiratory infections (Little et al., 1978),
after acute inhalation of ozone (Golden et al., 1978) or sulfuric acid aerosols (Utell et al., 1984), or after
inhalation of irritants in the workplace (Brooks et al., 1985). Whether such transient increases in airway
hyperreactivity serve as markers of long-term respiratory sequelae is unknown, but they might well offer a clue
to the pathogenesis of chronic respiratory diseases.

Nonspecific airway hyperreactivity presumably reflects or mimics events in naturally occurring asthma.
Thus, it should not be surprising that many of the proposed mechanisms of asthma have also been linked with
the exaggerated contraction of smooth muscle that characterizes airway hyperreactivity. However, it
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should be noted that airway hyperreactivity does not correlate with histamine reactivity of bronchial smooth
muscle (Roberts et al., 1985). Possible mechanisms include alterations in airway geometry, disorders of
autonomic regulation of smooth muscle, structural alteration in airway smooth muscle, increased accessibility of
stimuli to the muscle, and release of locally acting mediators of inflammation (Boushey et al., 1980; Sheppard,
1986b). Present evidence suggests that both neural and nonneural mechanisms contribute to airway
hyperreactivity. For example, abnormally small baseline airway caliber increases reactivity, but cannot explain
the hyper-reactivity seen in asthmatics in remission or in persons with respiratory viral infections. Autonomic
regulation of the airways seems an attractive explanation in studies in which responses can be abolished by
directly interfering with nerve transmission or inhibited by pretreating with blocking agents (Nadel and Barnes,
1984). Epithelial injury from viral infections or inhalation of pollutants might result in more direct exposure of
nerve endings to an agent that provokes bronchial response, but evidence of such injury is often not present.
Recently, the development of acute inflammatory response has been linked to the pathogenesis of airway
hyperreactivity, especially after ozone inhalation (O'Byrne, 1986). Several products of arachidonic acid
metabolism released during the inflammatory response (Sheppard, 1986a) or by immunologic activation of
human lung mast cells (Schulman, 1986) have been targeted as possible mediators. If inflammation and mediator
release are linked with the acute development of airway hyperreactivity, then recurrent episodes would have a
greater likelihood of producing chronic airway effects.

Methods of Assessment

In the laboratory, airway reactivity testing is divided into two general categories, depending on the choice of
nonspecific versus specific agents. In both, the increased bronchoconstrictor response is assessed with
pulmonary function tests. Nonspecific stimuli include pharmacologic agents, such as methacholine, carbachol,
and histamine; exercise; hyperpnea with cold or dry air; and inhalation of hypertonic or hypotonic aerosols.
Although pharmacologic challenge is used most often in the clinical laboratory, it is less suitable for population
studies, especially those involving children. Cold-air challenge with hyperventilation has been used effectively,
and response is generally correlated closely with methacholine responses. Challenges with specific agents, such
as common antigens, such chemicals as isocyanates, and such organic materials as plicatic acid (from western
red cedar) attempt to identify specific sensitizing agents. Those approaches can be particularly powerful in
incriminating occupational chemicals and confirming the diagnosis of occupation-related airway disease, but
might provoke immediate and/or late pulmonary responses that do not resolve spontaneously. Even with specific
agents, the interpretation of responses can be difficult and confounded by a variety of factors, such as dose and
irritant effects (McKay, 1986).

Inhalation challenge testing with cholinergic agonists and histamine has varied considerably among
laboratories, and efforts to standardize it have been advocated (Hargreave and Woolcock, 1985). Standardized
approaches could minimize variability in aerosol generation and inhalation, in methods of measuring response
and expressing results, in preparation and handling of test solutions, and in concomitant use of medications that
affect bronchoconstrictor response. Aerosols are usually generated and inhaled with two techniques: continuous
generation of an aerosol inhaled during tidal breathing and generation of a puff of aerosol with a dose-measuring
device or hand-held nebulizer and inhalation of the puff during a single deep breath. Aerosol particles range from
submicrometer size to several micrometers and from nearly mono-disperse to widely heterodisperse. Such
variables affect lung deposition and influence airway reactivity (Dolovich, 1985).

The bronchoconstrictor response is
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commonly measured with two methods—on the basis of airway resistance and maximal expiratory flow (FEV1).
Both have shortcomings. The plethysmographic measurement of airway resistance includes resistance of the
larynx, so an increase in resistance could reflect laryngeal narrowing or smooth muscle contraction. One
potentially confounding problem with expiratory maneuvers is that the test itself might alter the characteristics
being tested. The deep inhalation that precedes measurements of expiratory flow causes transient bronchodilation
and lessens the bronchoconstriction in a normal subject, whereas it might increase bronchoconstriction in an
asthmatic. Nevertheless, the bronchoconstrictor response is usually measured as the change in FEV1. Increasing
doses of an aerosol are inhaled to construct a dose-response curve, and the results are expressed as the
provocation concentration (pc) necessary to produce a decrease in FEV1 of 20% (PC20). The PC20 is obtained
from the log-dose-response curve by linear interpolation of the last two points; the lower the PC20, the greater the
reactivity. PC20 has been found to correlate closely with methacholine and histamine concentrations in the
aerosol (Hargreave et al., 1983).

An alternative approach is provocation testing with physical stimuli, such as exercise or isocapnic
hyperventilation with cold air. Those are naturally occurring stimuli and their use obviates the inhalation of
pharmacologic agents. They can cause bronchoconstriction by airway cooling or airway drying, as well as
through the endogenous release of mediators in the airway (Barnes and Brown, 1981). The degree of airway
reactivity to methacholine or histamine tends to be correlated with reactivity to exercise or isocapnic
hyperventilation. That suggests that the reactivity to chemical mediators is an important determinant of the
response to exercise and hyperventilation. When assessing airway reactivity with exercise or isocapnic
hyperventilation, one must control such variables as magnitude of ventilation, duration of exercise or
hyperventilation, workload, and inhaled air temperature and water content (Hargreave and Woolcock, 1985).
Although the provocation tests effectively identify hyperresponders, they provide less quantitative dose-response
information. Otherwise there is little justification for concluding that one method is superior to another for
assessing airway hyperreactivity; the choice depends on the experience of the investigator and the laboratory,
although pharmacologic challenge might have the advantages of requiring less expensive equipment and being
technically simpler.

Nonspecific airway hyperreactivity testing has proved to be highly useful for assessing airway responses to
low concentrations of environmental air pollutants. Even after the return to baseline lung function on removal
from acute nitrogen dioxide (Bauer et al., 1986) or sulfuric acid aerosol (Utell et al., 1984) exposure, asthmatics
demonstrated increased airway reactivity to cold air and hyperventilation or to carbachol aerosols, respectively.
Likewise, after removal of healthy volunteers from ozone environments, inhalation of methacholine or histamine
increased bronchoconstriction (Golden et al., 1978).

In the assessment of asthma induced by occupational agents, airway reactivity testing with nonspecific and
specific agents serves a diagnostic function. Chan-Yeung and Lam (1986) recently published a comprehensive
review on the subject of occupational asthma and the role of airway reactivity testing. Nonspecific airway
hyperreactivity occurs in most workers with occupationally induced asthma, despite the absence of predisposing
factors, such as atopy. Furthermore, Lam and co-workers (1983) found a good correlation between the degree of
nonspecific bronchial hyperreactivity and severity of response to the provoking agent plicatic acid in workers
with red cedar asthma. Measurements of hyperreactivity also assist in providing objective evidence of
sensitization (Chan-Yeung and Lam, 1986). The demonstration of an increase in bronchial reactivity on returning
to the workplace and a decrease away from work, with appropriate changes in lung function, establishes the
causal rela
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tionship between symptoms and the work environment. To pinpoint the etiologic agent in the workplace
responsible for asthma, specific challenge is necessary. Chan-Yeung and Lam (1986)emphasized that such
testing can be dangerous and should be performed only by experienced persons in a hospital setting for the
following conditions: studying previously unrecognized occupational asthma, determining the precise etiologic
agent in a complex industrial environment, and confirming a diagnosis for medicolegal purposes. Detailed
guidelines and testing procedures have been developed and published (Pepys and Hutchcroft, 1975; McKay,
1986).

In summary, increased airway hyperreactivity is a hallmark of clinical asthma and occupationally induced
asthma. In patients with asthma, the greater the reactivity, the greater the likelihood of symptoms. Despite
variability in testing methods, the tests have proved reproducible, relatively simple to perform, and closely
correlated with each other.

Distribution of Airway Hyperreactivity in the Population

There is a broad distribution of airway reactivity to cholinergic agents and histamine in the general
population, with asthmatics among the most responsive group. However, increased airway hyperreactivity occurs
in other pulmonary conditions, including cystic fibrosis, chronic bronchitis, and sarcoidosis. It is found in about
4% of people who have never had symptoms, in about 20% of patients with isolated chronic cough, and in about
10% of patients with rhinitis without chest symptoms (Hargreave et al., 1985). Several population studies have
concluded that bronchial hyperreactivity occurs in a unimodal, rather than bimodal, distribution. For instance, in
a distribution of bronchial reactivity, nonasthmatics could be placed at one end of the curve and asthmatics at the
other, most reactive end. Subjects with hay fever or allergic rhinitis are often intermediate in nonspecific airway
reactivity.

Few epidemiologic studies have examined the distribution of reactivity in unselected populations. In a study
of 300 relatively young, randomly selected college students, Cockroft and colleagues (1983) studied nonspecific
reactivity to inhaled histamine. Asthmatics responded to a concentration of histamine of 4 mg/ml or less. When
responders were defined by such criteria, 20% of the nonasthmatic group demonstrated equivalent reactivity in
the absence of symptoms. In a larger, population-based study, Weiss and colleagues (1984) assessed nonspecific
bronchial reactivity with eucapnic hyperpnea in response to subfreezing air in 134 adults and 213 children.
Children and young adults were significantly more likely than older subjects to be responders. Nearly 20% of
asymptomatic children had increased airway hyperreactivity. Of current asthmatics, 92% responded to the cold-
air challenge. One can conclude that the prevalence of increased reactivity in the population-based studies
exceeds the prevalence of asthma in the general population. The observation that asymptomatic airway
hyperreactivity occurs in many children and young people presents an opportunity to examine hyperreactivity as
a marker of susceptibility to disease. Followup of such populations should determine whether bronchial
hyperreactivity plays a role in the development of progressive lung disease; if it does, it would serve as a key risk
factor (i.e., a marker of susceptibility to) for lung disease.

Airway Hyperreactivity as a Marker

Population-based studies that examine the effect of bronchial hyperreactivity on the rate of decline of
pulmonary function in asymptomatic subjects are prerequisites to understanding airway reactivity as a risk
factor. Several lines of evidence suggest that airway hyperreactivity is important in the development of chronic
lung disease. Barter and Campbell (1976) demonstrated that subjects who were hyperreactive to methacholine
had a more rapid decline in FEV1 than did nonreactive subjects. Despite concerns that the two groups were not
ideally matched and the need for further study, the findings are impressive.
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Britt and colleagues (1980) reported that almost half a group of subjects who were first-degree relatives of
patients with chronic obstructive lung disease showed increased reactivity to methacholine. In those with
hyperreactive airways, a markedly accelerated loss of lung function was observed (150 ml/year), compared with
normal loss of lung function in the nonreactors (30 ml/year). Thus, airway hyperreactivity might constitute a
marker useful for detecting risk of accelerated loss of lung function. Efforts are needed to determine whether
transient but recurrent episodes of airway hyperreactivity, such as follow pollutant exposure or viral respiratory
tract infection, also serve as a risk factor for progressive lung disease.

Similar issues emerge in examining the relationship between airway hyperreactivity and occupational
asthma. Although most patients with occupational asthma demonstrate nonspecific bronchial reactivity, it is
unclear whether it is the result of exposure or a predisposing factor. However, most evidence points to airway
hyperreactivity in this setting as a marker of exposure, in that reactivity often wanes with removal from the
environment, it can recur with re-exposure, and it can persist for long periods in previously asymptomatic
persons exposed to high concentrations of irritating gases (Brooks et al., 1985). Studies incorporating
measurements of airway hyperreactivity in pre-employment examinations and after workplace exposure should
help to resolve the issue of whether increased hyperreactivity is a marker of exposure or injury.

A large, multicenter study sponsored by the National Heart, Lung and Blood Institute is examining whether
airway hyperreactivity affects (or predicts the rate of) loss of lung function in those at risk of chronic obstructive
lung disease. If that is the case, airway hyperreactivity will prove to be a powerful marker for assessing
susceptibility to environmental agents.

CLEARANCE OF PARTICLES FROM THE RESPIRATORY TRACT

Components of clearance systems are commonly the initial points of contact with inhaled pollutants;
clearance function might therefore be useful as a marker of response or a predictor of respiratory tract disease.
This discussion focuses on techniques that can be used to assess clearance in vivo; various elements of clearance
systems can be examined with methods that use isolated organs, tissues, or cells. The latter could be important in
attempts to evaluate individual components of clearance systems to explain mechanisms of impairment, but
separation of mechanisms has generally not been possible, and the cause of clearance impairment cannot always
be determined.

The broad mechanisms of clearance in conducting and respiratory airways are similar in humans and most
other mammals. Interspecies differences do occur, for example, in secretory cell structure and distribution,
macrophage function, relative roles of clearance mechanisms, and rates and efficiencies of clearance from
various regions. Although such differences might be reflected in quantitative differences in response to inhaled
agents, responses to numerous toxicants are qualitatively similar between humans and many experimental
animals Phalen et al., 1984; Lippmann and Schlesinger, 1984). Thus, although there are anatomic and
physiologic differences, they do not preclude the use of clearance as a marker of exposure or response to inhaled
toxicants.

A valid marker should meet appropriate basic criteria. It should be reproducible (with minimal variability),
it should be fairly sensitive to change after exposure to appropriate agents, and it should have a relationship to
respiratory tract disease. Clearance rates from conducting and respiratory airways are well-defined functional
characteristics of a person. However, interindividual variability is high. It is difficult to develop a library of
values that are considered normal, for comparison with those obtained after pollutant exposure or in disease states.
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Nevertheless, the current database does allow characterization of a person's clearance as within or outside a
normal range (Agnew et al., 1986). Measured clearance rates depend heavily on the technique used to assess
them, so some standardization of clearance measurement procedures is needed, if this function is to be used as a
reproducible marker.

In both humans and experimental animals, bronchial mucociliary clearance alteration has been shown to be
a sensitive physiologic indicator of response to exposure to many pollutants—such as nitrogen dioxide, ozone,
and sulfuric acid—and occur after acute exposure to low concentrations of pollutants and early in chronic
exposures (Wolff, 1986; Schlesinger and Driscoll, 1988). Studies with experimental animals have shown that
alteration in rate of clearance from the respiratory region can be a sensitive indicator of exposure. Although
transient alterations in clearance after acute exposure to inhaled irritants might be adaptive (helping to maintain
organ homeostasis), such changes are more likely to be pathophysiologic responses of the airways and, although
temporary, might foreshadow permanent alterations or progressive changes that would follow continued
exposures (Schlesinger et al., 1983; Gearhart and Schlesinger, 1988).

Interpretation of mucociliary clearance alterations in terms of potential health problems is speculative.
Dysfunction of mucus transport is probably involved in the pathogenesis of some acute and chronic respiratory
diseases. An absence of mucociliary function in some people is directly responsible for the early development of
recurrent respiratory tract infections and, eventually, chronic bronchitis and bronchiectasis (Wanner, 1980;
Rossman et al., 1984). Partial impairment of the mucociliary system can also increase the risk of lung disease. In
this regard, the rate of mucociliary clearance might affect the development of infectious disease. The upper
respiratory tract is continuously exposed to potentially pathogenic organisms, and both these and organisms that
reach the lower conducting airways are confronted with the mucociliary barrier. The rate of penetration of mucus
by disease vectors to the underlying cells relative to the rate of mucociliary transport out of the respiratory tract
could determine the capacity of inhaled pathogens to initiate disease (Proctor, 1979; Niederman et al., 1983).
There is a predisposition to respiratory infection in conditions (e.g., chronic bronchitis) characterized by retarded
clearance from conducting airways (Cumming and Semple, 1980). In addition, destruction of the functional
integrity of the ciliated epithelium results in impaired defense against bacteria (Laurenzi and Guarneri, 1966),
and impaired transport has been observed in association with viral respiratory infections (Bang and Foard, 1964;
Lourenco et al., 1971a).

Retardation of mucociliary clearance might also be a factor in the genesis of bronchial cancer, by increasing
the residence time of carcinogens at initial deposition sites or those being carried through the lungs on the
mucociliary escalator. For example, the selective distribution of lesions at bifurcations in the upper bronchial tree
could result from both selective deposition and slowed clearance and in turn result in prolonged retention of high
local concentrations of inhaled carcinogens. Although there is no direct evidence that ineffectual clearance
contributes to the development of bronchogenic carcinoma, a causal relation has been suggested between
adenocarcinoma, sites of local particle retention, and inadequate clearance in the nasal passages of furniture
workers (Hadfield and Macbeth, 1971; Morgan et al., 1973).

Evidence is accumulating that dysfunction of bronchial clearance plays a role in the pathogenesis of chronic
bronchitis; mucus transport is impaired in people who have the disease (Wanner, 1977). Cigarette-smokers and
persons with chronic obstructive pulmonary disease show a wider variation in clearance rates than do non-
smoking healthy people (Albert et al., 1973; Gongora et al., 1981). In the former groups, the within-subject
variation is also great. That suggests that loss of control of mucociliary transport could either cause or result
from chronic ob
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structive lung disease. It has also been shown in experimental animals that modest changes in mucociliary
clearance rates are associated with secretory epithelial changes in small bronchi and bronchioles—changes that,
if continued, could lead to clinical manifestations of bronchitis (Schlesinger et al., 1983; Gearhart and
Schlesinger, 1987). Other studies with humans have suggested that mucociliary dysfunction is an early
indication of pathogenic changes in the lungs. For example, retarded mucociliary clearance has been
demonstrated in bronchitic people who showed no sign of airway obstruction (Mossbergand Camner, 1980),
whereas young smokers with various degrees of impairment of tracheal mucus transport had no overt bronchitic
symptoms and had normal results for pulmonary function tests of airway obstruction (Goodman et al., 1978).

The pathogenetic implications of alterations in clearance from the alveolar region have not been examined
to the same extent as changes in mucociliary clearance. Alveolar clearance rates appear to be reduced in people
with chronic obstructive lung disease and in cigarette-smokers (Cohen et al., 1979; Bohning et al., 1982); that
suggests some relation between altered defense and disease development. Clearance dysfunction has also been
shown in animals that have viral infection (Cresia et al., 1973).

The adequate performance of alveolar macrophages is critical to the effectiveness of lung defense in
minimizing the residence time of deposited toxicants. For example, phagocytosis plays an important role in the
prevention of particle entry into fixed tissues of the lung, from which clearance is very slow; accumulations of
several types of dust have been directly linked to development of lung disease. Damage to macrophages has been
implicated in the pathogenesis of chronic lung diseases involving proteolysis—e.g., emphysema, fibrogenesis,
silicosis, and asbestosis (Brain, 1980; Warheit et al., 1984)—as well as in an increased risk of viral and bacterial
infections (Hocking and Golde, 1979).

In vivo clearance studies are generally performed by examining the rate of removal or transport of tracer
particles from the lungs as a whole or from specific individual airways. Serial sacrifice or fecal analysis
techniques can be used with experimental animals. Measurements of rates or times are, however, strongly
influenced by specific methods.

Local Mucus Velocity

Mucus transport velocities in the nasal passages, trachea, and main bronchi can be measured directly. The
techniques involve monitoring of tracers on the epithelium, measurement of the movement of boluses of particles
selectively deposited in these airways, or moving through them from more distal areas. Rates of movement are
measured by determining the time needed for a bolus or tracer to traverse a calibrated distance or to move
between two anatomically defined areas. The tracers can be cellular debris or material specifically introduced
into the airways, e.g., India ink droplets, Teflon disks, radio-labeled resin beads, powders, colored solutions or
dyes, or pollen grains. They are generally introduced into the trachea by an airstream or by instillation (both via
bronchoscopy) or into the nasal passages by an airstream or simply by placement at the desired site.

Various measurement techniques have been used. For example, saccharin particles have been placed in the
nose, and the time until the subject reported the first taste of sweetness measured (Proctor et al., 1977). Some
nasal markers have been viewed directly in the nasopharynx after placement on the anterior nasal mucosa (Van
Ree and Van Dishoeck, 1962; Bang et al., 1967). The most objective and sensitive procedures involve placement
or inhalation of radioactive or radiopaque tracers into the upper respiratory tract or central airways and then
viewing with external monitoring methods, including fluoroscopy (Friedman et al., 1977; Goodman et al., 1978;
Mezey et al., 1978), cinebronchofiberoscopy (Sackner et al., 1973; Santa Cruz et al., 1974; Toomes et al., 1981),
scintillation detection (Proctor et al., 1977; Man et al., 1980; R. K. Wolff et al., 1982), and gamma-camera imaging
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(Quinlan et al., 1969; Chopra et al., 1977; R. K. Wolff et al., 1982). A modification involves measurement of
transport velocities in the trachea or main bronchi by monitoring of the movement of boluses of radio-labeled
particles, either inhaled in a manner that maximizes deposition in the central airways or coming from more distal
bronchi. Movement along the trachea can be monitored with a gamma camera or scintillation detectors (Yeates
et al., 1975; Foster et al., 1978, 1982; Schlesinger et al., 1978; R. K. Wolff et al., 1982).

The advantage of local-velocity techniques is that they allow measurement in anatomically defined airways.
In addition, because a specific site is used, there is no question as to whether altered clearance rates due to
toxicant exposure resulted from alterations in the mucus system or from a change in tracer-particle deposition
pattern; the latter is a possibility when whole-lung clearance assays are used. However, there are a number of
disadvantages. Many of the techniques are invasive, in that tracer particles are introduced into the airway of
interest, the use of anesthetics might affect transport rates, and the procedure of introducing particles might result
in trauma to the airways.

Alterations in nasal or tracheal transport rates have been used as markers of disease or of response to
inhaled pollutants, because they are easier to measure than is whole-lung clearance (Sackner et al., 1978; Wolff
et al., 1981; Majima et al., 1983; Stanley et al., 1985). However, findings in the upper respiratory tract or trachea
cannot be extrapolated to the lower lung and might not be adequate indexes of overall respiratory tract effect.
Although nasal and tracheal mucus clearance could be affected in any impairment of overall clearance, altered
bronchial clearance due to pollutant exposure is often associated with no change in nasal or tracheal transport
rates (Albert et al., 1974; Schlesinger et al., 1978, 1979; Leikauf et al., 1981). Thus, the use of alterations in
clearance in specific airways as a marker of mucociliary function is valid only if the agent of interest or a disease
affects the region being measured. In any case, neither nasal nor tracheal transport tests can provide direct
assessment of mucociliary function in the small bronchi and bronchioles; however, it is important to note that
mucociliary dysfunction is probably of greater consequence for pathogenesis than many other changes. To avoid
problems in the respiratory system associated with regional measurements, whole-lung clearance can be used as
a marker.

Whole-Lung Clearance

The technique most commonly used to measure whole-lung clearance involves inhalation of a radiolabeled
tracer aerosol. Tracer materials used include Teflon, polystyrene latex, hematite, magnetite, and clay. The total
amount of radioactivity remaining in the lungs at selected times is measured with external detector systems. The
decline in rate of emission of radioactivity, corrected for radioactive decay, represents clearance. Unlike the
aforementioned methods, this technique does not measure the movement of individual particles or boluses, so
actual rates of transport are not obtained.

Various types and configurations of scintillation detectors have been used to measure lung clearance; they
may be divided into scanning and stationary detector systems. In the former arrangement, either the detectors
move relative to the thorax of the subject, who has inhaled the tracer aerosol (LaBelle et al., 1964; Holma,
1967a,b; Camner and Philipson, 1971, 1978; Camner et al., 1971), or the subject is moved relative to stationary
detectors (Albert et al., 1968). Measurements are obtained when the subject is in preselected positions or during
continuous scanning, i.e., during movement at a constant rate. Scanning systems are relatively independent of the
apex-to-base distribution of deposited tracer particles in the lungs, in that they provide a longitudinal activity
distribution map. They also reduce counting variations due to slight differences in positioning of the subject or
due to subject movements, in that they depend less on the exact equivalent geometry of the subject's location
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in relation to the detectors than do stationary systems.
In stationary or fixed systems, collimated detectors are placed in positions relative to the subject's thorax.

Configurations used include anterior placement of a single, central detector (Albert and Arnett, 1955; Toigo et
al., 1963; Thomson and Short, 1969); placement of two detectors, one centrally and one laterally (Luchsinger et
al., 1968); anteroposterior or bilateral placement of twin, axially opposed detectors (Booker et al., 1967;
Thomson and Paria, 1974; Leikauf et al., 1981; Schlesinger et al., 1982, 1986); and use of multiple detectors
(Albert et al., 1969; Stahlhofen et al., 1981; Bailey et al., 1982). Two other systems have also been used: the
gamma camera (Lourenco et al., 1971b; Sanchis et al., 1972; Puchelle et al., 1982) and the whole-body counter
(Cresia et al., 1973; Bohning et al., 1982; Snipes et al., 1983).

Unilateral detector systems require exact positioning for reproducible results, whereas dual or multidetector
systems (in which the signal output is combined) are less sensitive to changes in position of the subject in the
measurement plane or to effects of redistribution of particles in the lungs. The gamma camera permits
assessment of total clearance and allows visualization of the distribution of retained particles at various times
after exposure.

The airways within which the test aerosol is deposited are in a three-dimensional array in the lungs and are
therefore at various depths relative to the detectors. Thus, the efficiency with which retained activity in each
airway is measured varies. It follows that detector configuration affects the shape of the clearance curve. In
addition, because of sensitivity differences, the amount of activity needed for successful analysis varies with the
type of detector used. The gamma camera offers the greatest advantage in spatial resolution, but has low
sensitivity and requires large amounts of radioactivity. Scanning systems have poorer spatial resolution, but
better sensitivity. Multiple stationary detectors offer little information on intrathoracic particle distribution, but
are the most sensitive. The most responsive fixed system is the whole-body counter; however, it is not suitable
for use during the first few days after tracer exposure, because, not being collimated, it cannot effectively
distinguish between activity in the lungs and that cleared into the stomach during the initial, rapid
tracheobronchial clearance phase. But it can be used to monitor long-term clearance, once the activity in the rest
of the body is lower than that in the lungs. Thus, some other technique must be used to monitor the mucociliary
clearance phase and allow determination of the time when the lung is the only organ with appreciable remaining
activity.

One of the major problems associated with external monitoring techniques is the dependence of the
observed mucociliary clearance pattern on the pattern of initial deposition of the tracer aerosol. That dependence
exists because the techniques are indirect and clearance characteristics are influenced by mucociliary transit
rates. For example, an apparent increase in clearance rate after pollutant exposure could be due to a proximal
shift in deposition of the tracer aerosol, rather than to an effect on the clearance system itself. That could be a
special problem in the comparison of different groups; e.g., subjects with chronic obstructive lung disease tend to
have greater central airway deposition of a given tracer aerosol than healthy subjects (Lippmann et al., 1980).
Such differences must be borne in mind in the assessment of clearance changes as markers of exposure or disease.

The shapes of mucociliary clearance curves depend heavily on tracer-particle deposition. In studies of
respiratory-region clearance, however, different clearance rates can also be associated with particles of different
sizes (Bailey et al., 1982), because there can be size-dependent differences in macrophage phagocytosis, in vivo
solubility, etc. Differences in long-term clearance of particles of equivalent size but consisting of different
materials have been noted in both humans and experimental animals (Stahlhofen et al., 1981; Schlesinger et al.,
1982).

MARKERS OF PHYSIOLOGIC EFFECTS IN INTACT ORGANISMS 65

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Pulmonary Toxicology 
http://www.nap.edu/catalog/1216.html

http://www.nap.edu/catalog/1216.html


The experimental assessment of clearance from the respiratory region requires that measurements be
performed over, perhaps, several months. If radioactively tagged tracer aerosols are used, a nuclide having a
relatively long half-life is required. In addition, because the total dose to a subject should be minimized, long
counting times might be required for data to be statistically reliable. Thus, very long-term clearance studies that
use humans could preclude use of radioisotopic tracers, because of potential health risks.

A technique that avoids the difficulties associated with the assessment of clearance is
magnetopneumography (MPG). As discussed in Chapter 3, MPG allows direct assessment of lung burdens of
magnetic materials in suitably exposed populations. In addition, humans and experimental animals have been
exposed to inert magnetic dusts to assess clearance (Valberg and Brain, 1979; Cohen et al., 1979; Freedman and
Robinson, 1981; Halpern et al., 1981). Measurement of the remanent field over time provides an index of
clearance.

MPG techniques have some advantages over the radioaerosol techniques, with respect to both temporal
resolution and spatial resolution in the measurement plane. In addition, magnetic techniques have potential
advantages, in that they yield some information that cannot be obtained with other clearance techniques. The
time dependence of decay of magnetic field after the external field is applied is affected by the viscosity of the
medium in which the deposited particles reside (Williamson and Kaufman, 1981). Therefore, as free particles are
translocated from alveolar surfaces or engulfed by macrophages, the response to an externally applied field can
change. When magnetic measurements are used to assess clearance over a long period, some or all of any
observed decline in remanent moment could be due to immobilization of particles. In addition, the hysteresis
curves of magnetization and relaxation (loss of magnetic alignment) can provide information on the amount of
fibrosis in lung tissue (Cohen, 1975).

One technique used for whole-lung clearance in both humans and experimental animals allows visualization
of tracer particle distribution without the need for radiolabeled aerosols. It involves insufflation of radiopaque
tantalum powder through a tracheal catheter. Serial chest x-ray pictures are then taken over a period of months,
to provide visualization of clearance, which is measured on the basis of visual scoring of film intensity (Gamsu
et al., 1973; Wood et al., 1973). The technique provides some measure of whole-lung and regional clearance
patterns and allows measurement in anatomically defined airways, but it is invasive, is only semiquantitative,
and requires high radiation doses, so it is unsuitable for routine use in humans. It also requires several grams of
tantalum, which might overload clearance systems. The technique therefore has not found widespread use.

INJURY TO AIR-BLOOD BARRIER

Conducting-Airway Permeability

The epithelium of the conducting airways is normally fairly impermeable, so material deposited on airway
surfaces is absorbed slowly. This protective barrier depends on the integrity of the tight junctions between
epithelial cells. Exposure to ozone (Kehrl et al., 1987) and other atmospheric agents can alter barrier function,
increasing penetration of inhaled materials into the blood. Hyperpermeability has been demonstrated in the
absence of morphologic alteration after exposure of experimental animals to a number of noxious agents,
including cigarette smoke, nitrogen dioxide, and zinc oxide (Simani et al., 1974; Boucher et al., 1980; Ranga et
al., 1980; Hulbert et al., 1981). Thus, assays of epithelial permeability can be used to screen for, and act as
markers of, epithelial damage. However, the damage assessed is nonspecific.

Hyperpermeability has pathophysiologic implications (Boucher, 1980). A decrease in the ability of the
epithelium to act as a barrier might result in an increase in the translocation of inhaled, deposited materials
through the airway wall. Increased loading of antigens, for example,
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could increase immunologic responsivity. Hyperpermeability could also result in an increased flow of
bronchoactive agents to effective sites, and thus produce hyperreactivity (Boucher et al., 1977a,b, 1979).
Hyperpermeability might alter the efficiency of mucociliary transport by changing ionic or macromolecular
transport across the epithelium; permeability changes could alter mucus hydration and viscosity. Epithelial
permeability might be assessed by examining ion transport or by measuring the passage of specific molecules
across the epithelium.

Epithelial Ion Transport

Airway epithelial cells exhibit active ion transport. In concert with submucosal gland secretions, this
capability contributes to regulation of the volume and composition of the liquid lining of airway surfaces. Fluid
absorption, driven by active sodium transport, is the dominate basal solute flow across the surface, of proximal
human airway epithelia (Knowles et al., 1984). It eliminates the necessity for a large reduction in the volume of
airway surface liquid as it is moved by ciliary activity from distal sites of large aggregate surface area to
proximal sites of smaller surface area. Whereas fluid is absorbed under basal conditions, fluid secretion driven
by active chloride transport can be induced in the presence of a favorable electrochemical gradient and an apical
cell membrane that is permeable to chloride.

The flux of ions across the airway epithelium generates a transepithelial potential difference (PD), which
reflects the magnitude and direction of active ion transport and the passive ion permeabilities of cellular and
paracellular pathways; PD differs by site in the respiratory tract (Knowles et al., 1981). Some sites might be
better than others for assessing effects of pollutant exposure. The nasal epithelium is a particularly attractive
model for studying toxic effects, because of its accessibility; the ability to perform parallel in vitro studies in
freshly excised or cultured epithelial cells; the availability of techniques, such as the use of nasal filter paper or
nasal wash, to obtain cell markers, mediators, or a measurement of the concentration of injurious agents; and the
ability to obtain nasal epithelial cells for more direct assessment of changes in cell structure or biochemical
function.

The measurement of epithelial PD in vivo has been used to explore normal epithelial function and
dysfunction in acquired and genetic disorders (Knowles et al., 1983). In addition, some information regarding
use of in vivo PD as a marker of disease due to pollutant exposure has been obtained. For example, the tracheal
PD of a group of young asymptomatic smokers was reduced (Knowles et al., 1982); thus, the tracheal PD could
indicate epithelial damage before symptoms are noted. Some of the individual values lie within the range of
normal biologic variability. Nasal PD can be reduced in the presence of inflammatory processes.

A number of other agents have been shown to alter airway epithelial permeability and inhibit PD in vivo
(Boucher, 1981; Stutts and Bromberg, 1987). They include ozone, nitrogen dioxide, and sulfur dioxide. Some
agents tested in vitro—e.g., zinc, mercury, and formaldehyde—have induced similar responses (Stutts et al.,
1981, 1982, 1986). Therefore, changes in PD are unlikely to serve as markers of specific exposures, or to provide
accurate information on exposure concentration.

Although measurement of PD might serve as an index of exposure or response to a pollutant, the
mechanism of the effect on epithelial barrier function cannot be ascertained from this measurement alone. It is
difficult to differentiate between a change in ion current and a change in tissue resistance. If there is no change in
PD, one cannot be sure that several barrier properties, such as ion transport and tissue resistance, were not altered
in an equal and opposite fashion. The ability to estimate epithelial resistance in vivo would be useful; such
measurements appear feasible and might improve the ability to characterize the nature of any insult (Knowles et
al., 1986).

The ability to perform more carefully controlled experiments with fresh tissues in vitro might also allow
assignment of
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an observed effect to a change in ion current or to a change in cellular or paracellular resistance. Potential
limitations to parallel in vivo and in vitro studies are related to dosimetry, blood flow, and mucus barriers. The
preservation of normal ion transport in primary cultures of mammalian (including human) pulmonary epithelia
and the expression of genetic dysfunction in epithelial cells (as in cystic fibrosis) suggest that further assessment
of toxic exposures could be pursued in parallel in epithelial cell culture systems and in vivo. Thus, ion transport
characteristics of the airway epithelial barrier might represent useful biologic markers to monitor the effects of
acute and chronic exposures to pollutants.

Molecular Tracer Procedures

A change in permeability can be assessed by examining the transepithelial transport of molecules into the
blood. A good molecular tracer should have several properties:

•   It should be nontoxic.
•   Its movement across the epithelium should be the rate-limiting process in its clearance from the lungs.

The marker should be cleared rapidly from the lungs by the pulmonary, bronchial, or lymphatic
circulations, and its clearance should not be limited by its movement through the interstitial matrix.
Otherwise, a change in blood flow due to edema or lung disease could affect its clearance independently
of changes in epithelial permeability.

•   Its route of clearance should be known. An accurate interpretation of the clearance data with respect to
lung injury is difficult, unless it is known whether increased clearance is due to opening of the gaps
between epithelial cells, an increase in vesicular transport, or simply an increase in the epithelial surface
area for diffusion.

•   Its clearance should increase only in the presence of lung injury. The marker must be able to distinguish
lung injury from the normal changes in a noninjured lung, such as an increase in lung volume, an
increase in blood flow, or an increase in interstitial fluid volume due entirely to high lung vascular
pressures.

•   It must not be transformed in the lung. The marker must not be denatured by the delivery process or
degraded in the lung airspaces or interstitium. In addition, if a radioactive tag is used, the binding
between the isotope and the marker must be tight enough to prevent its separation.

•   Its kinetics must facilitate measurement. The marker must clear rapidly enough to allow accurate
measurement of its clearance within approximately I hour for clinical studies, but it must not clear so
rapidly that the time required for deposition interferes with analysis.

•   It should be easily detected. A marker that requires numerous blood samples or labor-intensive assays
would make measurement too cumbersome, invasive, or costly.

Those criteria apply to tracers used for assessing conducting-airway permeability, as well as alveolar
epithelial permeability.

Two basic techniques have been used to assess conducting-airway permeability with macromolecular
markers. The first involves use of horseradish peroxidase (HRP), a glycoprotein with a molecular weight of
approximately 40,000 daltons. HRP is instilled into the trachea, and epithelial permeability is assessed by
measuring plasma concentration of HRP at various times after instillation with radioimmunoassayorenzyme-
linkedimmunoassay; electron microscopy of tissues allows localization of HRP for assessing routes of movement
(Conner et al., 1982; Simani et al., 1974; Hulbert et al., 1981; Ranga et al., 1980; Boucher et al., 1978, 1980).
The procedure is used in experimental animals, and the effects of inspired pollutants can be assessed by
comparing test with control animals; in normal animals, HRP transfer rates are very low (Hogg et al., 1979). The
finding of HRP in intercellular spaces when concentrations in the blood are increased indicates that the blood
assays actually measure a loss of barrier function. Studies with cigarette smoke in animals have suggested that
the exudative phase of the inflammatory
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response is associated with hyperpermeability and that function returns to normal when the repair phase begins
(Hulbert et al., 1981). In addition, changes in tracheal permeability are related in a dose-dependent fashion to
dose of cigarettes; effects are seen in guinea pigs after as few as 20 puffs (Boucher et al., 1980). It must be borne
in mind, however, that correct interpretation of plasma HRP requires knowledge of the HRP clearance rate from
plasma; any toxic effect on this rate could affect interpretation of the permeability assay (Conner et al., 1985).

Another procedure to assess tracheobronchial airway permeability (and one that is used in humans) involves
inhalation of radioactively tagged (99mTc) aerosols of diethylenetriaminepentaacetate (DTPA), which has a
molecular weight of 492 daltons, and its analysis in the blood or with thoracic scanning to obtain a clearance half-
time. With proper adjustment of particle size and breathing characteristics, the inhaled aerosol can be
preferentially deposited on the tracheobronchial tree with minimal respiratory-region (alveolar) deposition
(Oberdörster et al., 1986). Clinical studies have yielded a wide range of reported half-times of DTPA (Jones et
al., 1980; Rinderknecht et al., 1980; Mason et al., 1983; Kennedy et al., 1984; O'Byrne et al., 1984); some of the
variation could be due to differences in deposition sites of the aerosol in different studies and differences in
absorption at these sites.

Cheerma et al. (1988) examined the diffusion and binding characteristics of DTPA in measuring
permeability across alveolar epithelium and bronchial mucosa. They found that, because DTPA has a high
affinity for the mucosal layer of the bronchial epithelium, it might not be suitable for measuring tracheal and
bronchial clearance, but is more useful for measuring alveolar clearance.

Thus, there is a need to standardize the assay for particle size and breathing characteristics, if it is to be a
reliable marker of response. In addition, the sensitivity of the procedure depends on the site of action of the
pollutant being assessed. For example, rats exposed to ozone showed a greater and more persistent response in
the bronchoalveolar zone than in the trachea, because the site of major ozone deposition was the bronchoalveolar
zone (Bhalla et al., 1986).

Alveolar Epithelial Barrier

The layer of epithelial cells lining the airspaces of the lungs forms a tight barrier that greatly restricts the
movement of most solutes. It is not clear what happens when lung injury causes an increase in the permeability
of the barrier, but two responses are possible: enzymes gain access to the lung tissue and cause increased tissue
damage; and solutes and fluid pass more easily from the interstitial spaces and vascular spaces resulting in either
an alteration in the composition of the liquid lining of the airspaces or alveolar edema. The specific response to
increased permeability undoubtedly depends on the location and on the size of the solute to which the epithelium
has become more permeable.

The study of the clearance of tracers from the alveoli is complicated by the diverse and numerous obstacles
between the airspaces and the blood. Tracers can move by diffusion or vesicular transport from the alveoli,
across the epithelium and endothelium, and into the blood (Path 1, Figure 3-2). However, in regions where the
basement membranes of the epithelium and endothelium are not closely apposed or in conditions where blood
vessels are not perfused, a tracer can diffuse or flow through the interstitium into a perfused blood vessel or a
lymphatic vessel (Paths 2a and 2b, Figure 3-2) (Peterson and Gray, 1987). It can also diffuse or flow into a fluid
reservoir in the interstitium, such as those which develop around airways in the presence of interstitial edema
(Path 2c, Figure 3-2) (Havill and Gee, 1984). The formation of those reservoirs can complicate the measurement
of epithelial permeability, because they can prevent the tracer from leaving the interstitial spaces. Macklin
(1955) proposed the existence of a mechanism for clearance of particulate matter and large solutes via ''sumps''
found at bronchioles;
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the sumps allow the solutes to flow by convection from the airspaces directly into the lymphatic vessels (Path 3,
Figure 3-2). The existence of a variety of pathways and mechanisms for the movement of a tracer from the
airspaces suggests that clearance of a tracer can be complicated by simple changes in the activity of a normal
transport mechanism.

Figure 3-2 Clearance pathways for markers in the airspaces.

The most commonly used marker of changes in alveolar epithelial permeability is DTPA. Its clearance rate
has been found to increase in response to a variety of conditions and insults in humans, including interstitial lung
disease (Rinderknecht et al., 1980), ozone exposure (Kehrl et al., 1987), sarcoidosis (Dusser et al., 1986a), and
cigarette-smoke exposure (Dusser et al., 1986b). Animal studies have also shown that DTPA clearance increases
in response to inhaled cigarette smoke (Minty and Royston, 1985), ozone (Bhalla and Crocker, 1986), and
irradiation (Ahmed et al., 1986).

Some problems are evident in the use of 99mTc-DTPA as a marker of alveolar epithelial injury. Its clearance
rate increases with lung inflation (Rinderknecht et al., 1980; Peterson et al., 1986; Rizk et al., 1984). The 99mTc
label can dissociate from DTPA in the presence of oxidants (Nolop et al., 1986); this could be a problem in
assessing response to some pollutants. Because free technetium clears more rapidly than does 99mTc-DTPA,
dissociation of the label would yield an increased clearance rate (Egan, 1980); that could explain the increased
clearance rate measured in cigarette-smokers (Nolop et al., 1986). The use of 113In-DTPA has been proposed,
because indium is more tightly chelated by DTPA than is technetium (Nolop et al., 1986). Finally, although the
relatively rapid clearance of DTPA from the lungs of healthy subjects and those with lung injury allows accurate
measurements of clearance within 30 minutes, it might also cause a measurable background concentration to
appear, because of recirculation of the tracer.

Other molecular tracers have been investigated. Clearance of instilled tracers with an Einstein-Stokes radius
greater than 2 nm from the airspaces might not be affected by lung inflation (Egan, 1980), so the use of a tracer
larger than DTPA (radius, 0.6 nm) might overcome one potential problem with DTPA. Bovine serum albumin
(radius, 3.6 nm) has been labeled with 99mTc (Hnatowich et al., 1982; Peterson et al., 1989). In anesthetized
sheep, the albumin clearance rate measured with nuclear imaging increases in the presence of lung injury, but is
unaffected by changes in lung volume or by lung edema due to increased lung vascular pressures (Figures 3-3,
3-4, 3-5). However, the process of labeling and aerosolizing the albumin could cause the formation of
macroaggregates, which complicate interpretation of the data. Furthermore, albumin might leave the airspaces by
specialized transport mechanisms (K. J. Kim et al., 1985). Mannitol has also been proposed as a marker of
airway clearance (Taylor et al., 1983), but its use might suffer from some of the problems associated with using
DTPA, in that mannitol is small (radius, 0.3 nm).

In summary, the search for an accurate and useful technique for the in vivo measurement of changes in
epithelial permeability is worthwhile, but has not been totally successful. It might be necessary to use simpler
experimental models of lung epithelium—e.g., isolated perfused lungs or monolayers of cultured epithelial cells—
to identify markers before that can be used in vivo.
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Figure 3-3 10 cm H2O PEEP increases DTPA clearance rate.
Source: Reprinted with permission from Peterson et al., 1988.

Vascular Injury

Endothelial cells found in pulmonary blood vessels function to retard passage of fluid, protein, and some
other blood components from the vessel lumen into the interstitium and the airspaces of the lung. In addition to
that barrier function, pulmonary vascular endothelium performs such functions as the removal or metabolism of
endogenous and exogenous circulating agents and the synthesis of biologically active substances (e.g.,
prostacyclin and factor VIII antigen) that help to maintain vascular homeostasis. In health and disease, the
endothelium interacts with blood cells (such as platelets and leukocytes) and with cells that form the vasculature
(such as fibroblasts, pericytes, and other cells of the interstitium), as well as with smooth muscle cells in
precapillary portions of the vascular tree.

Those qualities change when endothelial cells are injured. In theory, all those and perhaps other
characteristics of endothelial cells can be exploited as markers of injury. The purpose of this section is to review
and to comment briefly on currently used indicators of endothelial injury and to provide an example of a specific
functional characteristic of endothelium that might constitute a useful biologic marker of injury.

Chemically Induced Injury to Endothelium

Structural alterations in pulmonary endothelium have been demonstrated experimentally after toxic insult
with a number of chemicals, including such diverse agents as α-naphthylthiourea, papain, ethchlorvynol,
bleomycin, bromocarbamide, iprindole, some gases (e.g., oxygen), epinephrine, and the pyrolizidine alkaloid
plant toxins (Witschi and Côté, 1977). Blebbing and swelling of endothelium occur with each of those toxicants.
The changes in endothelium are usually associated with changes in other lung cell types. However, the exact
temporal relationship between injury to endothelium and changes in other cell types varies from one toxicant to
another. For example, after administration of bleomycin, iprindole, or oxygen, changes in endothelium are seen
before changes in other cell types; after intratracheal administration of papain, changes in alveolar Type II cells
and fibroblasts are seen before changes in endothelium; after administration of other toxicants,
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such as epinephrine, changes in endothelium and changes in other cell types seem to occur simultaneously.

Figure 3-4 Albumin clearance discriminates between lung injury and lung inflation.

The location of the earliest damage to pulmonary endothelium might also vary from one toxicant to another.
For example, in oxygen toxicity, capillary endothelium is the first to show changes; after bleomycin
administration, the earliest damage is to arterial and venous endothelium. Thus, markers that could distinguish
injury in various parts of the vascular bed might provide important clues to mechanisms and risks associated
with various pulmonary diseases.

Loss of Endothelial Barrier Function

A major role of endothelium is to prevent loss of fluid from vessel lumina. Endothelial cell injury is usually
manifested clinically as evidence of pulmonary edema. Pulmonary edema is classified into two types. In
hydrostatic or hemodynamic edema, abnormally high intravascular pressures in small parenchymal vessels lead
to flux of fluid from them. In permeability edema, intravascular pressures can be normal, but leaks in alveolar
capillaries allow increased flux of water and protein into the extravascular compartment. The former type does
not always entail injury to the vascular endothelial barrier, but can arise, for example, as a result of constriction
of pulmonary venules. The most common examples of hemodynamic pulmonary edema result from chronic left-
sided heart failure or mitral valve disease (Fishman, 1980). Permeability edema is associated with formation of a
protein-rich lymph that arises from an injured endothelial barrier that allows increased passage of plasma
proteins into the interstitium of the pulmonary parenchyma. Permeability edema results from exposure to some
noxious airborne agents, such as nitrogen dioxide, and also occurs in acute respiratory diseases. In animal
studies, it also results from a number of chemical insults to pulmonary capillary endothelium, e.g., after exposure
of the pulmonary vasculature to oleic acid, alloxan, α-naphthylthiourea, or phorbol ester.

Figure 3-5 Compartment analysis of DTPA clearance.
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In animals, permeability edema has been measured on the basis of protein leakage from the pulmonary
vasculature. Lung lymph flow, lymph fluid protein concentration, and accumulation in excised lungs of radio-
labeled protein introduced into the blood all can be measured. They have provided much important information
on vascular leak in laboratory animal studies, but not directly in humans.

Loss of barrier functions is also reflected in an increase in extravascular lung water. Regardless of the
cause, excess extravascular water can be detected with a variety of methods. In general terms, those methods can
be divided into invasive and destructive methods, invasive and nondestructive methods, and non-invasive and
nondestructive methods (Table 3-2). The destructive techniques have the major advantage of accuracy and thus
are often reported as the putative "gold standard" by which other techniques are judged (Staub, 1974; 1986).
Clearly, however, they are unsuitable for clinical studies.

The nondestructive techniques, although useful in a clinical setting, suffer to various degrees from
inaccuracy, non-specificity, impracticality, and expense. For instance, pulmonary edema can be diagnosed
clinically in a patient with a characteristic history (e.g., acute onset of dyspnea and tachypnea) and physical
findings of cyanosis and rales during chest auscultation (Staub, 1974, 1986). However, other conditions can
cause similar findings. In any case, the approach is nonquantitative and relatively insensitive to smaller
accumulations of extravascular water. Nonetheless, because of its simplicity and lack of expense, the clinical
examination remains an important means for detecting the presence of acute pulmonary edema.

Of the other available techniques, four deserve special consideration: chest roentgenography, the indicator-
dilution method, and the newer techniques of positron-emission tomography and nuclear magnetic resonance.

Chest roentgenography has many favorable features for use as a marker of lung injury. It is practical, widely
available in a variety of useful settings, and relatively inexpensive. Its accuracy and sensitivity in detecting
pulmonary edema are disputed. When strict attention is paid to technical factors, some have argued that the chest
roentgenogram is quite sensitive to changes in lung water content, and accurate inferences can be made about the
magnitude of such changes (Pistolesi and Guintini, 1978; Milne et al., 1985). However, several other groups
have tested it against presumably more accurate tech

Table 3-2 Methods for Detecting Excess Extravascular Lung Water Accumulation
Category Methods
Invasive and destructive Gravimetrics (Staub, 1974, 1986)

Histology (Staub, 1974, 1986)
Invasive and nondestructive Indicator dilution (Baudendistel et al., 1982; Grover et al., 1983; Sibbald et al., 1983;

Eisenberg et al., 1987; Sivak and Wiedemann, 1986; Effros, 1985; Lewis et al., 1982)
Noninvasive and nondestructive Clinical examination (Staub, 1974, 1986)

Pulmonary mechanics (Staub, 1974, 1986)
Chest roentgenography (Milne et al., 1985; Pistolesi and Guintini, 1978; Baudendistel
et al., 1982; Grover et al., 1983; Sibbald et al., 1983; Eisenberg et al., 1987; Sivak
and Wiedemann, 1986)
Soluble-gas uptake (Overland et al., 1981)
Microwave transmission (Iskander et al., 1979)
Compton scatter (Loo et al., 1986)
X-ray computed tomography (Hedlund et al., 1984; 1985)
Positron-emission tomography (Schuster et al., 1985; Rhodes et al., 1981; Wollmer et
al., 1984; Schober et al., 1983; Schuster et al., 1986; Cutillo et al., 1984)
Nuclear magnetic resonance (Cutillo et al., 1984; Morris et al., 1985; Wexter et al.,
1985)
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niques and have not been able to demonstrate an acceptable degree of accuracy (Baudendistel et al., 1982;
Grover et al., 1983; Sibbald et al., 1983; Sivak and Wiedemann, 1986; Eisenberg et al., 1987).

Two techniques, indicator dilution and positron-emission tomography, measure the intravascular
components of lung water. Thus, they can measure extravascular lung water accumulation, which is in fact the
entity of interest, inasmuch as the abnormal accumulation of extravascular water represents breakdown in
endothelial cell barrier function. In addition, gas rebreathing techniques have been used to estimate lung tissue
volume and pulmonary capillary blood volume. From those two volumes and estimates of ratios of wet to dry
weight of tissue and blood, intravascular and extravascular water can be estimated.

Indicator-dilution methods of measuring extravascular lung water are based on the concept that the mean
transit time of an indicator through a fluid depends on indicator flow rate and the volume of the fluid (Lewis et
al., 1982; Hedlund et al., 1984; Sivak and Wiedemann, 1986). For a given flow rate, if volume is small, the mean
transit time will be small, and vice versa. To measure extravascular lung water, two indicators are used: one that
can diffuse through the entire lung water volume and one that is limited to the intravascular, nondiffusible
volume. Although a number of indicators have been used, the two that have achieved the greatest acceptance are
heat (actually, temperature change) as the diffusible indicator and dye (e.g., indocyanine green) as the
nondiffusible indicator. The green dye binds immediately in vivo to albumin and thus remains intravascular
during the period of lung water measurement. Extravascular lung water (EVLW) can be calculated as

EVLW = CO (MTTt-MTTgd),

where CO is the cardiac output (i.e., a measure of vascular flow) and MTT is the mean transit time of the
thermal (t) or green dye (gd) indicator. This method, called the thermal-green dye double-indicator dilution
technique, has been verified by numerous groups as accurate (in most, although not all, instances in which
EVLW is increased), reproducible, and reasonably sensitive to changes in EVLW (i.e, it will reliably detect
approximately a 20% change) (Sivak and Wiedemann, 1986). Nonetheless, it is moderately invasive (catheters in
the pulmonary and femoral arteries are required) and thus is not suitable for general population screening studies.

Positron-emission tomography (PET) is a nuclear-medicine technique that produces quantitative
tomographic images of the tissue distribution of a previously administered positron-emitting radio-nuclide. It
uses image reconstruction algorithms identical with those used during routine x-ray computed tomography (CT).
However, unlike x-ray CT, which cannot distinguish between intravascular and extravascular water (Hedlund et
al., 1984, 1985), PET measurement of EVLW is feasible because it subtracts the intravascular water content
(IVW) of a region from the total lung water content (TLW) of the same region (Schuster et al., 1985). Unlike the
indicator-dilution method previously described, PET is less sensitive to errors caused by the underestimation of
EVLW in poorly perfused areas of lung.

The intravascular component of EVLW is measured during PET by scanning the subject at least 2 min after
inhalation of 15O-labeled carbon monoxide, a gas that avidly binds to hemoglobin. IVW is calculated by
comparing the radioactivity in a given lung region with activity in blood samples taken during the scan. A
similar procedure is used to measure TLW, except that the scan is obtained during equilibrium of the bolus
infusion of 15O-labeled water. The calculation of extravascular water content of a region involves the subtraction
of IVW from TLW. Alternatively, a constant infusion of 15O-labeled water, or 11C-instead of 15O-labeled carbon
monoxide or density measurements instead of TLW measurements may be used (Rhodes et al., 1981; Schober et
al., 1983; Wollmer et al.,
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1984). Recent studies in whole animals have suggested that PET provides measurements of EVLW in both
normal and edematous lungs with acceptable accuracy and is sensitive to small changes in EVLW after
physiologic intervention (Schober et al., 1983; Schuster et al., 1986). Values obtained in humans have been
comparable with those obtained in experimental animals.

PET appears to be ideal for measuring regional EVLW content. Because of technical problems associated
with radioactivity counting in heterogenous tissues, whole-lung values for EVLW are more difficult to obtain.
More important, however, are the cost and impracticality of PET as a clinical tool in that a scanner, a computer, a
cyclotron, and several highly trained personnel are required for obtaining the measurements.

Proton nuclear magnetic resonance (NMR) imaging is a new, complex, and expensive technique for
evaluating lung water content (Cutillo et al., 1984; Wexter et al., 1985). NMR depends on the electromagnetic
properties of nuclei of some atoms that cause them to act like small, spinning bar magnets when placed in a
strong magnetic field. The most abundant of those atoms is hydrogen, which contains one proton. The proton is
the principal nucleus used in current magnetic resonance imaging experiments. When it is placed in a strong
magnetic field, there is a slight net orientation of the protons along the magnetic field direction. The introduction
of a radiofrequency (RF) excitation at a frequency specific for both the magnetic field strength and the protons
under consideration causes the reorientation of the protons; when the RF excitation is removed, the protons
return to their original orientation. That process (i.e., return, or relaxation, of the proton) emits RF energy, which
is detected by a sensitive antenna or coil, amplified, and processed by a computer. The computer processing of
space- and time-dependent RF emission creates an image of the concentration (i.e., density) and environment of
protons in fat and water of soft tissue. Desirable features of proton NMR imaging are that no ionizing radiation is
necessary and there are no bone artifacts in the image.

Although NMR imaging will probably yield the most accurate in vivo measurement of lung—water
distribution, subtraction of the vascular component remains difficult. That problem, signal-to-noise ratio
characteristics in the imaging of lung tissue, and the complexity of the technology as a whole make NMR
imaging, like PET imaging, unlikely candidates for screening general populations for evidence of endothelial
lung injury.

It is probably unwise to use lung-water measurements obtained with any technique to evaluate early lung
injury. The abnormal accumulation of excess lung water represents not only a failure of endothelial barrier
function, but also a failure of various other mechanisms (the most important of which is lymphatic function) that
the lung can use to maintain normal water homeostasis. More useful as a marker of early injury would be a
technique that detected breakdown of endothelial barrier function itself. Several groups have measured the flux
of radiolabeled proteins across the pulmonary endothelium with external radiation detectors of various sorts
(Gorin et al., 1978; Mintun et al., 1987). Although those techniques indeed seem to be more sensitive markers of
lung injury than is the measurement of EVLW, they are still too new for prediction of how accurate,
reproducible, and practical they will be in detecting lung injury in groups of humans.

In summary, no ideal means exists, or is likely to exist in the near future, for the detection of lung
endothelial injury on the basis of either lung-water or capillary protein-flux measurements. The techniques that
are simple, inexpensive, and practical to apply to large groups of humans are generally nonspecific and
insensitive. The techniques that improve on specificity and sensitivity suffer in being expensive, impractical, and
complex. The choice of method will depend largely on the specific goals of the program involved.
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Nonbarrier Properties of Endothelium

As noted above, the nonspecificity, insensitivity, invasiveness, requirements for sophisticated equipment,
and expense of currently available measures of endothelial barrier function limit their usefulness in diagnosing
early permeability defects or subtle endothelial cell injury that can be associated in some people with a
predisposition to serious pulmonary vascular disease. Obviously, markers associated with subtle, early defects in
pulmonary endothelium that are sensitive, specific, and minimally invasive could be useful in identifying people
at risk. Similarly, predisposition of people to diseases associated with defects in the endothelium might be
predicted and such diseases prevented more effectively. For example, diverse types of trauma result in adult
respiratory distress syndrome (ARDS) in some patients. Markers to identify subtle changes in endothelium might
aid in identifying patients at risk of developing ARDS and in understanding its pathogenesis.

Research during the last several years has led to the identification of several non-barrier functions of
pulmonary endothelium. From the standpoint of increasing our knowledge of mechanisms of lung injury, there is
a need to understand better both barrier and nonbarrier functions of endothelium, to attain the capacity to assess
them, and to determine how non-barrier functions of endothelium are correlated with barrier properties. It should
be recognized that changes in nonbarrier functions of endothelial cells might be useful predictors of deficits in
the barrier function of the endothelium.

Metabolic Activity of Endothelium

The pulmonary vasculature performs a number of potentially important nonbarrier functions, some of which
involve the modification of circulating concentrations of naturally occurring, biologically active substances, as
well as drugs. Because the lung has a large vascular surface area and receives all of the cardiac output, it is
uniquely situated to alter rapidly the circulating concentrations of vasoactive agents before they reach the arterial
circulation. The capacity of the lung to clear the circulation of chemical agents and the potential importance of
this function have been the subject of several reviews (Gillis and Pitt, 1982; Roth, 1985).

The ability to remove and metabolize substances reflects properties of endothelial cells of small vessels and
capillaries in lung. For example, carrier-mediated transport of biogenic amines, such as 5-hydroxytryptamine
(5HT) and norepinephrine (NE), into pulmonary vascular endothelium occurs. Available evidence indicates that
5HT and NE are taken up at different sites at the endothelial surface. After removal by the lung vasculature,
those amines are metabolized by enzymes like monoamine oxidase and catechol-O-methyltransferase. However,
the rate-limiting step in their initial removal from the circulation is transport from the vascular space, rather than
intrapulmonary metabolism.

Circulating adenine nucleotides (adenosine monophosphate, adenosine diphosphate, adenosine
triphosphate) are also altered on passage through the lung. Adenosine triphosphate, for example, does not survive
passage through the pulmonary circulation. Biochemical and cytochemical studies have shown that, when those
nucleotides are perfused through isolated lungs, all the radioactivity entering the pulmonary circulation is
recovered in the effluent, but none remains in the form of the adenine nucleotide. The mean transit time and
volume of distribution of those nucleotides are the same as those of intravascular markers. This indicates that the
adenine nucleotides are metabolized in the pulmonary circulation without leaving the vascular space.
Cytochemical data confirm that, although several cell types and organelles have phosphate esterases that
hydrolyze nucleotides, only the enzymes that face the vascular lumen are exposed to and metabolize them. The
location of the enzymes along the vascular lumen accounts for the fact that the meta
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bolic products of adenine nucleotides appear in the venous circulation with no delay or tissue uptake.
The lung is also capable of hydrolyzing circulating peptide hormones, such as bradykinin and angiotensin I.

Bradykinin is nearly quantitatively converted to shorter peptides in a single pass through the pulmonary
circulation. The peptide is not taken up by lung, and its mean transit time and volume of distribution in perfused
lung preparations are identical with those of intravascular markers, such as indocyanine green or blue dextran.
Similarly, angiotensin I is extensively converted to angiotensin II on passage through the pulmonary circulation.
Angiotensin-converting enzyme is located on the luminal surface of pulmonary endothelium; indeed,
immunohistochemical studies have confirmed pulmonary endothelium as the only site of angiotensin-converting
enzyme in the lung.

Studies in animals have revealed that impaired pulmonary metabolic function results from exposure to
numerous toxicants. However, structural injury to pulmonary endothelium is not always associated with deficits
in each type of metabolic function. For example, the pyrolizidine alkaloid, monocrotaline, produces pulmonary
endothelial injury experimentally that is associated with reduced intrapulmonary clearance of 5HT by isolated
lungs from treated animals (Roth, 1985). However, 5'-nucleotidase and angiotensin-converting enzyme activities
in isolated lung preparations are apparently unaffected by treatment of rats with monocrotaline. Thus, chemically
induced damage to lung might affect some functions of endothelium without altering others. This suggests some
specificity in the endothelium-damaging action of some toxicants.

A number of studies have suggested that pulmonary metabolic functions may provide sensitive markers of
endothelial injury. For example, exposure to the herbicide paraquat results in pulmonary lesions in humans and
experimental animals. In rats, marked structural changes in alveolar epithelium have been commonly observed
after paraquat administration, but alterations in vascular endothelium are much more subtle and infrequent. A
modest but reproducible decrease in the ability of isolated lungs from paraquat-treated animals to remove
perfused 5HT has been reported (Roth, 1985). The demonstration of impairment in 5HT clearance resulting from
a treatment that produces little, if any, structural alteration in endothelium suggests that the pulmonary metabolic
function could be a sensitive index of damage to pulmonary endothelium under some circumstances. That view
is supported by studies of oxygen toxicity. Structural alterations in pulmonary capillary endothelial cells are an
early manifestation of exposure to oxygen at I atmosphere. Block and Fisher (1977) reported that, although
ultrastructurally demonstrable endothelial damage is not apparent until 48 hours of exposure to 100% oxygen,
exposure for as little as 18 hours produces a significant decrease in 5HT clearance by lungs of exposed animals.

Those studies of pulmonary metabolic function in animals were performed in isolated lung preparations.
The functions have also been studied in vivo both in animals and in humans with the multiple-indicator-dilution
techniques described previously. For example, angiotensin-converting enzyme activity in the pulmonary
vasculature has been studied with the synthetic substrate 3H-benzoyl-phe-ala-pro (BPAP). BPAP and an
intravascular marker are injected intravenously as a bolus, and the concentrations in the arterial (i.e., postlung)
blood are compared over time. With this technique, the fraction of BPAP metabolized in a single passage
through the pulmonary vasculature can be calculated.

There are potential pitfalls in using that and related methods to assess pulmonary microvascular injury
(Stalcup et al., 1982). For example, pulmonary metabolic function can be influenced by changes in transit time
and by inhomogeneity of perfusion, edema, and other factors that affect vascular surface area. When
exogenously administered, radiolabeled substrates (e.g., 3H-BPAP) are used, it is
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possible for endogenous substrates (e.g., angiotensin I and bradykinin) to compete with the tracer for metabolism
and thereby confound interpretation of results. Furthermore, the lung might simultaneously synthesize and
release the same test substance being removed or metabolized, and that would make interpretation of pulmonary
extraction data difficult. In addition, questions have been raised about how to normalize metabolism data (e.g.,
whole lung vs. per unit lung weight, protein, DNA, etc.).

Careful monitoring of perfusion, intravascular pressures, and ventilation aid somewhat in ensuring
reliability of data but do not resolve many of the potential problems. As mentioned above, the choice of a
specific metabolic function and substrate can be of critical importance with regard to usefulness of a metabolic
process in assessing lung microvascular function. For example, substrates that are removed entirely in a single
pass through the pulmonary vasculature might not provide needed sensitivity. In this case, reductions in
enzymatic capacity might have to be quite large for effects on intrapulmonary metabolism to be detectable.

Some of the potential pitfalls can be addressed through refinements in techniques. Indeed, if BPAP doses
that provide both saturating and nonsaturating concentrations of substrate at enzyme sites in the pulmonary
vasculature are measured serially, enzyme kinetics can be determined from the resulting indicator-dilution
curves. Thus, the Michaelis constant (Km) for the enzyme can be calculated, as can Amax, which is the product of
the maximal velocity (Vmax) of the reaction and the microvascular plasma volume. From those estimates,
information can be obtained on changes in enzyme quality (as measured by affinity) and amount (as measured by
Vmax) in toxicoses or other disease states. With angiotensin-converting enzyme (ACE), for example, a reduction
in Amax could reflect specific inhibition or destruction of the enzyme or a decrease in capillary surface area.
Changes in Km, however, reflect alterations in endothelial metabolic function that are independent of effects on
capillary surface area.

This technique has been used to study effects of pneumotoxicants and ACE inhibitors on pulmonary
endothelium. Indeed, alterations in metabolic function of endothelium have been described for such toxicants as
PMA and nitrofurantoin and for radiation-induced injury. Studies in rabbits, for example, revealed an increase in
Km for BPAP soon after administration of PMA when no histologic evidence of lung injury was observed
(McCormick and Catravas, 1986). The data suggest that, under some circumstances, pulmonary metabolic
function can provide a sensitive index of injury to pulmonary endothelium.

As with several other potential markers of lung injury, the use of pulmonary metabolic function to assess
endothelial injury in the lung requires further development and validation before it can be considered useful. The
equipment and technical sophistication required to perform such assessments are considerable, so modifications
would clearly be needed if the method were to be used in routine clinical or screening situations. Thus, it is clear
that measurements of pulmonary metabolic functions or other nonbarrier functions of endothelium have not
reached the status of clinically useful, diagnostic tests. However, with recent and forthcoming advances in
technology, it is not outside the realm of possibility that such techniques will be useful both in the clinic and in
the field.

Some of the needs for future research and development are increased basic knowledge of how nonbarrier
endothelial functions, such as transporters and enzymes, work in vivo; investigation in animal models of how
acute and chronic lung injury changes several endothelial metabolic functions, especially in the absence of
surface area phenomena; determination of the specificity and sensitivity of various probes in various injury
models with the goal of matching the cause of injury with the probe; and simplification of techniques to make
them more useful in human applications.
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Table 3-3 Summary of Characteristics of Physiologic Assays
Characteristicsa and Ratingsb

Measure A B C D E F
Respiratory function
Spirometry ++ + ++ ++ ++ +
Lung mechanics
Dynamic compliance, resistance, and conductance + + ++ + + +
Oscillation impedance +- + ++ ++ +- +-
Static pressure-volume + +- + +- + ++
Intrapulmonary distribution
Single-breath gas washout + - ++ + + +-
Particle distribution
Exhaled particles +- ++ ++ ++ 0 +-
Particle deposit +- + + +- 0 +-
Alveolar-capillary gas transfer
CO diffusing capacity ++ +- ++ +- +- +
Exercise gas exchange ++ + ++ + + +
Airway reactivity
Nonspecific reactivity ++ +- ++ ++ + +
Specific reactivity + + + +- ++ ++
Particle clearance
Radiolabeled aerosol + + +- - +- +-
Magnetopneumography - - - + 0 +-
Air-blood barrier function
Conducting-airway permeability
Clearance of inhaled DTPA +- + + - 0 +-
Transepithelial potential +- + + +- 0 +-
Alveolar permeability by radiolabeled aerosol + + + - +- +-
Vascular permeability
Radiolabeled protein leakage + + ++ - 0 +
Chest x ray for edema ++ - ++ + - +-
Extravascular lung water by indicator dilution, PET, or NMR + + + +- +- +-
Rebreathing soluble gases + + + +- ++ +
Endothelial metabolic function + + + - +- +-

a Characteristics:

A.  Current State of Development. Considerations in this category included the number of groups using
the technique, the availability of the required equipment, the magnitude of the present data base, and
the degree of standardization of procedures.

B.  Estimated Potential for Development. This category reflected the current estimate of the potential
for substantial development of the assay beyond its present state. Although it was recognized that
advancements are possible for any assay, this category was intended to reflect potential for
substantial technical refinements, adaptation for use in large populations, or advancements in ability
to interpret results.

C.  Current Applicability of Assay to Humans. Primary considerations were the invasiveness of the
technique and the requirement for radionuclides. All the assays can be applied to animals, but some
are less suitable than others for evaluating humans.

D.  Suitability for Measuring Large Numbers of Subjects. The focus of this category was the suitability
of the assay for use in studies of large populations of people, as might be required for evaluating
effects of some environmental exposures. Considerations included adaptability of equipment for
mobile use, length and nature of subject interaction (i.e., degree of cooperation required), resources
required to analyze samples and data, and subject safety. For example, a low rating might suggest a
low suitability for field use in evaluating hundreds of subjects of various ages and both sexes,
whereas the assay might be quite suitable for studies of dozens of selected subjects brought to a
stationary facility.
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E.  Reproducibility. This category focuses on the variability of results within and between subjects.
F.  Interpretability. This category reflects the current understanding of (and degree of consensus as to)

pathophysiologic correlates, anatomic sites of effect, and causative agents. For many of the assays,
there is little disagreement on the physiologic function affected, but the specific mechanism or site
of change is uncertain. For example, it is agreed that reduced carbon monoxide diffusing capacity
reflects reduced efficiency of alveolar-capillary gas transfer, but the test does not distinguish among
the effects of a thickened membrane, reduced surface area, and reduced capillary blood volume.

b Ratings:
0 = Unknown, or information is insufficient.
-= Current information suggests inadequate development, little potential for development, little applicability to humans, poor suitability
for large populations, poor reproducibility, or poor interpretability.
+-= Current information suggests some development, some potential for development, limited applicability to humans, limited suitability
for large populations, questionable reproducibility, or questionable interpretability.
+ = Current information suggests adequate development, potential for further development applicable to humans, suitability for large
populations, reproducibility, and interpretability.
++ = Current information suggests high development or good potential for substantial development, great applicability to humans, great
suitability for large populations, reproducibility, or very good interpretability.

SUMMARY

Assays of physiologic function in intact subjects are largely markers of response. Few have potential as
indicators of exposure or susceptibility. Measured characteristics often reflect the integrated impact of multiple
pathologic alterations; they are seldom indicators of specific, single lesions. The respiratory system responds to
injurious agents in only a few ways, so changes in physiologic characteristics are seldom specific to causative
agents.

Many assays are well established and have been used extensively for evaluating patients in the clinic and
for studying basic physiologic phenomena. In many cases, therefore, there is information on the relationships
among changes in pulmonary function values, subjective sense of illness, and performance disability. Although
there is much less information on these relationships for some assays, physiologic assays generally provide a key
means of estimating the practical meaning of alterations reflected by other types of markers and of estimating the
human health impact of environmental exposures. A primary role of the assays, therefore, is to help to determine
the extent to which environmental exposures have an impact on health.

We have summarized the current clinical assessment of injury to pulmonary endothelium and described an
example of a biologic marker of endothelial cell injury that might become useful in either clinical or screening
programs in humans.

Metabolic lung function was chosen as an example of a biologic property under development as a potential
marker of lung injury. That choice was intended not to imply that it is expected to be more useful than other
potential markers, but rather to illustrate the challenges that must be met in assessing injury to the pulmonary
circulation. Indeed, the techniques required to assess this and other biologic markers of endothelial cell injury are
cumbersome and require considerable equipment and technical expertise; those are the limitations to their
potential application. The need for further validation is also clear. However, the rapid advances in technology
that we have witnessed in the recent past and others that are probably imminent might, with commitment and
effort, render some of the techniques useful and bring others to light.

Intravascular serotonin is transported into endothelium, where it is either sequestered or metabolized by
intracellular monoamine oxidase. The resulting metabolite appears in the pulmonary venous blood. Angiotensin I
is hydrolyzed to angiotensin II by angiotensin-converting enzyme on the luminal cell surface. Exposure to
endothelium-damaging toxicants might alter these processes of carrier-mediated uptake, metabolism, and
sequestration.

Numerous diverse assays are described
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in this section, and a tabular summary of their characteristics was thought to be a useful adjunct to the more
detailed information in the text. Such tabulation is difficult, because no system of characteristics or rating codes
fits all the measurements well. If the difficulty and the resulting cautions are appreciated, however, the
information in Table 3-3 can provide a useful overview. The definitions of characteristics and codes follow the
table. The definitions of characteristics and codes vary from assay to assay and a plus-minus rating is used
because it was not considered appropriate to develop a weighted scoring system leading to a single numeric
ranking for each assay. The table is intended as a summary of characteristics.
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4

Markers of Altered Structure or Function

WHOLE LUNG

The simplest methods for assessing alterations of lung structure are examination with the naked eye and
whole-tissue examination with a dissecting microscope. Of course, access to relevant materials in vivo is
problematic.

Events on the pleural surface can be used to establish that lung disease is present (Spencer, 1977). For
example, pleural fibrosis and fibrotic adhesions between the visceral and parietal pleurae are clear indicators of
exposure to toxic gases or asbestos or of multiple infections (Spencer, 1977). Those alterations can be seen when
the chest cavity is opened, and fibrotic pleural plaques can be seen immediately or in wet tissues viewed with
dissecting microscopy. The mechanisms that mediate the pathogenesis of pleural fibrogenesis are not at all clear
(Bignon et al., 1983). It is conceivable that inflammatory cells provoked to migrate into the pleural cavity
produce factors that mediate pleural inflammation and later fibrosis. Thus, analysis of pleural fluids and cells
could yield an important marker of impending disease, just as bronchoscopy has provided a window on the cells
and fluids of the airways and parenchyma.

The whole lung can be sampled with various techniques to establish the burden of inhaled particles. Lungs
collected at autopsy provide exceptionally useful material, because anatomic regions can be sampled and
quantitative values derived (Abraham, 1978; Churg and Wright, 1983). Determination of particle types and their
correlation with the presence of lung disease have been valuable in increasing the understanding of etiology
(Abraham, 1978). Whether such studies will allow for the development of markers of pulmonary disease can be
determined only when the nature of the lung burden in occupational and environmental settings is known.

AIRWAYS

A variety of inhaled agents, including oxidant gases and pathogenic microbes, can cause alterations of the
large and small airways. The cells of the airways are relatively accessible with bronchoscopy, brushing, and
biopsy and therefore have great potential as markers of exposure and injury.

In studying a nasal, tracheal, or bronchial biopsy, it is necessary to establish normal values and appearances
of such entities as ciliary beat frequency, cell size, physiologic ion concentration, and structural features as
determined by
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light and electron microscopy. However, the most useful markers are likely to be those related to the basic
mechanisms by which airway epithelial cells respond to exposure.

The tracheobronchial lining consists of a pseudostratified epithelium that contains a diverse population of
cell types. The ciliated cell is one of the major cell types and is probably a nonproliferative, terminally
differentiated cell. The nonciliated population consists of various secretory cells (mucous, Clara, and serous
cells, depending on species) and a nonsecretory cell (the basal cell). The Clara, mucous, and basal cells can
undergo cell division. Evidence is emerging that the mucous and Clara cells can differentiate into ciliated cells,
but the function of the basal cell is not yet established. The cells in the tracheobronchial epithelium can undergo
differentiation during vitamin A deficiency and after toxic or mechanical injury. Understanding the mechanisms
of differentiation could aid in providing markers of exposure and injury. The availability of biochemical markers
of the various differentiated phenotypes is essential because it provides a direct indication of cellular damage.
Mucous glycoproteins are used as markers for alterations of mucous cells; specific histochemical staining
techniques, as well as biochemical analysis, have been used to identify and characterize secretory cell products
(Rearick et al., 1987). For ciliated cells, the presence of dynein appears to be a good chemical marker of
structural effects. A low-molecular-weight protein identified in Clara cells appears to be a Clara cell-specific
secretory product that can function as a biochemical marker of altered function (Patton et al., 1986). A
biochemical marker specific for basal cells has yet to be discovered.

Results of in vivo and in vitro studies indicate that differentiation of tracheobronchial epithelial cells is a
multistep process (Jetten et al., 1986) and has several characteristics in common with epidermal differentiation.
Like epidermal cells, tracheobronchial epithelial cells undergo cornification. Cornification involves the
deposition of a layer of cross-linked protein beneath the plasma membrane. The extensive cross-linking between
proteins is catalyzed by the enzyme transglutaminase. Biochemical and immunologic analyses have identified
the tracheal transglutaminase as type I (epidermal) transglutaminase. Differentiation of tracheobronchial cells is
accompanied by an increase in the activity of transglutaminase by a factor of 20–30 (Jetten and Shirley, 1986).
Immunohistochemical staining of tracheas from vitamin A-deficient hamsters with a monoclonal antibody
against type I transglutaminase indicated that in vivo synthesis of this enzyme is associated with differentiation
of tracheobronchial cells (Jetten and Shirley, 1986).

Squamous cell differentiation is accompanied by an increase in cholesterol sulfate (Rearick and Jetten,
1986). The increase appears to be due to an increase in the enzyme cholesterol sulfotransferase. The high
correlation between the expression of that enzyme and increases in cornification indicate that these chemical
changes play an important role in differentiation. Such changes could be early indicators of pathologic changes
in easily accessible airway lining cells.

Recently, a cDNA library—a library of complementary DNA produced from an RNA template by action of
RNA-dependent DNA polymerase (reverse transcriptase)—was established from rabbit tracheal epithelial cells
that had undergone squamous cell differentiation (Smits and Jetten, in press). Two cDNAs that are abundant in
squamous cells were isolated: SQ 10 and SQ 37, which identify RNAs of 1.0 and 1.25 kb, respectively. The two
RNAs appear to be squamous cell-specific and can function as markers for the squamous cell phenotype.

Intermediate filaments have been used in various systems as markers for specific cell types. It has been
shown that Clara cells express a keratin profile characteristic of simple epithelium, whereas basal cells express a
keratin pattern characteristic of stratified epithelium, such as that consisting of epidermal keratinocytes.
Squamous differentiation in vivo,
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as well as in vitro, is accompanied by qualitative and quantitative changes in keratin expression (Huang et al.,
1986). Those findings suggest that keratin expression can be specific for particular cell types of the
tracheobronchial epithelium and that changes in keratin expression can indicate particular pathologic alterations,
such as metaplasia.

PARENCHYMA

It is in the alveoli that toxic particles and gases exert a fibrogenic influence on the lung interstitial cells that
produce connective tissue. The basic cellular and biochemical mechanisms through which inhaled materials
cause lung fibrosis are not well established, and it is difficult to ascribe the function of markers to a poorly
understood pathologic process. However, animal models of asbestos- and silica-induced disease do offer some
potential for elucidation of pathogenesis and thus provide markers of exposure, injury, and disease progression.
Detection and analysis of inhaled particles at the alveolar level have been discussed above. The following
discusses early cellular responses and methods proposed to study them.

Morphometric Markers of Injury from Exposure to Inhaled Agents

Proliferation of epithelial cells, fibroblasts, and macrophages can be measured in vivo with light and
electron microscopy techniques (Evans, 1982). The very earliest responses of the various pulmonary cell types
are likely to be proliferative if injury has taken place. For example, both oxidant gases (Evans, 1982) and
chrysotile asbestos fibers (Brody and Overby, 1989) cause a rapid incorporation of tritiated thymidine into nuclei
of bronchiolar and alveolar cells. That reflects a repair phase, and the degree and extent of the incorporation can
be used as a measure of lung injury. Inhaled chrysotile asbestos and instilled crocidolite asbestos cause
proliferation of epithelial cells, fibroblasts, and interstitial and alveolar macrophages (Adamson and Bowden,
1986; Brody and Overby, 1989). It is reasonable to speculate that this early proliferative event could serve as a
marker of exposure to a toxic gas or particle.

Morphometry is a sensitive quantitative tool that can be of great value in evaluating changes in lung tissue
caused by toxic substances. Morphometry is the quantification of three-dimensional structure. Values are derived
from an analysis of two-dimensional profiles based on microscopic and other imaging techniques (Weibel,
1979). The advantages of using morphometry to study lung structure include objective measurement of changes
in lung structure, identification of subtle changes in tissue structure caused by different agents or by progressive
exposure to the same agent, and selective measurement of changes in specific tissue compartments. The
enhanced sensitivity of detecting a change in structure by using a morphometric analysis is particularly
beneficial when tissue changes due to an experimental treatment are probable, but not obvious. An important
application of morphometry involves studies in which subjective grading standards suggest that changes have
taken place, but are not conclusive with respect to the relative toxicity of drugs, chemicals, or pollutants at
specific exposures or doses. Morphometry eliminates the subjective bias that occurs with many grading
techniques used to measure structural changes. It also reduces or eliminates variations in grading between and
within observers.

The types of morphometric information that can be obtained in a study of lung parenchyma depend on the
resolution used. Light microscopy provides adequate resolution to determine alveolar surface area, proportional
volumes of air and tissue, and total number of alveoli. Light microscopy is rapid, is accurate, and can be used
with large numbers of specimens. Use of the mean linear intercept (MLI) makes it possible to measure alveolar
surface density. MLI measurements have been used to study postnatal lung growth, the normal adult human
lung, and lungs with emphysema (Barry and Crapo, 1985). Electron microscopy is better for determining the
volumes, thicknesses, and surface densities of
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specific alveolar compartments. Electron microscopy is required for adequate resolution of alveolar tissue into its
components, including type I and type II epithelium, cellular and noncellular interstitium, endothelium, and
inflammatory cells. Subcellular components—such as the nucleus, cytoplasm, and cytoplasmic organelles—in
specific cell types can be measured with electron microscopy.

Numbers of particles, cells, and subcellular organelles in the alveolar region can be determined
morphometrically. The total number of cells in the lung and the distribution of cells among the various major
types of alveolar cells have been determined in humans and several species of laboratory animals. The
distribution of cell types in the alveolar interstitium has also been estimated (Barry and Crapo, 1985).

The purpose and types of questions to be answered will determine whether light microscopy alone or with
electron microscopy is needed. The advantages of light microscopy include rapidity, accuracy, and low cost. Its
disadvantages include the need to determine a correction factor for tissue shrinkage due to paraffin embedding of
tissues (although other materials that are now available, such as plastic, minimize shrinkage) and restrictions as
to the types of alveolar structures that can be easily and reliably measured—airspace, tissue, and capillary
volumes; alveolar surface area; mean free path lengths; and numbers of alveoli. Electron microscopy has the
advantages of providing quantitative information on specific alveolar compartments and requiring no correction
factors, because tissues can be embedded in plastic that allows only negligible shrinkage, as noted above. Its
disadvantages include higher costs and requirements of substantially greater labor and time.

Morphometry has been used most commonly to study toxic agents that cause a given kind of injury
throughout the entire lung; a random lung sample can be assumed to be representative of the injury. Damage
caused by high concentrations of oxygen, a gas that is highly diffusible in lung tissue, is a good example of that
type of injury. Some inhaled toxic agents selectively damage the terminal bronchioles and the adjacent alveoli.
Those agents include ozone and nitrogen dioxide, which occur as air pollutants in relatively low concentrations,
but are more reactive than oxygen. Particles can also selectively injure the small airways in proximal alveolar
tissue. The alveoli adjacent to terminal bronchioles are the site of the lesion of centrilobular emphysema, which
is at least in part caused by the particles and gases in cigarette smoke.

Rigorous morphometric study of a select region of the lung, such as the terminal bronchioles or the adjacent
alveoli, requires sampling techniques that are designed to assess structures that are localized to specific regions
of the lung. Common morphometric formulas and basic sampling procedures can be applied, but the methods of
tissue selection and data analyses must be adapted. Morphometric studies of the effects of toxic substances on
terminal bronchioles and adjacent alveoli have been few, because of the difficulties involved in dealing with
samples from specific regions. The appearance of a few studies in recent years directed at the terminal
bronchioles or the proximal alveoli indicates increasing awareness of this site of toxic injury and the
development of the necessary morphometric techniques (Barry and Crapo, 1985; Chang et al., 1988).

PULMONARY VASCULATURE

To assess the development of structural markers of pulmonary vascular change, one must understand the
normal architecture of the arterial and venous circulation. Within the pulmonary circulation are four structural
types of pulmonary artery in a progression from hilum to periphery—elastic, muscular, partially muscular, and
nonmuscular (Reid, 1979; Meyrick and Reid, 1983). Elastic arteries, by definition, contain more than five elastic
laminae, including the internal and external elastic laminae; muscular arteries contain two to five elastic laminae,
partially muscular arteries have muscle in only part of the wall; and nonmuscular arteries have
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no muscle in the wall and are structurally similar to alveolar capillaries (Meyrick and Reid, 1979a). The four
types can be related to external diameter: arteries greater than 2,000 µg in external diameter are elastic, those
from 150 to 2,000 µm are muscular, and those less than 150 µm are muscular, partially muscular, or nonmuscular.

In addition to the conventional arteries that run and divide with the airways, there is a population of
supernumerary arteries (short arterial branches) in the lung that do not (Elliott and Reid, 1965). The
supernumerary arteries from the axial pathway are more numerous than the conventional arteries and carry
approximately 30% of the blood volume. It is likely, but not certain, that the supernumerary and conventional
arteries respond similarly to vascular injury.

Although not described in detail here, the pulmonary veins can be divided into structural regions similar to
those of the arteries. In many cases, the pulmonary veins are easily distinguished from pulmonary arteries on the
basis of their position in the lung. For example, the walls of the veins are less muscular than those of arteries for
a given diameter, and the muscular coat of the bonos is not bounded on its luminal aspect by an internal elastic
lamina (Hislop and Reid, 1973).

Two potential outcomes of exposure of the lung to toxic chemicals are progressive restructuring of the lung
vasculature and chronic pulmonary hypertension. One of the few well-documented examples of that result in
humans is the outbreak of chronic pulmonary hypertension in Europe associated with ingestion of the drug,
Aminorex. The paucity of documented examples of chemically induced, chronic vascular injury in the lung other
than that incident raises a question as to the importance of the phenomenon in humans. Chronic pulmonary
hypertension is difficult to diagnose and might be associated with other maladies, so it could be more common
that it seems to be. Indeed, animal studies have revealed that chronic exposure to low doses of several agents that
injure endothelium can cause progressive injury to the lung vasculature and pulmonary hypertension. Moreover,
the position of the lung in the circulation renders it the first vascular bed to encounter toxic metabolites of
chemicals that are produced by the liver and enter into the venous circulation. The pulmonary vasculature should
therefore be considered as a target for chemical insult and chronic injury.

Comprehensive studies of the structure of the pulmonary vessels have used autopsy specimens of
pulmonary arteries or veins which were filled with barium gelatin before airway inflation (Reid, 1979; Meyrick
and Reid, 1983). The technique allows easy identification of small arteries and veins and full distention of the
vascular bed. Full and reproducible distention of the pulmonary circulation allows the use of morphometric
techniques; the severity of changes can be assessed, and hypertensive lungs can be compared with normal lungs.
The same techniques can be used in lung biopsy tissue (Rabinovitch et al., 1984), although the more subtle and
earlier changes of vascular injury might be harder to identify in biopsy tissue.

This section outlines how the pulmonary vasculature responds to changes in hemodynamic behavior, to
direct injury, and to environmental changes, such as alterations in ambient oxygen.

Results of pathologic studies of clinical and experimental lung samples have indicated some ways in which
the pulmonary vasculature can respond to injury and to changes in pulmonary hemodynamics. Pathologic
markers or structural alterations that occur in the pulmonary vessels are usually associated with the development
of chronic pulmonary hypertension—e.g., intimal hyperplasia, extension of muscle into smaller and more
peripheral arteries than normal, increase in medial thickness of normally muscular arteries, reduction in
peripheral arterial volume (seen either as a reduction in number of arteries or as a narrowing of intra-acinar
arterial luminal diameter), recanalization of blocked arteries, fibrinoid necrosis, dilatation, and plexiform lesions
(Wagenvoort and Wagenvoort, 1977; Harris and Heath, 1986). A single lung biopsy or autopsy specimen might
reveal the entire range of morphologic markers of vascular injury or only a few, depending on the stimulus
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and the severity of the injury. For example, the finding of plexiform lesions or fibrinoid necrosis is associated
with end-stage pulmonary vascular disease (Heath and Edwards, 1958; Harris and Heath, 1986); this seemingly
restricted response could reflect the paucity of cell types normally encountered in the walls of lung vessels.

IN VIVO OBSERVATIONS OF PULMONARY VASCULATURE

Disease of the pulmonary vasculature can be examined in patients both by radiography and by angiography.
The radiographic appearance of edema marks pulmonary endothelial injury and is dealt with earlier in this
report. Angiographic radiopaque mass marks thrombus formation and vascular occlusion. Rate and abruptness of
narrowing and loss of vascular volume can be assessed in pulmonary arterial wedge angiograms; the latter
markers have been described in association with chronic pulmonary hypertension secondary to congenital heart
defects (Rabinovitch et al., 1981).

Gross Examination of Pulmonary Vasculature

The lung is supplied by two vascular beds: the bronchial, which supplies oxygenated blood to the
connective tissue around large arteries, veins, and airways; and the pulmonary, which carries venous blood to the
lung capillaries for oxygenation. The pulmonary circulation accounts for more than 95% of the blood volume in
the lung. Arterial and venous sides of the pulmonary circulation are easily identified on gross examination of cut
lung surfaces, because the arteries run centrally in the acinus (terminal bronchioli and its branches) and the veins
at the edge of the acinus. Gross examination of lung slices also allows detection of thrombi, areas of atelectasis,
and emphysema, and careful dissection along arterial and venous pathways can provide evidence of congenital
defects in the pulmonary vasculature.

Light Microscopic Examination of Pulmonary Arteries

Heath and Edwards (1958) suggested a grading system for the progression of the structural changes of
chronic pulmonary hypertension. Grade I represented medial hypertrophy; Grade II, intimal hyperplasia; Grade
III, luminal occlusion by intimal hyperplasia; Grade IV, arterial dilatation; Grade V, angiomatoid lesions; Grade
VI, fibrinoid necrosis. They considered Grades I–III reversible markers of vascular injury. The grades are readily
recognizable in autopsy and biopsy tissue, but only recently have structural markers been correlated with
hemodynamic behavior of the lungs.

Rabinovitch and colleagues (1984) refined the grading system of Heath and Edwards, particularly the early
reversible changes, by applying morphometric techniques to the lungs of patients with congenital heart defects
associated with high flow. Additional structural markers of chronic pulmonary hypertension were identified with
that system and graded A, B or C. The quantitative techniques are well described for structural changes in
distended and nondistended arteries in autopsy and biopsy tissue (Hislop and Reid, 1973; Reid, 1979;
Rabinovitch et al., 1984). Grade A structural changes (extensions of muscle into smaller and more peripheral
arteries than normal) are found in patients with an increase in only pulmonary blood flow; Grade B changes
(Grade A changes plus increased medial thickness), when both pulmonary arterial pressure and blood flow are
increased; and Grade C changes (Grade B changes plus reduction in peripheral arterial volume), when
pulmonary vascular resistance is increased.

Those correlations can be extended by examining animal models of chronic pulmonary hypertension: rats
exposed to hypoxia and rats given Crotalaria spectabilis seeds (which contain monocrotaline). The same
structural changes (Grades A, B, and C) can be identified and correlated with hemodynamic behavior (Meyrick
and Reid, 1978, 1979b; Rabinovitch et al., 1979; Meyrick et al., 1980). Such studies have shown that the two
models of pulmonary
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hypertension lead to the same structural markers of pulmonary hypertension, but at different rates (Meyrick and
Reid, 1983). The structural changes after hypoxia occur faster than those after administration of Crotalaria. The
severity of each structural marker also differs between the two models (Meyrick and Reid, 1983). For example,
loss in peripheral arterial volume after administration of Crotalaria is more striking than that after hypoxia, and
muscle extension is more severe after hypoxia. Pulmonary arterial pressure also occurs faster after hypoxia.
Correlation of the structural changes with the hemodynamic behavior in both models reveals that the best
structural correlate of increased pulmonary arterial pressure is extension of muscle into small arteries; for
Crotalaria administration, it is increased medial thickness.

The data also suggest that the speed of the changes can depend on the stimulus for the development of
chronic pulmonary hypertension. With hypoxia, one of the mechanisms involved is almost certainly hypoxic
vasoconstriction; with Crotalaria administration, the changes are thought to be secondary to endothelial damage,
and the role of vasoconstriction is less certain. Additional evidence that endothelial damage can contribute to the
development of pulmonary hypertension was provided by Jones and colleagues (Jones et al., 1984) who used rats
exposed to hyperoxic conditions. Recent data on sheep given repeated infusions of endotoxin (Meyrick and
Brigham, 1986) and sheep subjected to continuous air embolization (Meyrick et al., 1987; Perkett et al., 1988)
suggest that inflammation of the lung can be a trigger. The data suggest that there are several stimuli of
development of chronic pulmonary hypertension and that the structural markers of pulmonary hypertension
might not be identical in each type of hypertension. Development of chronic pulmonary hypertension is likely to
be seen in association with hypoxia, hyperoxia, prolonged vasoconstriction, chronic or repeated lung
inflammation, and endothelial injury.

The variation in severity and appearance of structural markers of chronic pulmonary hypertension and the
range of initiating stimuli are borne out in the clinical setting (Reid, 1979; Meyrick and Reid, 1983). For
example, natives of high-altitude environments and children with persistent fetal circulation (pulmonary
hypertension following right-to-left blood shunting) have marked muscle extension, and patients with chronic
bronchitis and emphysema, cystic fibrosis, and primary pulmonary hypertension have a less severe change.
Reduction in peripheral arterial volume is striking in patients with primary pulmonary hypertension, but blood
volume is within normal limits in cases of persistent pulmonary hypertension. Plexiform lesions are found in
patients with primary pulmonary hypertension and in older patients with congenital heart disease, but have not
been seen in the hypoxic forms of chronic pulmonary hypertension.

Not only the pulmonary arterial circulation is limited in its response to injury, but also the veins. On the
venous side of the circulation, ''arterialization'' of the veins occurs if pressure in the veins is chronically
increased. The structural markers are a medial coat and an internal elastic lamina in the venous walls. Those
changes are often accompanied by intimal fibrosis (Harris and Heath, 1986). An increase in pressure also leads
to the development of the structural markers of pulmonary hypertension on the arterial side of the circulation.

Electron Microscopic Examination of Pulmonary Arteries

Electron microscopy shows the major cell types in the walls of the pulmonary circulation to be endothelial
cells, smooth muscle cells and their precursors and fibroblasts. In experimental models of chronic pulmonary
hypertension, such as the rats exposed to hypoxia (Meyrick and Reid, 1978, 1979b) or given Crotalaria
spectabilis (Meyrick et al., 1980), it has been shown that the precursor smooth muscle cells undergo hypertrophy
and, at least in hypoxic animals, cell division; that accounts for the appearance of muscle in the normally
nonmuscular intra-acinar pulmonary arteries (Meyrick and Reid,
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1983). Encroachment of the new muscle cells and endothelial hypertrophy contribute to the reduction in
peripheral arterial volume (Meyrick and Reid, 1983). Ultrastructural studies also show that smooth muscle cell
hypertrophy and alterations in connective tissue synthesis and accumulation contribute to the increased medial
thickness seen in preacinar arteries (Meyrick and Reid, 1980).

Future Directions

Few reports have suggested alterations in bloodborne mediators in patients with chronic pulmonary
hypertension although Geggel and associates have suggested that measurements are possible. Increases in
ristocetin cofactor activity relative to plasma von Willebrand factor have been reported in patients with primary
pulmonary hypertension (Geggel et al., 1987). Similarly, patients with primary pulmonary hypertension and
monocrotaline-treated rats with increased pulmonary arterial pressure have increased plasma copper
concentrations (Ganey and Roth, 1987). The origin of the latter change is unclear, but such observations deserve
further attention with regard to development of markers of chronic pulmonary vascular changes. Advancements
in this direction will be of obvious importance to patients, especially if changes can be detected early in the
development of the disease.

Results of recent biochemical and molecular studies of chronic pulmonary hypertension have indicated that
the development of the structural changes might depend on the stimulus. For example, in the monocrotaline
model of pulmonary hypertension in rats, an increase in elastase activity in the preacinar arteries resulted in
thinning and fragmentation of the internal elastic lamina of the thickened walls (Todorovich et al., 1986). In the
hypoxic neonatal cow, the increased thickness of the walls of the preacinar arteries included proliferation of
adventitial fibroblasts invoked by a growth factor released from the medial muscle cells (Mecham et al., 1987).
In hypoxic rats, treatment with a latherogen (beta-aminopropio-nitrile) or with an inhibitor of collagen
production (cis-4-hydroxy-L-proline) caused attenuation of the structural markers of pulmonary hypertension
examined, as well as partial protection against the increase in pulmonary arterial pressure (Kerr et al., 1984,
1987). Thus, markers of pulmonary vascular disease are likely to be diverse and to depend on the initial stimulus
of hypertension. The introduction of such techniques as in situ hybridization is likely to advance our
understanding of these alterations at the cellular and molecular level and to yield markers useful in the early
detection of chronic pulmonary hypertension.
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5

Markers of Inflammatory and Immune Response

Inflammation in the respiratory tract can be caused by injury, immune response, or infection. All three
routes of induction of inflammation are of interest in studying the health effects of respirable pollutants.
Inflammation due to injury from inhaled toxicants is a measure of the cytotoxicity of the pollutants; markers of
the progress of the inflammation could potentially be used in a predictive fashion to detect the early stages of
irreversible structural changes in the lung, such as fibrosis and emphysema. Many inhaled toxicants–such as
isocyanates, cotton dust, and beryllium–induce an immune response that constitutes the major adverse health
effect of exposure. The inflammatory response to infectious agents is not the topic of this report, but is of interest
in relation to the potential for some inhaled pollutants to reduce the ability of the body to resist infection.

In this chapter, we will discuss markers to detect and require the inflammation induced by all three types of
agents. First is a discussion of markers of injury induced in the respiratory tract by inhaled toxic materials. That
is followed by a discussion of the effect of pollutants on the infectivity of pathogens in the respiratory tract.
Finally, a major portion of the chapter is devoted to a discussion of the immune response of the lung, markers of
this type of response and the use of memory cells of the immune system as markers of both exposure and adverse
health effects in the respiratory tract.

INFLAMMATORY RESPONSE TO INHALED TOXINS

Epithelial cells and resident macro-phages in the respiratory tract are the points of first contact of the body
with inhaled toxicants. The ensuing injury or death of those cells induces an inflammatory response
characterized by the release of cytoplasmic enzymes from the damaged or lysed cells and the recruitment of
neutrophils to the site of injury. An increase in the permeability of the alveolar-capillary barrier is accompanied
by the transudation of serum protein. Macrophages may increase in number; if the toxic material is a particle,
there will be a release of hydrolytic enzymes from the macrophages, either during phagocytosis, after lysis of the
macrophage, or as an active secretory process.

The inflammatory process provides many markers that can be used to detect and measure the response and
to follow its progress toward resolution or chronic
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inflammation. Lactate dehydrogenase, a cytoplasmic enzyme released from damaged or lysed cells, can be used
as a marker of cytotoxicity. An increase in this enzyme can be used to distinguish between toxic events and
physiologic responses. The presence of neutrophils or increased serum protein in the epithelial lining fluid can be
used as a marker of the inflammation induced by the injury. The activity of hydrolytic and proteolytic enzymes
released by the phagocytic cells has been shown to correlate with the toxicity of particles (Beck et al., 1982;
Henderson, 1988a,b).

The advent of fiberoptic bronchoscopy has allowed sampling of fluids lining the respiratory tract for
analyses of the above markers. The use of the technique is described fully in Chapter 6. The analysis of epithelial
lining fluid (ELF) for markers of inflammation has some advantages over older methods of detecting
inflammation. First, a pulmonary inflammatory response can be detected with analysis of the bronchoalveolar
fluids before it can be detected with radiography (Fahey et al., 1982). In addition, the use of the markers in the
lining fluids allows measurement of the degree of inflammation, which is useful not only for determining the
progress of an inflammatory response, but also for ranking inhaled compounds for toxicity in animal studies.
Inflammatory responses in the nose and in the upper respiratory tract can be detected by site-specific sampling of
the lining fluids. The biochemical and cellular content of the ELF can also provide information on the type of
inflammatory response and the stage of the disease process. Several examples of the use of ELF analysis for the
detection of toxicant-induced respiratory tract inflammation are given in Chapter 6. The major uses of the
markers has been in animal toxicity studies to rank a series of compounds for toxicity and to study the
mechanisms of toxicant-induced lung disease. Studies in this field have been reviewed (Henderson, 1988a,b).

INFLAMMATORY RESPONSE TO MICROBIAL INFECTIONS

The respiratory tract constitutes the primary mammalian portal of entry for many pathogens. For some
microbial infections, the bronchopulmonary mucosa serves as a benign substrate for initial replication events that
lead to eventual systemic spread without producing any clinical disease locally. For other infectious agents,
however, the respiratory tract is the principal target for the disease-producing potential. It is estimated that
respiratory viruses are responsible for 5–6% of all deaths and about 60% of deaths related to respiratory disease
(Ogra et al., 1984).

Ample evidence supports the conclusion that normal AMs can ingest and kill many types of
microorganisms that gain entrance to the respiratory tract (Jakab, 1984). Some microorganisms, particularly the
virulent intracellular parasites, can survive in normal macrophages; it is apparent that this class of parasite can be
controlled only when the forces of acquired immunity orchestrate the macrophage system into antimicrobial
action that is more potent, both qualitatively and quantitatively.

Various chemicals in the environment and workplace affect the immune response, as determined by one or
more of the many tests available to measure various components of the immune system (Faith et al., 1980;
Sharma, 1981; Luster et al., 1988). Extensive evidence from animal lung infectivity models points to the
detrimental effects of air pollution on various defense mechanisms of the lung (Neiman et al., 1977; Fauci et al.,
1984). Results of epidemiologic studies indicate that living in urban areas increases the incidence of airway
infections (Hong, 1976; Penn, 1978), although direct correlations of infection with specific pollutants have not
been found. In vivo and in vitro studies, using mainly animal models, have shown that ozone impairs AM
phagocytic function (U.S. Environmental Protection Agency, 1984). The success of AMs in digesting organic
particles and organisms depends on lysosomal hydrolytic enzymes, includ
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ing acid phosphatase, cathepsins, lysozyme, beta-glucuronidase, beta-galactosidase, arylsulfatase, and beta-
glucosaminidase. Exposure to ozone in vivo and in vitro depressed the intracellular activity of lysozyme, beta-
glucuronidase, and acid phosphatase from rabbit AMs (Hurst et al., 1970).

Kimura and Goldstein (1981) demonstrated a decrease in the bactericidal enzyme lysozyme in AMs from
rabbits exposed to ozone at 0.25 ppm. That finding paralleled the increased susceptibility of those animals to
various infectious agents (Coffin et al., 1968; Ehrlich et al., 1977; Miller et al., 1978). Other products of the AMs
that are important in phagocytosis and have antibacterial activity are superoxide anions (O2

-), hydroxyl radical
(OH•), and H2O2. In vivo exposure of rats to ozone at 0.9-3.2 ppm resulted in a dose-dependent decrease in O2

-

production by AMs from the exposed animals (Amoruso et al., 1981; Witz et al., 1983). Thus, the studies in
animal models have shown that ozone depresses many components of AM function that are important in
phagocytosis and in protecting the lung from microorganisms or particles present in the environment and that can
be measured and therefore can serve as markers of exposure.

In vitro studies can also be used to improve understanding of in vivo phenomena. Phagocytosis is a well-
organized process, made up of several integrated steps, many of which are adversely affected by ozone. McAllen
et al. (1981) have noted that AMs obtained from rats after in vivo exposure to ozone at I ppm exhibit decreased
mobility. AMs in lavage fluid from the lungs of rodents that had been briefly exposed to ozone at 0.5–1.0 ppm
display a lower ability to engulf bacteria than AMs from control animals. However, if the animals are exposed to
ozone at 0.8 ppm for a longer period before lung lavage, the ability to incorporate carbon-coated latex
microspheres of isolated AMs is increased. The data suggest that phagocytic activity is impaired soon after
exposure to ozone, but that AM function recovers if the insult persists. Whether those changes are due to the
influx of unexposed AMs into the ung or to adaptation by resident AMs is not clear.

Several investigators have recently started to examine the effect of inhaled pollutants on human subjects'
ability to resist infections. Frampton et al. (1987) exposed normal human subjects to NO2 in controlled chamber
conditions. AMs were obtained from the subjects by BAL 3.5 hours after exposure and exposed in vitro to
influenza virus. It was observed that the AMs obtained from subjects exposed to NO2 at 0.6 ppm continuously
(3.5 hours) were able to inactivate the virus significantly less than those obtained from subjects exposed to clean
air. No major changes in the cell numbers in the BAL fluid from the exposed subjects were observed, but several
biochemical changes indicated that NO2 did induce inflammation in the exposed subjects. In another study, Kulle
et al. (1987), exposed normal human subjects to NO2 at different concentrations, and then a live attenuated cold-
adapted influenza A virus was administered intranasally to all subjects. Infection was determined by virus
recovery and a 4-fold or greater increase in antibody titer. The results suggest that subjects that were exposed to
NO2 at I or 2 ppm for 2 hours/day for 3 days and inhaled the virus on day 2 had small, reproducible signs of
infectivity. The approaches taken by the different investigators were different—Frampton et al. exposed subjects
to the pollutant in vivo and studied infectivity in vitro, and Kulle et al. exposed subjects to both the pollutant and
the infectious agent—but the results collectively suggest a decrease in host defense against the viral infection. In
both studies, spirometrically measured pulmonary functions were unchanged by exposure to the pollutants.

IMMUNE RESPONSE

The human respiratory tract contains a complex array of host defenses—anatomic barriers, mucociliary
clearance, phagocytic cells, and various components of cellular and humoral immunity—that collectively cleanse
inhaled air and inactivate infectious and other injurious
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agents that are inhaled (Reynolds, 1979; Reynolds and Merrill, 1981). In particular, the mucosal lining of the
small airways and alveolar airspaces contains many components of the immune system that are important in
providing protection of the normal lung. However, some of the components also play an important role in
immunologic lung disease. This section reviews the general features of the immune system and how it operates
in the lung.

Antigen-antibody complexes are the basis of immune response. The afferent phase of the immune response
usually begins with antigen processing by phagocytes, such as macrophages. That includes degradation of
foreign substances and exposure of lymphocytes to antigens, which stimulates the production of antibody,
sensitized cells, or both (Figure 5-1). Interactions of macrophages stimulated by antigens with cells in lymphoid
tissue result predominantly in a cellular or humoral immune response. Cellular immune responses (delayed
hypersensitivity) are mediated by thymus-derived lymphocytes—T cells. Antigen interaction with T cells usually
leads to their proliferation. It is now recognized that T-cell proliferation and the generation of effector cells occur
separately. Antigens interact with macrophages, and interleukin-1 (I1-1) stimulates resting T cells. The T cells
then can respond to a growth factor called interleukin-2 (I1-2). Among the progeny of antigen-stimulated T cells
are memory cells, which respond quickly to later challenge with the original antigen; killer cells (or natural killer
cells, NK cells), which destroy alien cells; and effector T cells, which produce molecules called lymphokines.
I1-2 signals T cells to produce more T cells and effector T cells. Lymphokines can play an important role in the
generation of an inflammatory response, particularly one involving cell-mediated immunity. For example,
initiation and development of granulomas are thought to arise from the secretion of lymphokines that influence
macrophage motility, activation, and function.

Humoral responses are the end result of antigen interaction with marrow-derived or bursal-cell-equivalent
lymphocytes (B cells). B-cell function is regulated by at least two subpopulations of T cells: helper T cells (Th
cells) are required for optimal production of antibody to most antigens, and suppressor T cells (Ts cells) are
required for inhibition or modulation of the humoral response once it is initiated.

T-cell subsets in humans have been shown to express distinct differentiation antigens, which can be
identified with monoclonal antibodies to T cells.

At each step in the sequence of immune stimulation, immunocompetent cells are activated and liberate
soluble mediators. For example, when activated by immune stimulation, macrophages can produce various
potentially injurious agents, including arachidonic acid metabolites,

Figure 5-1 Cellular interactions involved in generation of immune response. Antigen presentation leads to
stimulation of T-cell or B-cell systems. Factors involved in T-cell system include interleukin-1, which stimulates T
cells to acquire receptor for T-cell growth factor called interleukin-2 (I1-2); same subpopulation of T cells can also
secrete I1-2.
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free oxygen radicals, and growth factors capable of initiating abnormal growth and metabolism of fibroblasts.
Similarly, activated lymphocytes can produce soluble mediators that can act on immunocompetent cells and
other cells, including interferon-gamma capable of activating macrophages and chemotactic factors capable of
activating other phagocytic cells, particularly neutrophils. Thus, although immune stimulation is initiated by a
specific antigen, secondary inflammatory mediators can appear as the cascade of cells and inflammatory signals
progresses. Many of the cells, particularly macrophages, can be stimulated by nonspecific agents, and the
appearance of soluble mediators does not necessarily indicate that an immune response has been initiated. The
potential use of some of the inflammatory mediators as specific biologic markers of injury must be viewed in
light of the fact that they can be initiated by both specific and nonspecific stimuli.

The pulmonary immune cells are heterogeneous, and external stimuli, such as pollutants, can modulate their
behavior both qualitatively and quantitatively. The changes can be used to assess effects of exposure.
Characteristics that can be monitored, such as cell numbers and cell-surface markers, can be considered biologic
markers. Some of the changes can be transient (reversible); others can be chronic or irreversible. Examples of
modulation in the immune cells in the lung include changes in the proportions of subpopulations of immune cells
(e.g., the TH/TS ratio), in the extent of expression (density) of cell-surface markers, in the cytolytic capacity of T
cells or natural killer cells, and in the ability of phagocytes to ingest particles.

Various components of lung fluid that are associated with the inflammatory response can serve as markers.
The fiberoptic bronchoscope has made access to the trachea and major airways routine, and this versatile
instrument has contributed enormously to the care and diagnosis of patients with lung diseases (Sackner et al.,
1972). Since the late 1960s, BAL has been incorporated into fiberoptic bronchoscopy and has proved to be safe
and reliable for sampling airway and alveolar fluid and cellular components in normal lungs (Reynolds and
Newball, 1974) and diseased lungs (Reynolds et al., 1977; Crystal et al., 1981). BAL has made possible
extensive study of the pathogenic roles played by immune and inflammatory reactions in the respiratory tract and
important advances in understanding the pathogenesis of various forms of obstructive, inflammatory, and
interstitial lung disease. Much of the information reviewed in this chapter has been obtained with BAL
(Reynolds, 1987).

In lavage of the lungs of a normal nonsmoker, approximately 10–15 million respiratory cells typically are
recovered. The number of cells obtained in BAL can vary widely. For instance, the number of cells is increased
by a factor of approximately 4–5 in lavage fluid from a cigarette-smoking patient and is correlated roughly with
the intensity of smoking. Approximately 90% of the cells in lavage fluid are alveolar macrophages (AMs). Most
of the remaining cells are lymphocytes, and usually only a few polymorphonuclear leukocytes (PMNs) are
found. Eosinophils and basophils are rarely detected. In smokers, the cell yield far exceeds that of nonsmokers.
Therefore, although the percentage of lymphocytes is diminished, the absolute number is actually increased.
Analysis of the differential counts and more recently the use of monoclonal antibodies and flow cytometry of the
cells in BAL specimens have been found to provide useful markers of a variety of pulmonary disorders,
particularly the granulomatous and nongranulomatous interstitial lung diseases, and of effects of exposure to
pollutants.

AMs are the principal phagocytic cell in the airways and seem to play a pivotal role in initiating and
modulating the pulmonary immune response (Merrill et al., 1982). Phagocytosis of microorganisms and other
foreign particles in the alveoli by macrophages is an important defense mechanism of the lung against infection
and other forms of external assault by inhalation. AMs interact with other cells and foreign material in the lung
via membrane receptors. Surface receptors for
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the Fc portion of IgG and for complement fragments C3b and C3d have been identified (Reynolds et al., 1975).
The activity of the phagocytic system generally depends on the specific immunoglobulins IgA and IgG—IgA
probably functions mainly as an antitoxin and in the neutralization of viral infectivity, whereas IgG is also
important in promoting phagocytosis.

Although complement concentrations are low in the airways, complement can be an important participant in
infections when the inflammatory response promotes transduction of complement, as well as of serum
immunoglobulins. Once phagocytosis is completed, killing of an ingested organism is mediated by
phagosomelysosome fusion, degranulation, and the elaboration of digestive enzymes and toxic oxygen species.
Present evidence suggests that AMs use metabolically generated H2O2 in conjunction with some type of oxidase
to kill microorganisms. The hydrolases in the lysosomes probably play a major role in digesting a phagocytosed
microbial carcass. It is also likely that mobilized and activated lymphocytes and macrophages can produce an
exterior milieu that is adverse for at least some microorganisms. The various specific immunologic mechanisms
probably act in concert with nonspecific factors in mucus, such as lysozyme and other nonantibody antimicrobial
agents; some events of inflammation, as well as the mucociliary approaches, also are important contributions to
the overall defense of the lung.

AMs participate further in the regulation of the inflammatory and immune process in the lungs by secreting
a variety of soluble mediators, including products of the arachidonic acid pathway, which seem to play an
important role in inflammation (Hunninghake et al., 1980a; Slauson, 1982).

AMs secrete chemotactic factors for neutrophils that cause influx of these cells into the lung parenchyma
and alveolar space, where they can participate actively in the inflammatory response. AMs have a wide range of
other secretory capabilities and have been shown to secrete such products as colony-stimulating factor,
superoxide anions, and various enzymes, including collagenase, neutral protease, and elastase. Among the most
potent inflammatory substances produced by AMs are products of arachidonic acid (Slauson, 1982). Some of the
better-known mediators of the inflammatory response include prostaglandin F2 (PGF2 alpha) and the chemotactic
factor LTB4. Those arachidonic mediators and their occurrence are described below. AMs also play a unique role
in the development of an immune response to a novel antigen by presenting bound or ingested antigen to T
lymphocytes. About 8–10% of the cells in the BAL fluid recovered from normal human lungs are lymphocytes.
As in blood, three subpopulations of lung lymphocytes (T, B, and NK cells) can be discerned on the basis of
their differing surface markers. The proportions of T and B lymphocytes in lavage fluid from the airway lumina
have been found to approximate closely those in peripheral blood (Hunninghake and Crystal, 1981a). Whereas T
lymphocytes make up about 60–70% of the lymphocytes found in normal BAL fluid, only about 10–15% of the
lymphocytes have surface immunoglobulin and can be identified as B cells. A portion of the lymphocyte
population that cannot be classified by classical T-and B-cell markers has been identified as NK cells.

PMNs are not usually found in large numbers in BAL fluid from normal lungs (Reynolds, 1987). In lavage
fluid from the lungs of smokers (Young and Reynolds, 1984) or subjects that were exposed to ozone (Seltzer et
al., 1986; Koren et al., 1989), an increased percentage and greatly increased absolute numbers of neutrophils are
found. As participants in the inflammatory response in lung tissue, PMNs migrate into the lung from the blood
under the influence of one or several chemotactic factors, including complement component C5a and soluble
factors secreted by AMs. They might be considered as a secondary line of phagocytic defense of the lungs,
which can be recruited into the airspaces in response to exposure to microbial agents or other inhaled materials.
Some of the observed changes have been shown to have a predictive value; others represent more progressive
biologic changes.
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Acquired Local Immune Response

In defining the role of the lungs' immune system in the generation of specific biologic markers of injury or
disease, it is important to consider the central feature of an immunologic response—that it is a specific reaction
to an antigenic stimulus and is capable of distinguishing proteins that differ by only a few amino acids. A
substance that is inhaled and can act as a unique and foreign antigen elicits an immune response that is
manifested predominantly in the form of antibodies or sensitized cells. (This manifestation is the cellular
immune response.) As discussed below, local immune responses in the lung operate in concert with other
mechanisms (such as mucociliary clearance) in recognizing, transporting, and eliminating inhaled foreign agents.
Obviously, local immune responses are very important; their failure can result in injury and tissue damage in the
lung.

With respect to local immune system as a generator of markers, two underlying possibilities or conditions
need to be considered: the presence of antigen-specific antibodies or cells indicates that the host has been
exposed to an antigen at some time, even if no longer harboring it; and specific immune responses might indicate
the presence and persistence of an antigen that produces a chronic inflammatory response that leads to tissue
injury. Thus, the products of the immune system can be used as markers of a host's exposure to an antigen that
might or might not be responsible for tissue injury and disease.

In an operational model, the lung's immune system can be viewed as having three distinct compartments,
each containing immunocompetent cells (lymphocytes and macrophages): the bronchoalveolar airspaces, the
submucosal or secretory antibody system lying beneath the lamina propria of the tracheobronchial tree, and a
network of lymphatic vessels and lymph nodes lining the tracheobronchial tree (Daniele, 1980). In each of these
compartments, the potential exists for lymphocyte-macrophage interaction and the generation of immune
responses.

In the last 5 years, most of our knowledge about cell-mediated immune responses in the lung has come from
studies involving cells recovered from bronchoalveolar airspaces with lavage in humans or in experimental
animals (Daniele et al., 1985).

Until the advent of the flexible fiberoptic bronchoscope, little was known about the cells and secretions in
the bronchoalveolar airspaces of the human lung. It has since been observed that, in non-smoking adults, cell
yields equal 10–15 × 106 cells/100 ml of lavage fluid (Dauber et al., 1979); AMs are the predominant cell type (80–
90%), lymphocytes constitute about 10% of the cells (Reynolds et al., 1977; Dauber et al., 1979), and
neutrophils, eosinophils, and basophils constitute less than 1% of the cells. In smokers, the cell yield is some 4
times as great; macrophages usually account for 90% or more of recovered cells, and lymphocytes for 1–5%
(Daniele et al., 1977b; Reynolds et al., 1977; Dauber et al., 1979); there can also be a slightly higher proportion
of neutrophils (1–4%).

The distribution of lymphocyte subpopulations in the lavage fluid is similar to that in blood, with T cells
accounting for 60–70% of the lymphocytes and B cells 5–10%. The ratio of Th cells to Ts cells is 1.6:1 (Daniele
et al., 1975; Dauber et al., 1979; Hunninghake et al., 1979b; Hunninghake and Crystal, 1981a).

The major soluble constituents in lavage fluid are IgG and IgA; their concentrations reflect rates of active
transport across the bronchial epithelium (Reynolds et al., 1977; Low et al., 1978; Hunninghake et al., 1979b).
Little or no IgM is present. Components of both the classical and alternative pathways have been identified in
lavage fluid, but C5 appears to be absent (Robins et al., 1982). Other inflammatory derivatives have been
detected in lavage fluid, including alpha1-antitrypsin.

Much needs to be learned about the role of lymphocytes in the normal human lung, particularly with respect
to their initiation and development of immune responses. The evidence is more substantial in experimental
animals (Daniele, 1980). Lymphocytes recovered with lung lavage from guinea pigs and rabbits respond to
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antigens introduced into the respiratory tract by producing antibody and lymphokines (such as macrophage-
migration inhibition factor, MIF). Furthermore, lung lymphocytes can demonstrate an anamnestic response to
airborne antigens and, depending on the type and dose of antigen, exhibit a capacity to respond that is
independent of systemic lymphoid tissue. Thus, results of animal experiments indicate that localized immune
responses can occur in the bronchoalveolar airspaces.

Alternatively, it has been proposed that the cells and secretions in the bronchoalveolar airspaces are
deployed so as to prevent entry of antigenic particles beyond the mucosal barrier and to deter antigen interaction
with organized lung lymphoid tissue. According to the notion of "immune exclusion," the primary function of
AMs is to ingest particles and remove them from the lung, rather than to transport them to submucosal and
tracheobronchial lymph nodes, where lymphocytes and tissue macrophages might interact. Which of the two
hypotheses is correct remains to be settled.

The two hypotheses might not be mutually exclusive. The nonspecific activities of AMs and the
mucociliary blanket might be entirely adequate for expelling some inhaled inert substances. Nonspecific
clearance mechanisms would not suffice for other antigens, such as microorganisms with capsular membranes
that resist phagocytosis, and the aid of specific antibody and cells in bronchial secretions would be required for
effective phagocytosis, killing, and clearance. The generation of a specific immune response consisting of either
antibody or cells in bronchial secretions requires, however, that the inciting antigen in some way penetrate the
mucosal barrier and stimulate submucosal lymphoid cells. That condition is also required for any inhaled
particles (e.g., allergens and organic particles) that result in local humoral and cellular immune responses. It
should also be emphasized that initially only a relatively small fraction of the inhaled antigenic load might be
required for stimulating submucosal lymphoid tissue. Once initiated, the secretion of antibody or the appearance
of sensitized cells in the airspaces would greatly increase the exclusion of the same or similar inhaled antigens on
later challenges.

The degree to which nonspecific defenses interact with specific immune responses in the lung remains ill
defined. It probably depends on the size of the particle, the antigenic load, and the physicochemical
characteristics of the particle, which are related to its antigenicity, toxicity, and, perhaps most important, biologic
properties (e.g., type of virus and capsulated bacteria).

Those are some of the variables that determine whether inhaled particles and microorganisms are contained
or eliminated or result in lung injury and disease. Perhaps equally or more important are the unique genetic
properties of the host, especially the immune responses that are linked and controlled by the immune-response
genes. The latter consideration is particularly relevant for two immunologic diseases, hypersensitivity
pneumonitis and chronic berylliosis, that are discussed below. In both, only a minority of persons equally
exposed to the airborne agents develop disease.

Examination of cells and secretions in BAL fluid from patients with immunologic lung diseases has
provided important insights into pathogenesis.

First, the lung can be the site of a compartmentalized inflammatory response (Daniele, 1980), as in
hypersensitivity pneumonitis, in which the disease is restricted to the lung. In other systemic disorders, the
inflammatory response that evolves in the lung might not be reflected in the peripheral blood (Daniele et al.,
1980). The reason for the difference is unclear; one hypothesis is that the lung, when it is involved, acts as a
selective target for acute (neutrophils) or chronic (lymphocytes and monocytes) inflammatory cells, which are
increased in the pulmonary parenchyma as well as in the lavage fluid (Crystal et al., 1981).

Second, pulmonary lavage has established the existence of two predominant types of chronic inflammatory
response in the lung, one involving neutrophils and macrophages (idiopathic pulmonary fibrosis)
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and the other involving lymphocytes and macrophages (hypersensitivity pneumonitis and berylliosis).
Finally, several laboratories have found in studies of pneumonitis a heightened state of activation of these

inflammatory cells (Daniele et al., 1980; Crystal et al., 1981). Lymphocyte activation probably reflects immune
stimulation in cases of hypersensitivity pneumonitis and berylliosis.

In summary, the ability to detect sensitized cells or antibodies that are specifically reactive to large complex
organic antigens (as in hypersensitivity pneumonitis) or simple elements that behave as haptens (as in
berylliosis) can serve as a useful paradigm for investigating other inhalational diseases in which an immunologic
response is predominant in pathogenesis. The presence of specific responses in the lung indicates that the subject
has been exposed to a foreign antigen; it does not necessarily mean that the antigen is causing disease. For
example, in both hypersensitivity pneumonitis and chronic berylliosis, it is still unclear whether the presence of
sensitized cells or antibodies in BAL fluid indicates that a patient has or will have disease related to the foreign
substances found.

Acquired Antigen-Specific Immune Response

In Vivo Challenge

Testing for immune response has often included testing of whole animals or humans. With such testing, the
interaction of several components of the immune system can be tested at once, and actual body response can be
measured, so that one need not rely on extrapolation from results obtained in vitro. However, in vivo challenge
has several difficulties: the risk of a serious adverse reaction, including anaphylaxis; the difficulty of separating a
nonspecific from a specific response; the difficulty of interpreting whether a response in one area reflects a
response in another area; and the difficulty of purifying an antigen to be specific enough for testing and suitable
for administration without causing nonspecific damage.

The immune response has been divided into four groups summarized in Table 5-1 (Bellanti, 1985). Skin
testing usually elicits Type I reactions, although Type IV reactions can be detected in skin. Cell-mediated
immunity is tested by examining the skin site 24–48 hours after injection; this can be done to determine whether
a subject has been infected with tuberculosis—as with the PPD skin test (Snider, 1982)—or to determine
whether a patient is anergic (not reacting to any of the common antigens, such as those of tetanus or mumps).
Testing for granuloma formation can use the Kveim antigen (sarcoid tissue antigen) (Chase, 1961). Skin testing
for delayed reactions has not been routinely used for detecting sensitivity to pulmonary toxicants.

With further sophistication, a challenge might be graded not only by the amount of visible inflammation
present, but by other factors, such as the influx of inflammatory cells and the presence of inflammatory
mediators, including histamine, immunoglobulins, and immune complexes.

Skin Testing

A standard method for testing for reaction to a possible pollutant is skin test

Table 5-1 Immunologic Mechanisms of Tissue Injury
Type Manifestations Mediators
I Immediate hypersensitivity reactions IgE and other immunoglobulins
II Antibody-directed reactions IgG and IgM
III Formation of antigen-antibody complexes Mainly IgG
IV Delayed hypersensitivity (cell-mediated) reactions Sensitized T lymphocytes
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ing. Allergists have used skin testing extensively to identify substances to which a patient is allergic (Norman,
1980). Its potential use in environmental studies in toxicology is based mostly on its simplicity of application
and interpretability. The procedure is relatively safe, although some subjects are allergic to antigens and
anaphylaxis has been reported after skin testing in a few subjects. Usual precautions in skin testing include
testing with the lowest possible dose and observing subjects for some time after testing.

Methods of skin testing include prick testing, scratch testing, and intradermal injection, in order of
increasing dose. The skin prick test is the safest, in that a very small amount of antigen is injected.

Reactions to a prick test are read at 10 minutes; a reaction indicates an immediate type of sensitivity.
Patients with dermatographism will have a false-positive wheal; otherwise, the test is readily assessed. Pepys's
group has used the prick test for many years to evaluate exposure of platinum workers (Cleare et al., 1976).
Platinum salts can be highly reactive, and systemic reactions can occur even to scratch tests, which therefore
were considered too risky for general surveillance testing. Nevertheless, the authors also found that the prick test
was better for differentiating between controls and reactive subjects.

A major difficulty with skin testing has involved the preparation of a sufficiently reactive antigen. Most
substances studied are haptens and become antigenic on combination with high-molecular-weight carriers. That
can happen at the injection site. For example, phthalyl acid anhydride is an essential reagent in the manufacture
of epoxy resins and some paints. It is highly reactive, and skin testing can be performed directly. Positive skin
tests have been seen in documented cases of asthma induced by phthalyl anhydride (Maccia et al., 1976). Most
substances do not induce responses by themselves and have to be conjugated to human serum albumin before
testing. Some have been found to be reliable skin-test reagents for particular environmental pollutants (Zeiss et
al., 1983).

Another difficulty with skin testing has involved the need to relate the findings with the pulmonary
symptoms of the subjects. A positive skin prick test in platinum refiners is a more specific and sensitive index of
disease than are some clinical symptoms (Dally et al., 1980). For example, skin prick tests of mouse and rat urine
extracts in laboratory-animal workers have yielded a sensitive measure of asthma, but not of rhinitis or urticaria
(Newman Taylor et al., 1981).

Work with skin testing has extended beyond the routine measurement of size and character of skin reaction.
As mentioned above, skin biopsies are routinely used to examine for the presence of granulomas after a Kveim
test; studies are underway to characterize the earlier stages of the inflammation (Mishra et al., 1986). The studies
have included examination of inflammatory cell population and mediators in the biopsies of skin lesions during
various phases of immediate skin reaction and have led to a better understanding of early pathologic response.
During the late-phase reaction, skin biopsies can show neutrophil and lymphocyte influx (Felarca and Lowell,
1971).

A novel method is the injection of antigen into bullae in the skin. This particular challenge allows one to
measure the influx of mediators, including histamine, into the site of a skin reaction (Warner et al., 1986).

In summary, skin testing has several advantages, including low cost, wide applicability, ready acceptance
by patients, and relative safety. Its major drawbacks include difficulty in assessing observations regarding skin
reactions and in correlating reactions with symptoms in other organs and identifying proper antigens for testing.

Nasal Challenge

The upper airways, especially the nose, are a major target of toxic damage. Rhinitis is a common complaint
after exposure to toxicants; but research into rhinitis has been limited, because it is not associated with
substantial morbidity and its relationship with lower respiratory symptoms is not clear. Nasal challenges
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do provide information that might not be obtainable with any other method and thus should always be considered
when examining new ways of studying toxicants are being examined. Nasal challenges date at least to 1873,
when Blakley placed grass pollen in the noses of allergic patients and induced the signs and symptoms of allergic
rhinitis (Naclerio et al., 1983).

The method of intranasal challenge varies. Again, identification of the correct antigen is difficult. One
method is to study patients with known intradermal reactions. The specific known antigens are then delivered by
nebulizer (Naclerio et al., 1983) or by direct application of an extract (Naclerio et al., 1985). Methods of
assessing inflammatory reactions after nasal challenge also vary. They include measurement of airway resistance
in the challenged nostril (McLean et al., 1976), measurement of mucus production (Malm et al., 1981),
subjective assessment (Connell, 1979; Naclerio et al., 1985), and objective assessment of hyperemia and stenosis
(Naclerio et al., 1983).

Nasal challenge is fairly safe. The usual symptom is rhinitis, and an occasional patient develops wheezing.
Unlike skin tests, it has not been used in large populations. But there is little to suggest that it could not be
performed in a similar manner, with the patient observed for some period after challenge. The cost would depend
on the extent of assessment. For example, if measurement of mediators in nasal washes were the goal, the assays
could become expensive and thus impractical for screening large populations. Observation for the presence of
edema would be simple, although difficult to measure. Nasal airway resistance can be measured by anterior
rhinomanometry, which is relatively simple and inexpensive (McLean et al., 1976; Naclerio et al., 1983).

In summary, nasal challenge has distinct advantages over skin testing, because it uses a mucosal surface.
Direct observation can be used to assess inflammatory response, so it might be appropriate for screening large
populations. In addition, when more objective data are required, nasal airway conductance is easily measured.

Intrabronchial Challenge

The best method for assessing airway response to an antigen would be direct observation. The antigen is
chosen on the basis of intradermal response. The antigen dose, described in protein nitrogen units (I unit is the
amount that causes a 4 × 4-mm wheal after intradermal injection), is determined. Intrabronchial challenge is then
begun at one-hundredth of that unit. Intrabronchial challenge is usually complemented by BAL in the
contralateral lung and in the edematous bronchus after challenge.

Bronchoscopy is performed in the usual manner. Subjects are premedicated with atropine, metaproterenol (a
beta agonist), and topical Xylocaine. The bronchoscope is advanced to a subsegmental bronchus, the initial dose
of antigen is injected through the bronchoscope, and the bronchus is observed for 3 minutes. If there is no change
in the bronchus, the dose is increased. A recordable response consists of blanching, edema, or narrowing of the
airways.

The major advantage of intrabronchial challenge is its specificity for identifying an inflammatory response
in the bronchus. Visualization lasts for only 3–5 minutes, so it would detect only an immediate response.
However, repeat bronchoscopy has been done 2–3 days after bronchial challenge to assess persistent changes,
and persistent abnormalities in the cell population have also been observed in BAL fluid (Metzger et al., 1987).

Patients challenged to date have been challenged only with antigen to which they have a good skin
response. Patients were usually far more sensitive to intrabronchial than to intradermal exposure. Of 11 patients
studied by Metzger et al. (1987), nine responded to less than one-twentieth of the intradermal dose.

Intrabronchial challenge presents many problems, mostly because it is relatively new. Although the
bronchial changes are visually dramatic, there is little objective measure of response. Because of problems with
parallax from a flexible fiber
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optic bronchoscope, it is difficult to determine size in the bronchus without a reference object at the same plane
as the area one wishes to measure. That is commonly provided by touching the area with an open biopsy forceps
or attempting to pass a bronchoscope or a bronchoscopy brush through a narrowed bronchus (Zavala, 1979).
Obviously, touching the walls of the bronchus that one wishes to evaluate for edema can lead to local trauma and
incorrect interpretation of edema. In addition, accurate estimation of airway narrowing might not be possible
when a bronchus has responded to an antigen.

Intrabronchial challenge poses a substantial risk in some persons. The risk associated with bronchoscopy in
asthmatic subjects is dealt with in the section on BAL; the risk associated with intrabronchial challenge
conceivably is even higher. In the studies reported so far, patients have been carefully selected, many precautions
have been observed, and established guidelines have been followed (NHLBI, 1985). Patients have been observed
closely for evidence of bronchospasm. In one study (Metzger et al., 1987), three of 11 asthmatic subjects
developed wheezing; two were treated with local epinephrine, and the other with aerosol therapy. Pulmonary
function of all asthmatics returned to normal within 15 minutes of the procedure.

A final problem in intrabronchial challenge is cost. With the current system, including close observation,
studies are expensive and require highly trained medical and technical assistants.

In conclusion, the utility of intrabronchial challenge as a screening tool for identifying patients sensitive to
pulmonary toxicants seems limited. In studies to date, only patients who were highly responsive to skin tests
responded to intrabronchial challenge. In most of the reported studies, patients were challenged with an antigen
clearly associated with pulmonary symptoms. Although the research data obtained after intrabronchial challenge
are considerable, their application to a large group of subjects remains questionable.

In Vitro Challenge

Proliferation of lymphocytes exposed to antigen in vitro is an indication of sensitization. In general,
lymphocyte proliferation requires the participation of accessory cells and products of Type I or Type II
histocompatibility antigens expressed on accessory cell surfaces. Accessory cells are usually macrophages, but
dendritic cells, B cells, and perhaps other cells (such as fibroblasts) can act as accessory cells. The exact
relationships between lymphocytes and accessory cells in the lung remain to be defined.

The pulmonary lymphocytes obtained with BAL are functionally competent—they can proliferate and
produce lymphokines when exposed to antigens to which they are sensitized (Schuyler et al., 1978; Moore et al.,
1980; Pinkston et al., 1983). The exact population of lymphocytes resulting from proliferation and the level of
lymphokine secretion are not known. Proliferation of antigen-induced and mitogen-induced BAL lymphocytes is
lower than proliferation of peripheral blood lymphocytes.

Increases in the percentage and number of BAL lymphocytes are characteristic of granulomatous lung
diseases, such as hypersensitivity pneumonitis, sarcoidosis, berylliosis, and tuberculosis (Reynolds et al., 1977;
Rossman et al., 1978; Godard et al., 1981; Epstein et al., 1982).

Recent reports indicate that pulmonary lymphocytes from patients with sarcoidosis spontaneously secrete
interleukin-2 (Pinkston et al., 1983), which provides a signal for responsive lymphocytes to proliferate. There is
evidence that I1-2 secretion by pulmonary lymphocytes from patients with sarcoidosis is secondary to an altered
milieu in the lung, rather than being a reflection of changes of the constitutive properties of T lymphocytes
(Muller-Quernheim et al., 1986).

Pulmonary lymphocytes from patients with hypersensitivity pneumonitis are sensitized: they proliferate and
produce lymphokines on exposure to the appropriate antigen (Schuyler et al., 1978; Moore et al., 1980). There is
evidence that
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cells that suppress lymphocyte proliferation are present in asymptomatic exposed persons, but not in
symptomatic exposed persons (Amrein et al., 1970). Therefore, lack of suppressor cells in some subjects could
be associated with development of symptoms of hypersensitivity pneumonitis after the same amount of systemic
exposure that does not cause clinical symptoms in subjects with suppressor cells.

In general, lymphocytes from patients with berylliosis, but not from control populations, proliferate when
exposed to beryllium salts. The results with subjects exposed to beryllium but without apparent disease are
controversial (Hanifin et al., 1970; Deodhar et al., 1973; Epstein et al., 1982; Williams and Williams, 1982,
1983; Rom et al., 1983; Bargon et al., 1986). The relationship of lymphocyte proliferation and berylliosis is
complex. Beryllium salts have multiple effects on lymphocytes in culture: at high concentrations, beryllium is
toxic to lymphocytes and decreases proliferation; at low concentrations, it increases mitogen-and antigen-
induced proliferation (Williams and Williams, 1982). Lymphocyte proliferation in peripheral blood has been
found to correlate with beryllium exposure in a beryllium plant (Rom et al., 1983) and thus might be a good
marker of a population's exposure to beryllium. Although proliferation of lymphocytes from peripheral blood has
been studied most extensively, there is preliminary evidence that bronchoalveolar lymphocytes from a patient
with berylliosis also proliferate when exposed to beryllium (Epstein et al., 1982).

In summary, lymphocyte proliferation seems to be an index of exposure to environmental agents and in
some instances a marker of disease. The relationship of lymphocyte proliferation and pathogenesis in humans is
unknown.
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6

Markers of Cellular and Biochemical Response

In recent years, much has been learned concerning the cellular and biochemical mechanisms of lung
response to both chemical insult and disease. This chapter examines the rapidly developing field of cellular
interactions and biochemical mechanisms of respiratory response. It focuses particularly on the analysis of
respiratory tract fluids.

SOURCES OF RESPIRATORY TRACT MARKERS

Although this report deals with several possible sources of biologic markers, the introduction of sampling
techniques peculiar to the lung and upper respiratory tract has improved understanding of the lung in normal and
diseased states. Those techniques are relatively new and still entail some problems in their application for
studying biologic responses in large groups of people. This section reviews three techniques for sampling the
respiratory tract.

Bronchoalveolar Lavage in Humans

The technique of bronchial washing is not new; Reynolds and Newball in 1974 described a method of
bronchoalveolar lavage through a flexible fiberoptic bronchoscope (Reynolds and Newball, 1974). Their general
method has since become widely accepted and is used in many diseases. Bronchoalveolar lavage is the subject of
two recent reviews (Daniele et al., 1985; Reynolds, 1987); the following discussion is limited to questions
regarding its application to patients or populations exposed to pulmonary toxicants.

Bronchoalveolar lavage (BAL) is usually performed on subjects who are awake. Bronchoscopy with a
flexible fiberoptic bronchoscope requires only minimal premedication, usually atropine, and mild sedation.
During the procedure, topical anesthesia is provided with Xylocaine (lidocaine). Xylocaine alters the function of
alveolar macrophages (Hoidal et al., 1979), but the dose or amount of Xylocaine in the final BAL fluid is usually
far below that associated with any effect on alveolar macrophage function (Reynolds, 1987). The bronchoscope
is usually passed as far as possible in the right middle lobe or left upper lobe of the lung. Normal saline solution
is introduced and aspirated; aspirated fluid is collected and analyzed.

One of the major difficulties in interpreting the literature on BAL findings has been the variety of
techniques used for lavage. High-pressure suction (pressure, over 40 cm H2O) usually leads to air
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way collapse and poor sampling of the alveoli and therefore to preferential sampling of the bronchi. Several
groups have noted that changes in the volume used for lavage result in chemical and physiologic differences in
the sample obtained. The first 20–60 ml of instilled fluid usually yields a sample of only the proximal airways,
and not the alveoli. Several groups discard the fluid retrieved after the first 20 ml is instilled. When the total
volume of instilled lavage fluid was 240 ml, the relative proportions of neutrophils and lymphocytes decreased
from the first 120 ml to the second 120 ml in normal subjects. In patients with interstitial lung disease and
presumably inflammatory cells in the alveoli, the percentages of lymphocytes and neutrophils increased in the
second 120 ml (Dohn and Baughman, 1985). Different portions of the lung might yield different proportions of
cells, despite the appearance of a homogeneous disease state, as in sarcoidosis (Cantin et al., 1983) and
idiopathic pulmonary fibrosis (Garcia et al., 1986).

Another major problem in BAL is that the source of cells retrieved is unknown. Early studies showed a
correlation between the extent of inflammation detected with lavage and later biopsy specimens (Crystal et al.,
1981; Paradis et al., 1986). However, results of functional studies have suggested that cells retrieved by BAL
differ from those found in the interstitium (Weissler et al., 1986).

Despite the potential wide variability in performing lavage, consensus on how to perform the technique
seems to be growing. A questionnaire on BAL technique was completed and returned by 62 centers throughout
the world (Klech et al., 1986). Table 6-1 shows good agreement. The variability among centers could well
decrease with time.

The amount of fluid withdrawn in BAL is not standard. One usually retrieves 40-80% of the instilled fluid.
The aspirated fluid is a mixture of the instilled fluid and lung fluid. There is no satisfactory way to calculate the
extent of dilution of instilled fluid with lung fluid.

Markers based on BAL have included endogenous and exogenous markers. Of the endogenous markers,
albumin and total protein have been most commonly used. The results of BAL are corrected to milligrams of
protein or albumin. In inflammatory states, there is an increase in protein transfer across the alveolar-capillary
barrier and therefore an increase in the amount of albumin in the lavage fluid. The increase has been detected in
sarcoidosis (Baughman et al., 1983), asthma (Crimi et al., 1983), and oxygen toxicity (Davis et al., 1983). The
use of albumin is therefore unsatisfactory in studying disease states not associated with inflammation. Another
endogenous marker is urea (Rennard et al., 1986). Urea readily crosses the alveolar-capillary membrane and
therefore is in the same concentration in the lung fluid as in the peripheral blood. Although measurement of urea
in aspirated BAL fluid would yield some idea of the amount of lung fluid retrieved, there are again problems.
Urea passes rapidly from blood into the alveoli, so the longer the lavage tube is in place, the more urea will go
into the alveolar space (Sietsema et al., 1986;

Table 6-1 Results of Survey on BAL Technique in 62 Centers in 19 Countries
Technique Proportion of Centers Using Technique, %
Flexible bronchoscopy with only local anesthesia 93
Lavage of either right middle lobe or left upper lobe 98
Use of 100–300 ml of lavage fluid 92
Collection of fluid by pump (low pressure) 77
Collection of fluid in plastic vessels or silicone-coated glass vessels 100
Use of total cell counts 91
Use of differential cell counts 100
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Marcy et al., 1987). Apparently, if care is taken to have a short enough dwell time, the concentration of urea in
the BAL fluid can be used to estimate lung fluid (Rennard et al., 1986).

One of the exogenous markers studied has been methylene blue (Baughman et al., 1983), a dye that appears
to move across the alveolar-capillary membrane relatively slowly. Inulin, a well-studied substance shown to
cross poorly (half-time, 72 hours) from the alveoli into tissue (Normand et al., 1971) and methylene blue were
comparable exogenous markers for calculating the dilution of instilled fluid by lung fluid. Methylene blue has
the advantage of being easily measured, but it interferes with other proteins in the BAL fluid; for example, it is
an oxidant and can interfere with measurements of alpha1-anti trypsin activity (Richter et al., 1986).

Cells from BAL have usually been studied with the use of cytocentrifuge-prepared slides or Millipore
filters. The cytocentrifuge permits rapid, simple preparation of cells for staining (Baughman et al., 1986a).
Results of studies with Millipore filter preparation of cells have suggested that the number of lymphocytes in the
BAL fluid is underestimated with the cytocentrifuge technique (Saltini et al., 1984). Several centers are
comparing the two techniques in a wide range of patients.

A more costly method of characterizing cells uses a flow cytometer. It allows fluorescent tagging with
specific monoclonal antibodies to antigens on the cell surface and has been applied most commonly to
characterize T-lymphocyte subpopulations (Hoffman et al., 1980). For example, lymphocytes retrieved by BAL
from patients with active sarcoidosis have a high number of T-helper/inducer (Th/i) cells (Crystal et al., 1981);
lymphocytes retrieved from patients with hypersensitivity pneumonitis have a marked increase in the number of
T-suppressor/cytotoxic (Ts/c) cells (Leatherman et al., 1984). Thus, the ratio of Th/i to Ts/c cells readily
distinguishes between active sarcoidosis and hypersensitivity pneumonitis.

The difficulty with fluorescent tagging is the large amount of autofluorescence of alveolar macrophages.
The overlap can be minimized with a flow cytometer that has forward and side scatter; macrophages that are
larger and more granular than lymphocytes can be removed, and the fluorescence of lymphocytes alone can be
studied (Ginns et al., 1982). An alternative is to count cells directly, being assured that they are lymphocytes and
seeing how many of them stain. However, hand counting will involve far fewer than the 10,000 cells routinely
counted by a flow cytometer.

The risk associated with BAL has been well studied. In general, the risk is not much greater than that
associated with routine bronchoscopy (Cole et al., 1980; Strumpf et al., 1981). After the procedure, patients
usually have a troublesome cough that resolves quickly, and 10–50% of subjects have a one-time fever that is not
associated with infection. Hypoxemia has been noted. Its extent is similar to that observed after routine
bronchoscopy, and it is generally measured as a decrease in pO2 of 10–15 torr that is correctable with oxygen
treatment. The hypoxemia can persist for several hours after the procedure. In patients without baseline hypoxia,
the decrease in pO2 after routine bronchoscopy is not clinically significant.

Bronchoscopy can induce bronchospasm (Sackner et al., 1972). Although bronchoscopy is often successful
in asthmatic patients who require it, the safety of BAL in asthmatics was the subject of a conference held in 1984
(NHLBI, 1985), which yielded a series of recommendations. Several groups have reported the safety of BAL in
asthmatics (Crimi et al., 1983; Joseph et al., 1983; Diaz et al., 1984). Rankin et al. (1984) were not able to
demonstrate a change in pulmonary function after BAL in asthmatic subjects. Kirby et al. (1987) performed
methacholine challenges a week before and a day after BAL in 10 asthmatics and could not demonstrate changes
in reactivity. Several groups have reported that BAL produced no specific morbidity in asthmatic subjects. In
some of the studies, the patients were specifically challenged with allergen before or during bronchoscopy
(Metzger et al., 1985, 1987).
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Although those studies were done on small numbers of patients, their results suggest that BAL can be
performed safely on asthmatics. However, asthmatic patients should be selected with care and carefully
monitored after the procedure.

Most researchers exclude from BAL patients with moderate to severe airway obstruction due to asthma.
Patients with an FEV1:FVC ratio of less than 0.60:1 are also usually excluded (NHLBI, 1985; Metzger et al.,
1985). That approach is safer in that it reduces the likelihood that a patient will develop bronchospasm during the
procedure. It has been demonstrated that patients with moderate to severe airway obstruction regularly have a
poor return of instilled fluid during BAL (Finley et al., 1967; Martin et al., 1985), probably because of airway
collapse during aspiration of the fluid, which is more likely in patients with severe obstructive airway disease.

BAL has been widely applied to evaluation of interstitial lung diseases. Patients with hypersensitivity
pneumonitis have a marked influx of lymphocytes into their BAL fluid (Reynolds et al., 1977; Weinberger et al.,
1978). The cells are usually characterized as Ts/c cells, so there is a reduction in the Th/i:Ts/c ratio (Leatherman
et al., 1984). The Ts/c lymphocyte concentration is clearly higher than that in the normal population, but might
not be very different from that in subjects exposed to the same antigen but not ill.

Leatherman et al. studied pigeon breeders and found that those with hypersensitivity pneumonitis had
increased lymphocytes in their BAL. They also found that asymptomatic pigeon breeders had increased
lymphocytes in their BAL fluid (Leatherman et al., 1984). In studying patients with farmer's lung, another type
of hypersensitivity reaction, Cormier et al. (1987) found an increase in the percentage of lymphocytes with acute
disease. However, the increase in lymphocytes was found also in patients who continued to work on their farms
but had no further symptoms. The authors concluded that BAL lymphocytosis had no prognostic significance for
farmer's lung patients.

BAL is useful in securing alveolar macro-phages (AMs) from the lung, and retrieval of those cells can be
useful in characterizing what the lung has been exposed to. For example, BAL fluid from workers exposed to
asbestos might contain ferruginous bodies. The most striking example of changes in the cells in BAL fluid is
seen in patients who have smoked cigarettes (Finch et al., 1982). Cigarette-smoking grossly changes the number
and properties of AMs: retrieved in BAL fluid. There is usually a 10-fold or greater increase in the concentration
of AMs retrieved from heavy smokers, compared with nonsmokers. AMs from smokers contain a large amount
of amorphous material, which still appears in AMs from ex-smokers. The surface properties and histochemical
staining of the AMs have changed. They are also more biochemically active. For example, AMs from cigarette-
smokers often spontaneously release hydrogen peroxide and other oxygen radicals (Hoidal and Niewoehner,
1982; Baughman et al., 1986b). In assessing the BAL fluid of patients exposed to pulmonary toxins, one must
bear in mind that the changes in the AMs caused by smoking can mask other changes due to toxicants.

Studies have demonstrated the utility of BAL in assessing patients with asthma. Lavage takes place
immediately after challenge or later. The delayed lavage has tended to be 6–8 hours after challenge, to
correspond to the late phase of the asthmatic response (De Monchy et al., 1985), or 48–96 hours after challenge
(Metzger et al., 1985), to determine the presence or absence of persistent abnormalities in BAL fluid. In
asthmatic patients who have the biphasic response to antigen, a difference in the BAL-fluid cellular population
between the early and late phases can be demonstrated (De Monchy et al., 1985). Eosinophils seem not to appear
in BAL fluid until the late phase of a reaction; BAL fluid from patients without a late-phase reaction does not
contain eosinophils. That difference supports the current concept that what causes the early phase of the
asthmatic response is the release of histamine from mast cells, whereas the late phase is mediated by
inflammatory cells (Booij-Noord et al., 1971).
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In summary, BAL is an interesting diagnostic tool that allows the sampling of distal airways in a way
achieved by no other method. The sensitivity of BAL for disease is not known. It is clear that BAL is not specific
for disease, inasmuch as abnormalities can be seen in the BAL fluid of asymptomatic patients (Leatherman et al.,
1984; Cormier et al., 1987). In the hands of properly trained personnel, it is a safe procedure. In high-risk
patients, it might be a useful way of revealing early biologic effects or altered structure, but its role in screening
for disease could be limited, because it can be applied only to select populations.

Bronchoalveolar Lavage in Animals

Analysis of BAL fluid for biologic markers of pulmonary conditions has been useful in animal toxicity
studies (Beck at al., 1982; Henderson, 1984, 1988a,b; Henderson et al., 1985a). In large laboratory animals, such
as dogs and nonhuman primates, in vivo BAL is usually performed in a manner similar to that used in humans. A
fiber-optic bronchoscope is wedged into an airway, and the bronchoalveolar space distal to the wedge is lavaged
several times (commonly five or six times) with physiologic saline solution (Muggenburg et al., 1972, 1982).
Lavage volumes vary, but 10 ml is adequate. Lavage of small laboratory animals can be performed in vivo
(Mauderly, 1977) if required, but most lavages of rodents are performed on excised lungs. A syringe inserted
into the trachea is used to instill the saline solution. Either the total lung or a known fraction of it is lavaged.
Lavage volumes are usually approximately half the total lung capacity of the section of the lung lavaged. The
number of lavages depends on the objective of the study. If the objective is to evaluate the cellular portion of the
BAL fluid, numerous lavages, sometimes accompanied by gentle massage of the lung, might be used to retrieve
the maximal number of cells; Fels and Cohn (1986) have reported that the most functionally active cells are
retrieved in the later lavages. If the objective is to evaluate the acellular fraction of the BAL fluid, two to four
lavages might be performed to avoid excessive dilution of the biochemical components to be assayed.

Recovery of lavage fluid in total-lung lavage in control animals is approximately 75% for the first lavage
and 100% for later lavages (Henderson, 1988b). In segmental lavages in large animals, the recovery might be
less than 50% on the first lavage, but approaches 100% on later lavages. Data from BAL-fluid analyses can be
reported in terms of the total amount of fluid retrieved per lung or per gram of lung (if the experimental
procedure has not affected lung weight) or the concentration of the constituent of interest in the fluid.

BAL-fluid analysis has been used for a variety of research objectives. The most common use has been to
rank various airborne materials for potential pulmonary toxicity by determining the inflammatory lung response
that follows administration of increasing amounts of them. A second important use has been to follow the
progress of a pulmonary condition in an animal without having to kill the animal. BAL-fluid analysis has also
been used to elucidate pathogenic mechanisms in experimentally induced lung disease. Examples of each kind of
application are described below.

BAL-fluid analysis has been used to rank inhaled or intratracheally instilled mineral dusts for toxicity
(Moores et al., 1980; Morgan et al., 1980; Beck et al., 1981, 1982, 1987; Begin et al., 1983; Henderson et al.,
1985b) and similarly to rank metallic compounds for toxicity (Henderson et al., 1979a,b; Benson et al., 1986).
The toxicity of an administered material was evaluated according to the degree of inflammation and cell injury
as measured by BAL-fluid content of neutrophils (marker of influx of inflammatory cells), serum proteins
(marker of increased permeability of the alveolar-capillary barrier), lactate dehydrogenase (marker of
cytotoxicity), and lysosomal enzymes (usually either beta-glucuronidase or N-acetyl-beta-glucosaminidase,
markers of activation or lysis of phagocytic cells). The degree of increase in those markers in BAL fluid was
shown to distinguish between the pulmonary response
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to more fibrogenic materials (quartz and asbestos) and to less fibrogenic materials (Al2O3, Fe2O3, latex beads,
and fly ash); between the pulmonary response to the highly toxic CdCl2 and to the less toxic CrCl3; and between
several nickel compounds in acute pulmonary toxicity. The studies were conducted in sheep, rats, or hamsters;
results were similar in all species. In several of the studies, comparisons were made between the histologic
evaluation of the effects of the materials and the effects as evaluated by BAL-fluid analysis. The histologic
evaluations confirmed the pulmonary conditions. BAL-fluid analysis is a valid means of detecting an
inflammatory response in the lung.

Markers in BAL fluid have also been used to measure pulmonary responses to inhaled 03 (Guth et al., 1986)
and NO2 (DeNicola et al., 1981). The most sensitive biologic markers of the inflammation induced by those
gases were increased numbers of neutrophils and, in the acellular fraction, increased protein. Other potential
markers of inflammatory response that could be measured in BAL fluid include additional factors released by
phagocytic and epithelial cells, such as growth factors, arachidonate metabolites, and interleukin I, which are
beginning to be used in toxicology (Seltzer et al., 1986; Henderson et al., 1985a; Koren et al., 1989).

In larger animals, such as dogs and non-human primates, BAL-fluid analysis offers a means of following
the course of a pulmonary condition sequentially in the same animal. By inserting the bronchoscope in different
airways, one can perform BAL several times in the same animal without lavaging the same area. Or one can
instill a test material into one area and a vehicle into another area and use a given animal as its own control in
determining the effect of the test material. Both applications have been used by Bice et al. (1980a) and reviewed
by Bice (1985). The investigators instilled sheep red blood cells into the left lung of a dog and followed the
course of appearance of IgM-and IgG-forming cells. The right lung of the same dog received saline solution and
served as a control. Significantly more antibody-forming cells were found in BAL fluid from the immunized
lung than from the control lung. One could even do a whole dose-response study in the same animal by instil-
ling different amounts of the test material into different areas of the lung. In one study (Bice and Muggenburg,
1986), various numbers of sheep red blood cells were instilled into different areas of a dog's lung to determine
the dose-response characteristics of the immune response.

Bice et al. (1982) used BAL-fluid analysis to elucidate the mechanism of recruitment of immune cells to the
lung. Two lung lobes of a dog were immunized with antigenically different particles (sheep and rabbit red blood
cells) to determine whether immune cells in the blood are recruited to the lung in an antigen-specific manner.
Analysis of BAL fluid indicated that equal numbers of anti-sheep-red-blood-cell antibody-forming cells were
present in both immunized lobes. The authors concluded that cell recruitment was not antigen-specific, but
related to nonspecific changes in the lobes induced by antigen exposure. Another example of the usefulness of
biologic markers in BAL fluid in the elucidation of mechanisms of disease is the work of Holtzman et al. (1983),
who found that an increase in airway responsiveness in dogs was related to an influx of neutrophils and increases
in prostaglandins E2 and F2a in BAL fluid.

Thus, the markers of biologic events that can be found in BAL fluid are useful in toxicology. The use of
BAL-fluid markers has several advantages. BAL-fluid analysis results in a rapid, quantitative measure of
pulmonary response that is not obtained with routine histologic evaluations. BAL-fluid analysis allows detection
of early biologic events. Investigators have reported detection of inflammation through BAL-fluid analysis
before radiographic detection was possible (Fahey et al., 1982). In large animals, the procedure can be used
sequentially to follow the course of a biologic event in a given animal.

The present limitation of the method is the lack of specificity of the markers for the site of inflammation or
injury or for the lung disease. Only a general inflammatory response can be detected. Con
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tinued research is needed to develop site-specific markers of respiratory tract injury and validation of profiles of
BAL-fluid changes that are indicative of the presence of or progression toward a specific lung disease.
Especially useful would be markers to indicate the early stages of a progressive condition that leads to disease,
such as fibrosis, emphysema, or cancer. In toxicology, such markers would allow earlier detection of late-
occurring events; if they were applicable to humans, they would allow therapeutic intervention at an early stage
in a disease process. Research to elucidate the mechanisms by which respiratory diseases develop should aid in
obtaining the information required to select the correct markers.

Bronchial Lavage

Bronchial lavage, a variation of BAL, has emerged in the last few years. The need for such a procedure
became obvious as people began to note the differences between small-and large-volume lavage (Dohn and
Baughman, 1985). The cells retrieved in the first portions of BAL fluid are from the larger airways. Although
those cells might reflect contamination in subjects with alveolar disease, the first portions might be of most
interest in connection with patients in whom the disease is of the large airways.

In one method of bronchial lavage, a catheter is passed through a flexible fiberoptic bronchoscope into a
main bronchus with light anesthesia. Attached to the outside of the catheter are two balloons several centimeters
apart. The balloons are blown up, occluding the airway and sealing the section of bronchus between the two
balloons. Fluid is then introduced into and withdrawn from the lumen between the balloons. Eschenbacher and
Gravelyn (1987) used the method to expose the bronchial wall to hypo-osmolar challenge, lavage the area, and
examine the fluid for biochemical factors.

Nasal Lavage

The nose is the primary portal of entry of inspired air, and one of its major roles is to protect the lower
respiratory tract from inhaled pollutants. For example, 100% of SO2, drawn into the nose, 20–80% of 031 and
73% of NO2 are trapped there under normal conditions (Vaughan et al., 1969). Therefore, if nasal clearance is
impaired, a larger amount of pollutants could reach the lower lung. That is reason enough to study the effects of
pollutants on the nasopharyngeal region; another reason is that the nasal passages contain many of the same cell
types as the trachea and bronchi, but are more convenient and more accessible for studying in vivo effects of
airborne toxicants (Proctor, 1982; Cole and Stanley, 1983; Koenig and Pierson, 1984).

Secretions from the nasal area have been analyzed for various proteins and cell types (Remington et al.,
1964; Rossen et al., 1966; Lorin et al., 1972; Mygind et al., 1975). In clinical trials, one cannot ensure that
rhinitis will be produced in experimental subjects; even if a pollutant is noxious enough to produce a heavy
secretion, an unexposed control group will provide little secretion for comparison. An alternative is to collect
specimens with nasal lavage. Nasal lavage is simple to perform, noninvasive, and nontraumatic. In an adaptation
of the technique reported by Powell et al. (1977), the subject is instructed to sit upright with head tilted back and
to establish palatal pressure. A needleless syringe is used to instill into each nostril 5 ml of sterile phosphate-
buffered saline solution (Brain and Frank, 1973). The saline solution is held in the nasal passages for 10 seconds
and then forcibly expelled and collected. Of the 10 ml instilled, about 7 ml is routinely recovered.

Sloughed squamous, columnar, and (less often) ciliated epithelial cells are routinely found in nasal lavage.
Leukocytes are normally present, and their numbers increase in some disease states. An increase in nasal
eosinophils has been used as a clinical verification of an allergic reaction (Malmberg and Holopainen, 1979; R.
E. Miller et al., 1982); and nasal basophils have been shown to increase in allergic persons 10–20 minutes after
antigen challenge (Bascom et al., 1988). Neutro
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phils increase by a factor of 10–100 during an upper respiratory tract viral infection (Farr et al., 1984; Henderson
et al., 1987). A significant increase in nasal-lavage neutrophil numbers has also been shown to occur in response
to acute exposure to ozone at 0.5 ppm; ozone is an oxidant air pollutant known to induce an inflammatory
response in the lungs of animals (Graham et al., 1988).

When looking at changes in the nasal-lavage cell population, one must consider the effect of earlier
unidentified environmental exposures. Of 200 volunteers, 50% had fewer than 104 polymorphonuclear
neutrophils (PMNs) per milliliter of nasal lavage, and 10% had over 105 PMNs per milliliter (Graham et al.,
1988) The remaining lavages were evenly scattered between those extremes. Responses to a questionnaire on life
style and exposure suggest that increased numbers of PMNs might be associated with recent colds, with
exposure on the previous evening to heavy cigarette smoke or chemicals found in Chlorox and paint stripper,
with gasoline fumes, or with recent swimming in lakes or ponds. Such environmental exposures could account
for the variability in cell counts seen by Farr et al. (1984) when five samples were taken from the same person
over a 2-week period. Potential effects of uncontrolled environmental exposures must be taken into account in
the design of a study. Pre-experiment and post-experiment samples taken on the same day and instruction of
subjects can reduce the confounding effects.

Markers in nasal-lavage fluid that have been studied include increase in total protein, associated with cell
damage and permeability change (Lorin et al., 1972; Marom et al., 1984); increases in concentrations of albumin
and immunoglobulin G, associated with increased vascular permeability (Butler et al., 1970; Rossen et al., 1971;
Brandtzaeg, 1984); histamine and prostaglandin D2, released from mast cells in response to an allergic reaction
(Naclerio et al., 1983; Eggleston et al., 1984); increases in concentrations of sulfidopeptide leukotrienes and
kininogens, after an allergic response (Creticos et al., 1984; Baumgarten et al., 1985; Togias et al., 1986); and
increases in concentrations of immunoglobulin E in hay fever (Miadonna et al., 1983; Small et al., 1985).

Substances measured in nasal-lavage fluid have an unknown dilution factor, as is the case in BAL fluid. The
absolute concentration cannot be determined, and interpretations are of limited value. Pre-experiment
concentrations of mediators can vary widely between individuals and generate a ''noisy'' baseline. In studying
allergic responses, Togias et al. (1986) uses four or five lavages before an experimental exposure and analyzes
the first and last of them. That yields information on the pre-experiment concentrations and provides a more
stable baseline. Analysis of nasal-lavage fluids for specific mediators might thus not be practical for screening
large populations.

In spite of those concerns, much information can be obtained from nasal lavage. The procedure allows
measurement of an effect of a pollutant on a mucosal surface, requires no anesthetic, and does not itself induce
the release of mediators (Baumgarten et al., 1985) or an inflammatory response (Graham et al., 1988). Multiple
samples from the same person are possible, as well as samples from subjects who are at risk, such as asthmatics.
No special equipment is required, so this is an attractive and inexpensive approach for epidemiologic or
occupational studies. Furthermore, nasal lavage can be useful in determining which air pollutants might induce
an inflammatory response in the human respiratory tract. Increases in neutrophil, eosinophil, or basophil
concentrations—which are easily measured and have been associated with health effects—could be the most
useful markers in the nasal lavages.

More environmental and occupational studies analyzing nasal lavages for both cells and mediators in both
normal and asthmatic persons are needed for a full appreciation of the value of this approach in screening.
Studies of such different pollutants as sidestream tobacco smoke, cotton dust, and SO2 could be useful in that
regard. Nasal lavages might be useful in studying the effects of indoor air pollu
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tion, inasmuch as nasal irritation is one of the most common complaints associated with that pollution. Studies
comparing cell and mediator changes in the nasal-lavage fluid with those found in BAL fluid from pollutant-
exposed people are needed to determine whether the nasopharyngeal region can be used as a diagnostic mirror of
the lower respiratory tract—i.e., whether nasal symptoms can herald lower respiratory disease or provide
important clues to coexisting chest disease.

POTENTIAL MARKERS IN RESPIRATORY TRACT FLUIDS

Both the cellular and acellular contents of nasal, bronchial, and bronchoalveolar lavages can provide
markers of response to environmental exposures, as shown in Table 6-2. In the following sections, the cellular
and the acellular supernatant fractions of these fluids and their potential for use as biologic markers are discussed
in more detail. Their use as markers is summarized in Table 6-3.

Cellular Content

Macrophages

The predominant cell in BAL fluid from normal subjects is the macrophage. In some species (Henderson,
1988a), lymphocytes can be present in small numbers. Neutro-phils, eosinophils, and mast cells might also be
present as a result of an inflammatory response.

Human alveolar macrophages (AMs) are composed of several populations that can be distinguished by
density. In general, denser AMs are less mature and resemble blood monocytes more than less dense AMs. The
denser cells are more potent producers of a soluble factor that inhibits fibro-blast proliferation (Elias et al.,
1985a) and of interleukin-1 (I1-1) (Elias et al., 1985b), and they are more efficient accessory cells for antigen-
induced proliferation (Ferro et al., 1987). AM abnormalities in sarcoidosis might represent differences in the
relative proportions of AM subpopulations, rather than intrinsic differences in the same AM subpopulations.
Hance and colleagues (1985) have found that AMs from patients with sarcoidosis express antigens that are
present on blood monocytes, but AMs from normal subjects do not. Other attributes of sarcoid AMs, such as
accessory cell function (Venet et al., 1985) and spontaneous release of interferon-gamma and growth factors
(Bitterman et al., 1983), are compatible with the influx of less mature AMs in sarcoidosis.

•   Accessory Cell Function. Macrophages are important in the regulation of the immune response, acting
as both promoters and suppressors of events that result in immunization or inflammation (Unanue et al.,
1984). In general, AMs that can be obtained from normal humans with lavage contain subpopulations
that can increase or suppress lymphocyte proliferation. The result depends on culture conditions-the
presence of other accessory cells and the amount of antigen or mitogen present (Liu et al., 1984; Toews
et al., 1984; Ettensohn et al., 1986). Alterations in accessory cell function might affect pathogenesis. In
fact, as mentioned above, some studies have shown that AMs from patients with sarcoidosis have
accessory cell function more efficient than that in AMs from normal subjects (Lem et al., 1985; Venet
et al., 1985). AMs from asthmatics are less able than AMs from normal subjects to suppress mitogen-
induced lymphocyte proliferation (Aubas et al., 1984). Changes in accessory cell function are gaining
acceptance and should be used as markers of environmental exposure and perhaps as markers of
susceptibility to disease.

•   Interleukin-1. AMs can secrete I1-1, but apparently to a smaller degree than can peripheral blood
monocytes (Koretzky et al., 1983; Wewers et al., 1984). The uncertainty regarding AM I1-1 production
and its control mechanisms probably derives from the multiplicity of AM products, some of which
antagonize I1-1 production (Monick et al., 1987). I1-1 is an important mediator of inflammation
(Dinarello, 1984) and acts as a differentiation signal for several subsets of lymphocytes. In particular,
I1-1 promotes differentiation
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Table 6-2 Techniques for Detecting Markers of Inflammatory and Immune Response
Technique Advantages Disadvantages
Bronchoalveolar lavage Relatively safe; material obtained from

lung (compartmentalization); large
quantities of cells and fluid available;
repeatable; large area of lung sampled

Variable concentration of return
fluid constituents; expensive;
obtaining of normal controls in
large numbers difficult; sample can
be interstitial, alveolar, or
bronchial; invasive

Nasal lavage Suitable for large studies; safe; repeatable;
establishment of reproducible baseline
values possible; inexpensive; affords both
cellular and fluid analysis; quick return to
baseline; no anesthesia needed

Yields few cells; might not reflect
lower respiratory tract response;
response short-lived; timing of
sampling after exposure critical;
requires patient cooperation and
understanding

Blood and urine collection Inexpensive; safe; repeatable; large
sample available; widespread patient
acceptance

Often does not reflect respiratory
tract response; risk of exposure of
investigator

Measurement of cellular influx Sensitive for inflammatory and immune
responses; easily measured by established
methods; presence of increased numbers
of some leukocyte types is associated with
specific pulmonary responses

Leukocyte influx a non-specific
response and might be transient

Phenotyping Specific; reproducible Expensive; pathophysiologic
relevance of specific marker must
be established; might requite large
number of cells

Measurement of arachidonic acid
metabolites, cytokines, and
enzymes

Probably important mediators of
respiratory tract injury easily measured in
respiratory secretions; relatively
inexpensive; sensitive

Expensive; difficult with current
methods; importance currently
unknown; nonspecific; samples
sometimes cannot be stored in bulk
for later analysis

Examination of mast cell Sensitive; relatively specific for
inflammation

Measurement difficult; expensive

In vitro assay Measures antigen-specific response; risk
low; well established

Cumbersome; expensive; requires
extrapolation to whole-body
response; relevant antigens
unavailable

Skin test Measures antigen-specific whole-body
response; has been used in large
population studies

Some associated risk; sensitivity
and specificity often poor; relevant
antigens unavailable

Intrabronchial test Measures antigen-specific tissue response Use still limited; some associated
risk; expensive
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Table 6-3 Biologic Markers of Inflammatory and Immune Response in Humansa
Circumstances

Marker Controlled Challenge Natural Illness Occupational Study Environmental Study
White blood cells
Neutrophil-Lymphocyte
Influx
Nasal Y Y P P
Bronchial Y P N N
BALb Y Y Y N
Neutrophil release
Oxyradicals P Y N N
Factors P Y N N
Lymphocyte (BAL)
Subpopulation changes Y Y Y N
Functional changes Y Y Y N
Macrophage (BAL)
Release of factors Y Y P N
Release of oxyradicals Y P P N
Change in cell surface Y P P N
Mast cells
Influx Y Y P N
Release of factors Y Y P N
Eosinophils
Influx Y Y Y Y
Release of factors P Y N N
Biochemical changes
Arachidonic acid metabolites
Urine N Y N N
Nasal wash Y N N N
BAL Y Y N N
Histamine
Blood N Y N N
Nasal wash Y Y P N
BAL Y Y N N
Enzymes, fluid
Blood Y Y N N
Nasal wash Y Y N N
BAL Y Y P N
Enzymes, cell-associated
Nasal wash P P N N
BAL N Y N N
Functional changes
Antigen-toxin challenge
Skin Y Y Y Y
Nasal wash Y Y P N
Aerosol Y Y Y P
Intrabronchial Y Y N N
Rast N Y Y N
In Vitro
Lymphocyte
Blood Y Y Y N
BAL Y Y P N
Monocyte-Macrophage
Blood Y Y Y N
BAL Y Y N N

a Y = yes (well documented); P = preliminary data; N = not done yet.
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  and maturation of helper T cells (Mizel, 1982), lymphocytes (Rao et al., 1983), and natural killer cells
(Dempsey et al., 1982). I1-1 is chemotactic for neutrophils, can alter the adherence properties of
endothelial cells by stimulating prostaglandin synthesis (Bevilacqua et al., 1985), and can induce
fibroblast proliferation (Schmidt et al., 1982). In animals, perturbation of the lung can cause
spontaneous release of I1-1 (Lamontagne et al., 1995). An analogous situation can occur in sarcoidosis,
in that I1-1 is spontaneously released in vitro in the absence of additional signals (Hunninghake, 1984).
AM I1-1 secretion is influenced by other cytokines, such as interferon-gamma. AMs from normal
subjects and persons with lung disease might differ in their response to stimuli that increase I1-1
secretion (Eden and Turino, 1986).

•   Interferon. AMs from normal subjects can release interferon (-alpha or-gamma) after stimulation by
appropriate inducers. It is interesting that cigarette-smoking does not influence inducer-stimulated
interferon secretion (Nugent et al., 1985). However, AMs from patients with sarcoidosis spontaneously
release interferon without the necessity of inducers (Robinson et al., 1985).

•   Reactive Oxygen Species. AMs release reactive oxygen intermediates, such as O2
-, H2O2, OH-, and

singlet oxygen. Those products have many proinflammatory effects, including inactivation of protective
substances in the lung and cytotoxicity. Changes in the signals required for release of those products or
changes in the signals controlling the release of protective substances, such as superoxide dismutase,
could have important implications regarding the results of exposure to injurious stimuli. For example,
the production of oxygen radicals is increased in AMs from smokers (Hoidal et al., 1981) and from
subjects with sarcoidosis (Greening and Lowrie, 1983). Interferon-gamma can increase in vitro oxygen
radical production (Fels and Cohn, 1986). AMs from asthmatics differ from those from normal subjects,
in that they have increased numbers of IgE receptors and require only exposure to antigen to secrete
reactive oxygen products, whereas AMs from normal persons must first be coated with IgE antibody
(Joseph et al., 1983). Release of other AM products, such as platelet activating factor and neutrophil and
eosinophil chemotactic factors (possibly leukotriene B4), exhibit the same dependence on surface IgE
antibody (Gosmset et al., 1984). AMs from normal animals do not release reactive oxygen
intermediates after stimulation with phorbol esters, unless they are conditioned in vitro with serum;
AMs from animals with pulmonary inflammation do not require conditioning to become responsive to
phorbol esters (Gerberick et al., 1986). AM sensitivity to stimuli that cause secretion of toxic oxygen
intermediates might be a useful marker of lung damage and inflammation.

•   Chemotactic Factors. AMs release chemotactic factors for neutrophils (Hunninghake et al., 1980a),
whose products are important in the pathogenesis of several types of lung injury, such as adult
respiratory distress syndrome (Lee et al., 1981; Tate and Repine, 1983) and bronchopulmonary
dysplasia. AMs also release factors that stimulate neutrophil adhesiveness and superoxide generation
(Tate and Repine, 1983). Cigarette smokers' AMs, unlike nonsmokers' AMs, spontaneously release a
neutrophil chemotactic factor in vitro (Hunninghake and Crystal, 1983). Other environmental exposures
might similarly change the signals needed to cause release of chemotactic factors.

•   Miscellaneous Factors. Pulmonary macrophages can release a factor that causes the release of histamine
from human basophils and lung mast cells (Schulman et al., 1985). Alterations in the mechanisms that
control the release could both cause inflammation and be a result of environmental exposure. AMs
release growth factors that influence diverse cell types, such as fibroblasts (Chapman et al., 1984),
smooth muscle cells (Martin et al., 1981), endothelial cells (Martin et al., 1981), and Type II cells.
Although I1-1 is one of those factors, it is clear that additional substances are released by macrophages
(Leslie et al., 1985). The proliferation of many lung cell types that is a common
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result of inflammatory stimuli could be caused by AM growth factors, and release of the factors could
be an early event in lung changes and provide markers of early lung injury.

Neutrophils

Neutrophils are not usually found in large numbers in BAL fluid from normal lungs (Reynolds, 1987;
Henderson, 1988a). In lavage fluid from the lungs of smokers (Young and Reynolds, 1984) or from subjects that
were exposed to ozone (Seltzer et al., 1986; Koren et al., 1989), an increased percentage and greatly increased
absolute numbers of neutrophils are found. As participants in the inflammatory response in lung tissue,
neutrophils migrate into the lung from the blood under the influence of one or several chemotactic factors,
including complement component C5a and soluble factors secreted by AMs. They might be considered as a
secondary line of phagocytic defense for the lungs, which can be recruited into the airspaces in response to
exposure to microbial agents or other inhaled materials.

The neutrophil itself contains a host of materials potentially damaging to lung tissue (Henson, 1972; Martin
et al., 1981). It has the capacity to release oxygen radicals. In addition, it releases several digestive enzymes,
especially neutrophil elastase. The release of neutrophil elastase has been associated with significant lung
destruction (Janoff, 1972), as seen in the adult respiratory distress syndrome, where it has been found in lavage
fluid (Lee et al., 1981). Neutrophil elastase can cause emphysematous changes in an animal model and has been
proposed as a major cause of emphysema. Other less destructive processes have been associated with the release
of enzymes from the neutrophil.

Lymphocytes

The lymphocytes in lung fluid usually are T cells, although natural killer cells and B cells have also been
found. The importance of B cells and NK cells in the lung is unclear, inasmuch as these cells are susceptible to
the suppressive effects of surfactant and other substances in the lung lining fluid. T cells have been divided into
two classes on the basis of the monoclonal antibodies directed against antigens found on the surface of the T
cells. For example, CD4 cells are in the Th/i cell class, and CD8 cells are in the Ts/c cell class.

Regardless of the cell type responsible for antigen presentation in the lung, antigen must be presented to
stimulate T-cell proliferation. It is not clear whether antigen is presented in the lung or in the lymph nodes that
drain the lung. Results of investigations in dogs and nonhuman primates suggest that antigen deposited in the
lung is translocated to draining lymph nodes (Kaltreider et al., 1977), where proliferation of antigen-specific B
cells occurs (Bice et al., 1980b). The antigen-specific B cells then enter the blood and are recruited by
nonspecific means to the lungs (Bice et al., 1982). With respect to secondary antigen challenges, results of
studies in cynomolgus monkeys suggest that local proliferation of lymphocytes can occur in the lung (Mason et
al., 1985). Little is known of primary immune responses in the human lung, but mechanisms responsible for the
accumulation of T cells in the lungs of patients with sarcoidosis have been the subject of numerous investigations.

It has recently been shown that T cells in the lower respiratory tract of patients with active sarcoidosis
proliferate spontaneously (Pinkston et al., 1983) and release I1-2 (Hunninghake et al., 1983). The major sources
of I1-2 are T cells that express human leukocyte antigens-D region (HLA-DR) on their surface (Saltini et al.,
1986). I1-2 secretion is probably associated with the pulmonary lymphocyte infiltrate in sarcoidosis. When I1-2
release by lung T cells is suppressed by treatment of patients with corticosteroids, the spontaneous proliferation
of T cells ceases, and the numbers of T cells and disease activity subside (Ceuppens et al., 1984; Pinkston et al.,
1984; Bauer et al., 1985; Rossi et al., 1985).

A recent investigation determined that I1-2 gene expression by lung T cells was
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increased in patients with active sarcoidosis (Muller-Quernheim et al., 1986). The same investigators found that
activation of the I1-2 gene in T cells occurred only at the sites of disease and was not a generalized property of T
cells throughout the body. Those results suggest a compartmentalized or local response in the lung, as well as the
importance of I1-2 in the pathogenesis of sarcoidosis.

It appears that in lung T-cell spontaneous proliferation, I1-2 release, I1-2 gene activation, and I1-2 receptor
expression are potential markers of lung immune responses. Those, markers are inducible and found in patients
with active sarcoidosis, not in normal people. T-cell spontaneous proliferation and I1-2 secretion are determined
with bioassays; because they are cumbersome, the assays are limited in usefulness as markers. As stated earlier,
I1-2 receptor expression is relatively easy to determine and can be a useful marker. I1-2 gene activation can be
measured by determining I1-2 mRNA transcripts of lung T cells. The method is technical, but samples can be
run with relative ease, once the assay is in place.

Besides I1-2, T cells from patients with sarcoidosis spontaneously secrete macrophage-migration inhibition
factor (Hunninghake et al., 1980b), leukocyte inhibiting factor (Hunninghake et al., 1979a), monocyte
chemotactic factor (Hunninghake et al., 1980c), and factors that stimulate B lymphocytes to differentiate into
immunoglobulin-secreting cells (Hunninghake and Crystal, 1981b; Hunninghake et al., 1983). Although those
factors are secreted by lung lymphocytes from patients with sarcoidosis, their usefulness as markers is limited,
because the assays used to detect their activities are technically difficult.

Increased numbers of lymphocytes in BAL fluid might be associated with nonsymptomatic responses. For
example, in a study of 24 dairy farmers with no symptoms of lung disease, 13 had abnormally high percentages
of lymphocytes in BAL fluid (Cormier et al., 1984). In a followup study of many of the same persons (Cormier
et al., 1986), most of the farmers who initially had high numbers of lung lymphocytes still had high numbers 2–3
years later; but none had developed extrinsic allergic alveolitis (EAA). In another study, 5 of 42 nonsmoking
normal subjects had lymphocyte proportions greater than 20% in BAL fluid (Laviolette, 1985). In a followup
examination 47 days later, 4 of the 5 had lymphocyte proportions less than 14%. Those data suggest that the
percentage of lymphocytes in BAL fluid fluctuates substantially in normal subjects and that lymphocyte
proportions higher than 14% should not necessarily be considered abnormal (Laviolette, 1985).

Characteristically in sarcoidosis and EAA, an increased percentage of BAL-fluid lymphocytes is observed
(Reynolds et al., 1977; Hunninghake et al., 1979b; Valenti et al., 1982). As discussed above, lymphocyte
percentage alone cannot be used as an indicator of lung response. However, the enumeration of the phenotypes
of lymphocytes can be more indicative of the immunologic state of the lung. Lung T cells of patients with active
sarcoidosis are characterized by an increased number of Th cells (Hunninghake and Crystal, 1981b; Semenzato
et al., 1982). In patients with active disease, the ratio of Th to Ts cells can be as high as 20:1 in both the lung and
the hilar lymph nodes (Semenzato et al., 1982; Thomas and Hunninghake, 1987); in normal subjects, the ratio is
approximately 1.6:1. However, in patients with inactive sarcoidosis, the lung T cells are primarily of the
suppressor phenotype, and the ratio of Th to Ts cells is below 1.6:1 (Hunninghake and Crystal, 1981b;
Hunninghake et al., 1983).

Th cells are increased in active sarcoidosis, but EAA is characterized by an increase in Ts cells in BAL fluid
(Cormier et al., 1980; Moore et al., 1980; Costabel et al., 1984; Leatherman et al., 1984). That increase is also
found in persons who have been exposed to the EAA-causing antigen but are without symptoms of disease. Only
persons who develop EAA have impaired Ts-cell function (Hughes et al., 1984; Keller et al., 1984).

From results of studies to date, it appears that increased lymphocyte numbers in BAL fluid are consistent
with the presence of some immune responses in the lung,
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but do not necessarily indicate that such a response is occurring. Of more usefulness as markers are the numbers
of Th and Ts cells. The phenotypes are determined with monoclonal antibodies to lymphocyte surface antigens.
It is relatively easy to process multiple samples, because much of the procedure can be automated. However, one
must exercise caution in interpreting the meaning of the presence of different phenotypes, inasmuch as the
monoclonal antibodies used simply detect surface antigens and do not determine cell function. A case in point is
the substantial number of Ts cells in EAA detected with monoclonal antibodies. The result suggests that Ts cells
are not involved in the pathogenesis of EAA in symptomatic subjects; however, when Ts-cell activity is
measured with a bioassay, a defect in Ts-cell activity becomes apparent in symptomatic subjects.

Eosinophils

Eosinophils are similar to neutrophils. They contain many potentially irritating substances, including
eosinophil major basic protein and leukotrienes (Gleich et al., 1979; Weller et al., 1983). Eosinophils appear to
have a role in asthma and are often seen in various allergic reactions, including asthma. They are also found as a
result of exposure to toxicants, such as the antibiotic bleomycin (Thrall et al., 1979). Chronic eosinophil
deposition in the lung might lead to pulmonary fibrosis, although the mechanism is not known (Davis et al.,
1984).

Eosinophils have often been used as a marker for specific allergic reactions or toxicant challenge, both in
the blood and in respiratory fluids. They are relatively easy to recognize and easy to count. Eosinophil influx into
lavage fluid has been seen 6–48 hours after allergen challenge in sensitized asthmatics (De Monchy et al., 1985;
Metzger et al., 1987).

Mast Cells

Mast cells are found in the walls of alveoli and airways, usually between the basement membrane and
epithelial membrane in normal humans. Mast cells are present in BAL fluid of both normal subjects and those
with asthma; the fraction of mast cells in lavage cells is low-less than 0.35% in asthmatics (Tomioka et al., 1984).

Human mast cells, like AMs, can be divided into subpopulations on the basis of density. Recent evidence
indicates that there are differences among the subpopulations with regard to histamine content and
responsiveness to anti-IgE (Schulman and Anderson, 1985).

Release of mast-cell mediators in vivo presumably occurs after cross-linkage of surface IgE antibodies by
specific antigen in a calcium-dependent process. However, human mast cells can be activated to secrete
mediators by the complement-derived fragments C3a, C4a, and C5a (Hugli, 198 1) and non-IgE stimuii. Some
reports note that basal and IgE-induced secretion is greater in mast cells from asthmatics than in mast cells from
normal subjects.

Mast-cell mediators are preformed and released after cell stimulation or they can result from biochemical
events initiated by stimulation. The preformed mediators are histamine, exoglycosidases (arylsulfatase B, beta-
glucuronidase, beta-hexosaminidase B, and beta-galactosidase), proteases (tryptase, carboxypeptidase B,
elastase, and cathepsin G), chemotactic factors (eosinophils and neutrophils), heparin, superoxide dismutase, and
peroxidase (Metcalfe et al., 1981; Holgate and Kay, 1985). Newly generated mediators after cell initiation are
arachidonic acid metabolites, prostaglandins, thromboxane B2, leukotrienes, and platelet activating factor
(MacGlashan et al., 1983).

Histamine increases vascular permeability through venular dilation and creation of endothelial pores, causes
bronchoconstriction (especially in asthmatics), and increases prostaglandin generation. It also increases gastric
acid and mucus secretion (MacGlashan et al., 1983). Histamine has many effects on immune response whose
details are not yet completely understood. In general, it seems to increase early events and inhibit late events in
the immune response (Khan and Melmon, 1985). For example, histamine has been
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shown to increase lymphocyte proliferation (Thomas et al., 1981), generation of Ts/c cells, and PMN-stimulated
immunoglobulin production (Lima and Rocklin, 1981). Some of the effects of histamine are mediated by
products from other cells, such as lymphokines. An example of a lymphokine that influences histamine release is
histamine-induced suppressor factor (HSF), which is produced by T cells after a series of interactions with
macrophages and their soluble products. HSF suppresses antigen-and mitogen-induced lymphocyte proliferation,
reduces the release of other lymphokines, inhibits immunoglobulin synthesis, and suppresses mixed lymphocyte
reactivity (Beer et al., 1984). Other lymphokines produced by mononuclear cells activated by histamine also
have lymphocyte chemokinetic properties (i.e., they produce lymphocyte chemoattractive factor, or LCF) or
inhibit lymphocyte migration. Mononuclear cells with H2 receptors produce LCF, and cells with H receptors
produce factors that inhibit lymphocyte mobility (Center et al., 1983).

Heparin, another preformed mast-cell mediator, has many effects, including anticoagulation. It decreases
the capacity of eosinophilic major basic protein to kill parasites, and it increases protease activity, endothelial
cell migration, release of lipoprotein lipase, and fibronectin binding to collagen (Schwartz and Austen, 1984).

Prostaglandin D2 (PGD2), leukotriene C4 (LTC4), and possibly platelet activating factor are examples of
newly synthesized mast-cell factors that are found in lavage fluid and are secreted by pulmonary mastcells with
IgE-dependent mechanisms in vitro (Schwartz and Austen, 1984; Schleimer et al., 1984). PGD2 is a potent
bronchoconstrictor and vasodilator that can potentiate the increase in capillary permeability produced by other
mediators, such as histamine and leukotrienes (Holgate and Kay, 1985). LTC4 is a potent bronchoconstrictor
(Drazen et al., 1980), increases mucus secretion (Coles et al., 1983), and increases vascular permeability (Soter
et al., 1983). Platelet activating factor causes bronchoconstriction, increased capillary permeability, and
leukocyte chemotaxis. Tryptase, the major neutral protease in human mast-cell granules, generates C3a
(Schwartz et al., 1983) and might be responsible for the inactivation of kininogen after mast-cell activation
(Schleimer et al., 1984).

The circulating neutrophil chemotactic factor (NCF) that appears in plasma after antigen-induced
bronchoconstriction presumably originates in pulmonary mast cells, but it might originate in other cells, such as
T lymphocytes and monocytes, in an IgE-dependent manner (Holgate et al., 1986).

Acellular Content

Antioxidants

The lung is prone to oxidant injury from a variety of sources. Such oxidants as superoxide anion (O2
-),

hydrogen peroxide (H2O2), and hydroxyl radical (OH•) can be generated in the lower respiratory tract through
the action of PMNs and AMs involved in local inflammatory reactions or through the direct effects on lung
tissue of inhaling oxygen-rich air or toxic substances (such as paraquat). In addition to causing cell and tissue
damage, oxidants can inactivate alpha1-antitrypsin, which plays a major role in defending the lung against
proteolysis from neutrophil elastase and other proteolytic enzymes released during inflammation (Carp and
Janoff, 1979; Gadek et al., 1981). The lungs are equipped with both intracellular and extracellular protective
mechanisms that can combat the effects of locally generated oxidants.

Alveolar fluid has been shown to contain a wide spectrum of plasma proteins, some of which—including
transferrin and ceruloplasmin—can function as lower respiratory tract antioxidants. Bell et al. (1981), for
example, have demonstrated that normal human lavage fluid is rich in transferrin—the concentration is an
average of 40% higher than that in serum. They speculated that local synthesis could be responsible for the
enrichment. Human peripheral blood lymphocytes do synthesize and secrete transferrin, and there is some
evidence that alveolar lymphocytes come from peripheral blood (Daniele et
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al., 1977a). It is not known whether pulmonary alveolar macrophages produce and secrete transferrin. In any
event, high concentrations of transferrin at the respiratory surface are advantageous, regardless of its source.
Additional studies showed that ceruloplasmin is present in normal BAL fluid. It has been suggested that
ceruloplasmin can help to defend against direct oxidant injury to the lung and help to prevent inactivation of the
elastase-inhibiting capacity of alpha-proteinase inhibitor (Galdston et al., 1984).

Other antioxidants have been found in alveolar fluid, including vitamin E (alpha-tocopherol), vitamin C
(ascorbic acid), glutathione, and a catalase-like antioxidant. Studies by Pacht et al. (1986) evaluated the
concentrations of vitamin E in the alveolar fluid of smokers and nonsmokers with BAL. The smokers' alveolar
fluid had less vitamin E (3.1 ± 0.7 ng/ml vs. 20.7 ± 2.4 ng/ml). Vitamin E might be an important lower
respiratory tract antioxidant, and its deficiency in smokers might predispose their lung parenchymal cells to
oxidant injury.

There is also evidence that the extracellular fluid lining of the alveolus is enriched in endogenous ascorbic
acid (Willis and Kratzing, 1976; Snyder et al., 1983). By direct measurement of total ascorbate in the lung lavage
fluid of rats, Snyder et al. (1983) estimated the ascorbate concentration of alveolar lining fluid at 6.3 mmol/L,
which is considerably higher than the 0.1 mmol/L in normal rat serum and high enough to allow the ascorbate to
be an effective antioxidant. Studies at the Health Effects Research Laboratories of the Environmental Protection
Agency are measuring the ascorbic acid content of nasal and pulmonary lavage fluids from control and ozone-
exposed people (Hatch et al., 1987). Such studies should provide valuable insight into the role of extracellular
antioxidants in protecting the lung from oxidant stress.

Reduced glutathione (GSH) is a sulfhydryl-containing tripeptide that is known to play an essential role in
the defense of lung parenchymal cells and in the detoxification of various pollutants. Sutherland et al. (1985)
reported the presence of significant amounts of GSH in rat alveolar lining fluid, and Sun et al. (1985) reported
GSH in BAL fluid from CD-1 mice equal to 50% of total GSH in lung tissue. Henderson et al. (1985a) reported
increased GSH in BAL fluid from rats and mice exposed chronically to diesel exhaust. Studies by Cantin et al.
(1985) have found that GSH is present in human alveolar lining fluid at concentrations far greater than those in
plasma (approximately 40 µM vs. approximately 3 µM). Such concentrations of GSH are sufficient to protect
lung parenchymal cells against H2O2 and suggest that GSH is an important extracellular antioxidant in the lower
respiratory tract. Cantin and Crystal (1985) identified a catalase-like antioxidant in epithelial lining fluid that
could play a role in defending parenchymal cells from oxidant injury. Taken together, those studies suggest that
antioxidant components of alveolar lining fluid provide a first line of defense against oxidants in the lower
respiratory tract.

Arachidonic Acid Metabolites

The synthesis and function of arachidonic acid metabolites remain the focus of extensive investigation
(Gordon et al., 1988; Regal, 1988). The active products of membrane-derived arachidonic acid have remarkable
biologic potency. However, the regulation of this metabolic system is still poorly understood.

Arachidonic acid is converted to pharmacologically active substances through two major synthetic
pathways. The cyclo-oxygenase pathway generates unstable endoperoxides from which the primary prostaglandins
—PGD2, PGE2, (dinoprostone), PGF2, PGI2 (prostacyclin)—and thromboxane A2 are derived. The lipoxygenase
pathway leads to the formation of hydroperoxyeicosatetraenoic acid (HPETE), from which the leukotrienes—
LTB4, LTC4, LTD4, LTE4—and the HETEs (5, 12, 15-lipoxygenases) are believed to be derived. In the lung, the
major sources of cyclo-oxygenase products are AMs, fibroblasts, smooth muscle cells, and type II epithelial
cells; endothelial cells are rich sources
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of prostacyclin, and platelets are active producers of thromboxane A2. The most important cellular sites of
lipoxygenase reactions are mast cells, basophils, and neutrophils (Said, 1982; Lewis and Austen, 1984; Lewis,
1985). Human airway epithelial cells can also selectively generate 15-lipoxygenase metabolites of arachidonic
acid (Hunter et al., 1985).

Generally, prostaglandins of the D and F series are vasoconstrictors, whereas those of the E series and PGI2
are vasodilators. PGE2 acts as a vasodilator in the fetus and newborn and a weak vasoconstrictor in the adult.
Prostaglandins, unlike leukotrienes, neither increase vascular permeability nor promote chemotaxis.

The principal products of the lipoxygenase pathway are leukotrienes. Three (LTC4, LTD4, and LTE4) are
sulfidopeptide leukotrienes and constitute the mediator originally described as slow-reacting substance of
anaphylaxis (SRS-A). The compounds induce a sustained bronchospasm that is greater in peripheral than in
central airways and can play a role in bronchial asthma (Weiss et al., 1982). It has been suggested that they can
cause bronchial hyperresponsiveness that characterizes the asthmatic condition (Griffin et al., 1983). However,
further research is needed to elucidate their exact role. In addition to their putative role in asthma, they have been
shown to mediate increased vascular permeability in some tissues (Lewis and Austen, 1984), but their role in the
lungs is uncertain. Studies with LTB4 have shown it to be a potent chemotactic agent that produces endothelial
cell adherence.

Arachidonic acid metabolites are not stored in tissues, but are synthesized de novo in response to stimuli.
Their role as mediators of lung disease is only beginning to unfold. With the advent of sensitive
radioimmunoassay and high-performance liquid chromatographic (HPLC) techniques, it is now possible to
measure them in biologic fluids and study their production in isolated cultured cell systems. A number of recent
studies have examined the presence of those compounds in BAL fluid.

Murray et al. (1986) performed BAL on five patients with chronic stable asthma before and after local
challenge with Dermatophagoides pteronyssimus. The BAL fluid was analyzed for arachidonic acid metabolites.
In the five patients, PGD2 concentrations increased by an average of a factor of 150 after local instillation of
antigen. The results constitute evidence that the release of PGD2 into the airways is an early event after the
instillation of D. pteronyssimus in patients who are sensitive to this antigen.

The oxidant air pollutant ozone can produce airway inflammation and hyperresponsiveness in exposed
people. Seltzer et al. (1986) exposed 10 healthy human subjects to air or O3 (0.4 or 0.6 ppm). Airway
responsiveness to inhaled methacholine was measured before and after each exposure, and BAL was performed
3 hours after the exposure. An increase in the number of neutrophils was found in BAL fluid from O3-exposed
subjects, especially those in whom O3 exposure produced an increase in airway responsiveness. They also found
significant increases in PGE2, PGF2, and thromboxane B2 in BAL fluid from O3-exposed subjects. Hence, O3-
induced hyperresponsiveness appears to be associated with both neutrophil influx and changes in the
concentrations of some cyclo-oxygenase metabolites.

Other studies (Laviolette et al., 1981) have examined the production of arachidonic acid metabolites by
human AMs recovered from smokers and nonsmokers. PGE2 and thromboxane B2 synthesis was significantly
lower in AMs from smokers than in those from nonsmokers. A cigarette-smoke-induced lesion in phospholipid
hydrolysis is most consistent with the findings. Inasmuch as arachidonic acid metabolites are involved in the
regulation of immune and inflammatory responses and bronchiolar and vascular smooth muscle reactivities in
the lung, it was concluded that the defect observed in smokers' AM can play a role in the pathogenesis of
cigarette-smoke-induced diseases.

Animal studies have also attempted to correlate exposure to airborne substances with increases in lavage-
fluid arachidonic acid metabolites. Mundie et al. (1985) exposed New Zealand white rabbits to aero
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solized cotton dust extract and performed lavage at various times after exposure. PGF2, PGE2, and thromboxane
B2 were maximally increased in the lavage fluid 4 hours after exposure. Results of that study, the first to
demonstrate in vivo release of arachidonic acid metabolites in the lung in response to inhalation of cotton dust
extract, strongly suggest that the metabolites are responsible for the bronchoconstriction seen in the acute
byssinotic reaction in humans. Further studies that establish the presence of those metabolites at sites of lung
injury are needed, for their role in the pathogenesis of lung injury to be understood.

Complement

The complement system, which is composed of more than 20 plasma proteins, is an important mediator of
various inflammatory responses, such as increase in vascular permeability and chemotaxis of PMNs (Colten et
al., 1981). The system comprises two major pathways—classical and alternative (Perez, 1984). The classical
pathway involves the union of antigen and antibody, which then binds to and activates the C1 complex. The
alternative pathway involves direct contact of the subject with antigens, such as bacteria, fungi, endotoxins,
immune complexes, and particles (Wilson et al., 1977; Warheit et al., 1985, 1986).

Active products of the complement system, such as C3b, have been shown to promote phagocytosis. C3a
and C5a, however, can cause mast cells to degranulate and release histamine, and they can increase vascular
permeability. C5a is also chemotactic for PMNs and promotes the release of their lysosomal enzymes (Perez,
1984).

BAL fluid from normal persons contains components of both the classical and alternative pathways of
complement, i.e., C3, C4, C5, C6, and factor B (Reynolds and Newball, 1974; Robertson et al., 1976; Henson et
al., 1979). Although some of those components can be derived via transudation from serum, local production by
lung fibroblasts and AMs is also possible (Colten and Einstein, 1976; Reid and Solomon, 1977; Cole et al.,
1983). During inflammation, when vascular and epithelial membrane permeability is increased, additional
complement components of plasma can enter alveolar spaces and airways.

If it is feasible to use enumeration and analysis of inhaled particles in situ as a marker of exposure, then it
should be feasible to use cellular responses to such exposure as further markers of exposure, as well as predictors
of injury at the alveolar level. At least two biologic responses take place very rapidly after exposure to a variety
of inorganic particles. The first is activation of the fifth component of complement, C5 (Warheit et al., 1985),
and the second is macrophage accumulation, which is a consequence of the activation (Warheit et al., 1984–1986).

Several complement components normally are found in the complex alveolar lining layer. The role of
complement on alveolar surfaces is not entirely clear, but one important function appears to be the clearance of
inhaled microbes (Larsen et al., 1982). It has been established that C5 can be activated through the alternative
pathway to produce C5a, a potent chemoattractant of neutrophils and macrophages (Snyderman, 1981). It was
recently shown that the C5 on alveolar surfaces was activated by a variety of inhaled particles (Warheit et al.,
1988) chrysotile asbestos being a noteworthy example. During a 3-hour exposure to asbestos, all detectable C5
on alveolar surfaces was converted to C5a (Warheit et al., 1986). C5a, a chemotactic factor, remained active in
the alveoli for about a week, and concentrations of C5 returned to normal 1–2 weeks after the 3-hour exposure
(Warheit et al., 1986).

Could that biologic response be used as a marker of exposure to inorganic particles, as described in
Chapter 2? Alveolar fluids collected with BAL have been separated by appropriate biochemical techniques. If
the normal extent of complement-dependent chemotactic activity were established, activation of C5 might well
serve as a marker of exposure. The cellular response to activation should also be predictable and could serve as
an additional, correlated marker.

Activated C5, whether from serum complement or from alveolar complement, at
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tracts neutrophils and macrophages (Warheit et al., 1986). Several studies have shown that it is possible to
predict whether macrophages will be attracted to specific bacteria or inorganic particles on the basis of their
capacity to activate C5 in vitro (Warheit et al., 1988). For example, chrysotile asbestos and crocidolite asbestos
are good activators of C5; after inhalation, they attract macrophages to alveolar duct bifurcations. However, ash
from Mount Saint Helens induces no detectable C5a production and attracts few macrophages that have been
stimulated to migrate by C5a. It is conceivable that such cells, easily recovered from the lung, could serve as
markers of exposure if their biology were better understood.

There is a vast literature on macrophage physiology and function aimed at developing a better
understanding of macrophages (Fels and Cohn, 1986). Those cells are avid phagocytes, so determination of their
particle burden has proved to be an extremely useful marker of exposure (Brody, 1984). However, in humans,
recovery of macrophages from the lung is usually too late to yield an early marker of exposure. It might therefore
be important to consider initial complement activation and the later macrophage response in estimating exposure
in humans.

Once the macrophages have responded to inhaled agents, it is reasonable to conclude that the cells will
release a variety of products (Fels and Cohn, 1986), many of which are known to have profound effects on
pulmonary cells and tissues. Three well-known examples of such products are oxygen radicals, arachidonic acid
metabolites, and growth factors for fibroblasts. Whether any or all of them could serve as useful markers of
exposure and injury is yet to be determined. But it is reasonable to suggest that they all could become markers of
pulmonary insult.

Recently, investigators have begun to look at complement activity in BAL fluid from patients with
pulmonary disease. For example, Lambré et al. (1986) demonstrated the presence of C3b and Bb (the activated
forms of the proteins C3 and B) in BAL fluid from patients with pulmonary sarcoidosis. Complement activity in
lavage fluid decreased in patients receiving corticosteroid therapy. That suggests that complement activity in the
alveolar spaces might be a good marker of the activity of the disease in lasting sarcoidosis. There have also been
reports of the presence of C3b in lavage fluid from patients with idiopathic pulmonary fibrosis (Robbins et al.,
1981). Results of such studies suggest that the complement system can play a role in the pathogenesis of those
diseases. Further studies are needed, however, to validate the use of complement activity as a marker of lung
injury and disease.

Growth Factors and Monokines

In addition to their role as the primary phagocytes in the lung, AMs synthesize diverse substances that
exhibit a broad range of biologic activities, including mediators (monokines) that regulate the growth or
activation of other cells. Pulmonary AMs, on activation, release two primary growth factors for lung fibroblasts:
fibronectin and AM-derived growth factor, or AMDGF (Bitterman et al., 1986). Fibronectin, a 440,000-dalton
glycoprotein, has been shown to act as a ''competence factor''; it delivers a growth-promoting signal to
nonreplicating lung fibroblasts early in the G1 phase of the cell cycle. AMDGF, an 18,000-dalton peptide,
provides the second (progression signal) of two required signals in G1 to induce fibroblasts to divide. Although
fibronectin is a normal constituent of the alveolar epithelial lining fluid, Rennard and Crystal (1982) have shown
that its concentration is 2–5 times higher in patients with fibrotic lung disorders. In fact, pulmonary AMs from
most patients with interstitial fibrosis have been shown to release both fibronectin and AMDGF (Bitterman et al.,
1986). However, the exact role of these growth-modulating signals in the pathogenesis of chronic interstitial
disorders remains to be elucidated.

AMs release interleukin 1 (I1-1), a monokine that is a lymphocyte-activating factor, in response to various
immune or inflammatory stimuli. I1-1, a protein of
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12,000–18,000 daltons, is thought to be important in modulating T-and B-cell activation and in other
inflammatory processes (Wewers et al., 1984).

Many of the substances that induce the secretion of I1-1 can also stimulate AMs to secrete interferon-
gamma. Interferon-gamma augments T-cell replication, apparently by inducing I1-2 receptor expression
(Johnson and Farrar, 1983).

Clearly, stimulated AMs can release a wide array of potent biologic mediators. However, factors governing
the selective release of those mediators into the lower respiratory tract are still poorly understood.

Oxygen Radicals

Considerable evidence accumulated in recent years suggests that oxygen-derived free radicals are an
important cause of tissue injury in many disease processes (Freeman and Crapo, 1982). The lung is prone to
oxidant stress with a variety of sources, and it has been suggested that a reactive oxygen species plays a role in
the development of acute lung injury and the etiology of chronic lung disease (Johnson et al., 1981).

As described previously, oxidants can be generated in the lower respiratory tract via the action of PMNs and
AMs involved in local inflammatory reactions. On recognition of a phagocytic or soluble stimulus, both
neutrophils and macrophages experience a "respiratory burst" that is characterized by an increase in oxygen
consumption, activation of the hexose monophosphate shunt, and the generation of reactive oxygen species,
including O2

-, H2O2, and OH•. That burst of activity is related to the stimulation of membrane-bound reduced
nicotinamide adenine dinucleotide phosphate (NADPH) oxidase (Babior, 1978). Those oxygen-derived products
normally play a major role in phagocyte-mediated bactericidal activity, but it is conceivable that they contribute
to host tissue injury when their production is stimulated inappropriately. A number of models that attempt to
assess the effects of oxygen radicals on the lung have been developed.

Johnson et al. (1981) demonstrated that acute lung injury occurs if specific enzyme-substrate systems
known to generate oxygen metabolites are intratracheally instilled into rat lungs. For example, if xanthine and
xanthine oxidase (which generate O2

-) was administered intratracheally, there was increased vascular
permeability with minor edema formation and focal hemorrhage after 4 hours. Those pathologic changes could
be inhibited by simultaneous instillation of superoxide dismutase (SOD). However, when glucose and glucose
oxidase (which generate H2O2) were instilled into the airways, there was a marked increase in vascular
permeability, edema, hyaline membrane formation, hemorrhage, and neutrophil influx. Those changes are
consistent with the human pathologic changes referred to as diffuse alveolar damage and associated with adult
respiratory distress syndrome (ARDS). The changes could be inhibited with catalase, but not SOD. Furthermore,
if either lactoperoxidase (LPO) or myeloperoxidase (MPO) was instilled with the glucose-glucose oxidase
system, severe lung injury occurred and frequently progressed to diffuse pulmonary fibrosis by 4 days. The data
suggest that a product of MPO (or LPO), H2O2, and halide (perhaps HOC1) plays an important role in the
development of pulmonary fibrosis. Oxygen-derived free radicals and their metabolites can cause acute lung
injury and progressive lung injury with pulmonary fibrosis.

In another series of experiments, Johnson and Ward (1982) instilled phorbol myristate acetate (PMA), a
potent initiator of the respiratory burst, intratracheally into neutrophil-depleted rats. They found that the
instillation caused acute lung injury that was inhibited by catalase, but not by SOD; again, H2O2 was implicated
as the cause of the damage. The source of the toxic H2O2 in the model appears to be PMA-stimulated AMs.
Some investigators have recently found that AMs retrieved from some cigarette-smokers spontaneously release
H2O2 (Greening and Lowrie, 1983; Baughman et al., 1986b). That suggests that cigarette smoke can activate
these cells (Hoidal and Niewoehner, 1982). Although activated phagocytes can release substantial amounts of
potent
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oxidants to surrounding tissues, they are by no means the only source of reactive oxygen species in the lung.
Reduction of O2 to active O2 metabolites occurs as a byproduct of cellular metabolism during microsomal and
mitochondrial electron transfer reactions (Cohen and Cederbaum, 1979); considerable amounts of O2

- are
generated by NADPH-cytochrome P-450 reductase reactions (Kameda et al., 1979). Because those metabolites
are potentially cytotoxic, they might mediate or promote actions of various pneumotoxins.

Such mechanisms have been proposed for paraquat-and nitrofurantoin-induced lung injury (Sasame and
Boyd, 1979; Shu et al., 1979). Similarly, Freeman and Crapo (1981) demonstrated that hyperoxia increases the
steady-state concentrations of O2

- and H2O2 in lung tissue and that mitrochodria contribute importantly to this
phenomenon. Those observations lend support to the hypothesis that lung damage during hyperoxia is mediated
by increased production of oxygen radicals.

In conclusion, reactive oxygen species in the lung can be generated by multiple and diverse processes and
appear to play a role in the onset of acute lung injury and possibly in the development of chronic lung disease.
Additional studies are necessary, to define the precise targets of oxygen metabolites in the lung and the specific
biochemical mechanisms by which the oxidants damage lung cells.

Enzymes

Increases in enzymatic activities in BAL fluid have been used as markers of pulmonary responses to inhaled
toxicants, particularly in animals (Beck et al., 1982; Henderson, 1988a,b). Extracellular lactate dehydrogenase
(LDH), a cytoplasmic enzyme, is used as a marker of cytotoxicity, because LDH is not found extracellularly
except in the presence of damaged or lysed cells. This marker has been used in numerous studies, for example, in
hamsters exposed to mineral dusts (Beck et al., 1982), in rats and mice exposed to diesel exhaust (Henderson et
al., 1988), and in sheep exposed to asbestos (Begin et al., 1983). Another cytoplasmic enzyme that has been
assayed in BAL fluid is glutathione reductase (Henderson et al., 1988).

Lysosomal enzymes, such as N-acetylglucosaminidase (Beck et al., 1982) and betaglucuronidase
(Henderson, 1988b), appear to be good indicators of increased phagocytic activity in response to inhaled
particles. The extent of the increases in BAL-fluid lysosomal enzyme activities appears to correspond to the
toxicity of the inhaled particles (Beck et al., 1982; Henderson et al., 1985a) and exceeds the degree of increase in
LDH by several fold (Henderson et al., 1985b). The increase in lysosomal enzymes relative to LDH can be used
to estimate how much of the increase in lysosomal enzymes is due to lysed cells (which would cause
concomitant release of lysosomal enzymes and LDH) and how much is due to stimulated phagocytic cells. Acid
phosphatase, also a lysosomal enzyme, does not increase in BAL fluid in response to inhaled particles
(Henderson et al., 1985b). Either that enzyme is not in the same lysosomal storage site as beta-glucuronidase and
similar hydrolytic enzymes or it is rapidly broken down in the epithelial lining fluid, once released.

Increases in alkaline phosphatase activity have been detected in BAL fluid from NO2-exposed hamsters
(DeNicola et al., 1981). A lung-specific form of this enzyme has been reported to be released from Type II
pneumocytes (Reasor et al., 1978; Miller et al., 1986). A histochemical stain specific for the enzyme has been
used as a marker of Type II cell proliferation (B. E. Miller et al., 1987).

Proteolytic activity and antiproteolytic activity in BAL fluid are of interest, because an imbalance between
the two could lead to breakdown of lung tissue, such as that seen in emphysema (Janoff, 1972; Starkey and
Barrett, 1977). Proteolytic enzymes detected in BAL fluid include collagenase, PMN elastase, metalloproteinase,
plasminogen activator, and acid proteinases (Barrett, 1977a,b; Harper, 1980; Gadek et al., 1980; Pickrell, 1981).
Antiproteinases in BAL fluid are alpha1-antiproteinase, alpha2-macroglobulins, and bronchial antiproteinase.
Acid proteinase activity is associated with lysosomes and is released with other lysosomal
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enzymes in response to inhaled toxic particles (Wolff et al., 1988).

Protein and Protein Products

Protein in BAL fluid is measured as a marker of increased permeability of the alveolar-capillary barrier and
is a common component of the inflammatory response. Bell and Hook (1979) reported that 80% of the soluble
protein in human BAL fluid could be accounted for by 19 plasma proteins. The protein content indicated a
preferential transfer of smaller proteins across the alveolar-capillary barrier. IgG and IgA constituted a higher
fraction of total protein in BAL fluid from smokers than in serum (Bell et al., 1981). Transferrin was the only
nonimmunoglobulin protein with a higher concentration in lavage fluid than in serum. Serum proteins in BAL
fluid from animal studies have proved to be sensitive markers of the inflammatory response (Alpert et al., 1971;
Bignon et al., 1975; DeNicola et al., 1981; Beck et al., 1982; Lehnert et al., 1986).

The amino acid hydroxyproline is a marker of collagen and has been interpreted as a marker of collagen
breakdown. Hydroxy-proline content of BAL fluid has been measured as a marker of breakdown or remodeling
of pulmonary collagen in ozone-exposed rats (Pickrell et al., 1987). The increase in hydroxyproline in BAL fluid
appeared to parallel developing pulmonary fibrosis in hamsters and rats exposed to diesel exhaust (Heinrich et
al., 1986; Henderson et al., 1988).

MOLECULAR MARKERS

Exposure to environmental toxicants can cause damage in single cells at the level of DNA, and that damage
can lead to the development of many diseases, including cancer. Toxicant-induced changes in specific (although
often unidentified) genes are thought to be the initial events in the development of disease. Identification of
genes involved in the development of specific diseases can lead to improved diagnosis, understanding, and
treatment, but is not essential. In lieu of disease-specific molecular markers that could be used to study the
relationship between toxicant exposure and the development of disease, the general interaction between toxicants
and DNA can serve as a source of molecular markers of exposure, effect, and susceptibility. The use of
molecular markers, defined here as alterations in DNA or RNA, to identify cellular responses or responsiveness
to environmental toxicants theoretically can provide information useful in determining the magnitude of
exposure, the effects of exposure on human health, and the mechanisms of response. This section discusses some
general considerations in the use of molecular markers, defines some general types of molecular markers,
identifies specific markers for potential use in pulmonary toxicology or the study of carcinogenesis, and
identifies subjects for research that could lead to the identification of new molecular markers.

Molecular markers can be highly sensitive and specific indicators of cell damage or change. Detection of
toxicant-induced alterations and use of them as indicators of toxicant exposure, effect, or susceptibility depend
on several factors, including the frequency of the alteration, which in turn can affect the sample size required for
its detection; the availability of sufficient material (DNA, RNA, or cells) for analysis; and the accessibility of the
cells at risk (can they be obtained noninvasively, or are invasive procedures required?).

The sample size required for detection of toxicant-induced alterations is a major consideration in the choice
or use of a marker. The minimal sample size required for a given assay depends on the sensitivity of the assay
and on the fraction of cells in a sample that contain the specific change of interest. Changes found in a large
fraction of cells in a sample will be detectable with a much smaller sample than changes found in only few cells
in a sample. For example, many assays that involve the analysis of a DNA change require about 5–10 µg of
DNA from cells containing the change of interest. That amount of DNA can be obtained from 106 altered cells.
Obtaining 106 altered cells might require a sample of as few as 106
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cells, if the change occurred in all cells after exposure or if the cells being used all came from a specific
exposure-induced lesion. But a sample of 1012 cells could be required, if the change occurred with a frequency of
106, which is the observed frequency of induction of some single-gene mutations (Baker et al., 1974). A sample
of 106 cells is readily obtainable with BAL or even with a small tissue biopsy, but a sample of 1012 cells is more
difficult to obtain.

In addition to the frequency of the change under investigation, accessibility and availability of sample
material affect the choice and use of an assay. Common changes found in cells in BAL fluid, because of their
greater accessibility and availability, are much easier to detect than changes (even common ones) that occur only
in cells of the deep lung. Assays that depend on invasive sampling procedures can be useful if discrete lesions
are being biopsied. However, the routine use of invasive sampling procedures before a lesion is identified usually
cannot be justified.

The use of molecular markers as indicators of exposure might therefore be limited to cases in which
changes are of a general nature, in which changes occur in readily accessible cells, or in which discrete exposure-
induced lesions are being biopsied. Changes that are rare or cell-specific can be difficult or impractical to detect
if large tissue samples or invasive sampling procedures are required. However, molecular markers potentially
can play an important role in mechanistic studies of disease.

Potential molecular markers can be divided into several categories, including those based on genetics
(modifications of DNA bases, changes in DNA sequence or structure, and changes in extent or pattern of gene
expression) and those based on their ability to detect toxicant exposure, effect, or susceptibility or their ability to
identify the toxicant involved.

Markers of toxicant exposure could be used as screens for exposure to a given toxicant. Depending on the
assay and the markers involved, markers theoretically could be used to indicate simply that exposure to a
toxicant occurred, to estimate the extent of exposure, or to identify the toxicant. Markers of exposure should be
readily detectable and measurable in an accessible population of cells. In addition, toxicant-induced changes
should be detectable soon after exposure, and the persistence of a given marker should be determined. Finally,
for a marker to be useful as an indicator of exposure to a specific toxicant, it should be characterized sufficiently
for its presence to be attributed to a given toxicant with reasonable certainty. Molecular markers could also be
used to study the biologic effects of exposure to specific toxicants. They could be used to monitor or characterize
the development of toxicant-specific responses, such as alterations in gene expression. Such analyses would
permit studies in the early stages of response, before the development of toxicant-induced lesions or disease.
Molecular markers theoretically could be used to identify people with an increased risk of the effects of
particular toxicants; that would make it possible to minimize their exposures.

The formation of DNA adducts after exposure to chemicals is an example of an exposure-related
modification of DNA (Poirier and Beland, 1986a; NRC, 1989). DNA adducts form when chemicals or
metabolically activated derivatives of them bind covalently to DNA. The presence of adducts can be detected
chemically (Belinsky and Anderson, 1987; Gupta, 1987) or immunologically (Santella et al., 1987). The most
sensitive assay for the detection of DNA adducts is the 32p postlabeling assay (Gupta, 1987). For maximal
sensitivity, the assay requires 5–10 µg of DNA (Gupta, 1987), which can be obtained from a sample of 106 cells.
Sufficient cells are generally available for this assay, because DNA adducts can be found in cells in a variety of
readily available biologic samples, such as blood (e.g., adducts of lymphocyte DNA) and BAL fluid (e.g.,
adducts of macrophage DNA), depending on the type of exposure.

DNA adducts are more useful as indicators of exposure or dose than as markers of effect; sequence-specific
or gene-specific
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adduct formation has yet to be demonstrated. However, care must be taken even in the use of adduct
concentrations as indicators of total exposure, in that the concentrations in tissues can be affected by a variety of
biologic responses, including adduct repair and cell turnover, which vary from one tissue to another (Belinsky
and Anderson, 1987).

A correlation between the concentration of DNA adducts or the presence of specific adducts and the
development of disease remains to be proved. The presence of a common adduct induced by a particular
treatment might have little biologic consequence, whereas the presence of a rare adduct induced by the same
treatment could be highly significant (Poirier and Beland, 1986b). Identification of exposure-specific adducts
and demonstration of an association between specific adducts and toxicant-induced disease will expand the use
of adducts from indicators of exposure and estimators of total dose to specific tools for identifying toxicants and
estimating risk of disease.

Another type of DNA modification that could be affected by cell responses to various exposures is DNA
methylation. Changes in patterns of DNA methylation potentially could be used as indicators of cellular response
or of cellular responsiveness to particular toxicants. Site-specific changes in the extent of DNA methylation have
been shown to regulate gene expression (Razin and Riggs, 1980; Feinberg and Vogelstein, 1983). Some
toxicants could result in changes in DNA methylation patterns and cause exposure-related alterations in gene
expression. Changes in DNA methylation can be detected either as changes in gene expression or as changes in
the restriction-enzyme sensitivity of the genes involved, because of altered methylation of restriction-enzyme
recognition sequences (Razin and Riggs, 1980). Identification of changes in DNA methylation requires
identification of the affected gene(s) and analysis of the methylation changes in the gene(s), in that alterations in
the extent of DNA methylation at the whole-cell level are difficult if not impossible to detect. Furthermore, large
numbers of cells (more than 106) containing the same changes in methylation would be needed, so biopsies of
developing lesions would usually be required. That approach is more likely to be useful in retrospective studies
of mechanisms of cellular response than as a source of markers of response.

Changes in DNA sequence or structure could be a source of exposure-related molecular markers. Structural
damage to DNA, such as double-strand or single-strand breaks, can be detected with filter elution assays and
alkaline or neutral elution (Bradley et al., 1982). Because those assays, like the assay for DNA adducts, detect
general cell damage, a random sample of 106 cells would provide enough DNA for analysis. Structural DNA
damage can also be detected by examining exposed cells for chromosomal aberrations. After exposure to some
toxicants, chromosomal aberrations have been detected in macrophages isolated by BAL (Au et al., 1988). The
lack of gene or sequence specificity of the assays makes them most useful as indicators of exposure to particular
toxicants or as estimators of total dose.

Changes in DNA sequence resulting from point mutations or deletions are likely to be the initiating events
of some exposure-related cellular responses, such as tumor development. One indicator of those changes at the
cellular level is the production of mutations after exposure. Many toxicants have been shown to be mutagens in
assays that use mammalian cells or bacteria in vitro (Ashby, 1982). One means of measuring in vivo mutations
in man uses lymphocytes and changes in the hypoxanthine-guanine phosphoribosyl transferase (HPRT) gene
(Albertini, 1980). Cells that are deficient in HPRT can proliferate in the presence of the toxic purine analogue 6-
thioguanine, whereas HPRT-normal cells cannot. HPRT mutants have been detected (with autoradiography) by
their ability to form colonies in a 6-thioguanine medium (Morley. et al., 1983) or by their incorporation of [3H]
thymidine in the presence of 6-thioguanine (Albertini, 1980). Lymphocytes from persons exposed to toxicants
could be examined for 6-thioguanine resistance, although measurable increases in the frequency of
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mutants would be expected only in cases that resulted in systemic exposure to toxicants or their metabolites.
Alternatively, the assay could be adapted for use with macrophages isolated by BAL. The use of toxicant-
induced mutations as markers of DNA damage would provide information on exposure and total dose.

The identification of toxicant-induced changes in DNA sequence at the molecular (as opposed to cellular)
level is important in understanding the etiology of some toxicant-induced diseases, but the changes are not likely
to be a useful source of markers of toxicant exposure or of early stages of disease. Detection of changes in the
base sequence of specific genes requires that the altered DNA be isolated and examined, with radiolabeled
molecular probes, for specific changes in DNA sequence (Reddy et at., 1982). The sensitivity limits of that type
of assay require the presence of a minimum of I picogram (pg) of DNA with the sequence of interest (Thomas,
1983). For example, if the gene of interest were a single-copy gene encoded by 5,000 base pairs of DNA, 1 pg of
DNA from the altered gene could be obtained from a minimum of 2 × 105 altered cells. Detection of point
mutations within the sequence of a particular gene generally requires that the gene be cut into multiple fragments
with restriction enzymes for analysis by gel electrophoresis, so up to 106 cells might be required to yield 1 pg of
DNA with the sequence of interest. As noted above, isolation of so many cells from an exposure-induced lesion
by noninvasive methods is not likely. Sampling of cells with lavage will yield more than 106 total cells, but most
of the cells will not contain the change of interest. That approach is most likely to be useful in retrospective
analyses of mechanism, not in surveys of exposure effect.

Changes in the amount or pattern of gene expression that result from exposure to some toxicants might be
most amenable to the use of molecular analysis as a measure of effect. If the expression of specific (identified)
genes is induced, amounts of mRNA in the target cells might be greatly increased (or reduced). The detection
and measurement of mRNA by Northern or dot blot analysis requires the presence of 1 pg of the sequence of
interest (Thomas, 1983). However, the expression of a specific gene can result in the production of large
amounts of mRNA for the gene of interest; that decreases the number of cells required for detection. For
example, induction of the ovalbumin gene in the oviduct gland cell of chickens results in the production of more
than 3,000 ovalbumin mRNA fragments per cell, compared with the noninduced number of 2 copies per cell
(Roop et al., 1978). That amplification (by a factor of 1,500) reduces the number of cells required to obtain 1 pg
of ovalbumin mRNA from about 5 × 105 to about 300. A gene-and exposure-specific response could therefore be
followed with molecular markers if specific (identified) genes were overexpressed after exposure to particular
toxicants, if molecular probes for the genes were available (i.e., if the genes had been isolated and molecularly
cloned), and if the cells containing the overexpressed genes were readily available in sufficient numbers (e.g., in
lavage fluid) from exposed persons.

If molecular probes for specific genes of interest were not available for use in the assay described above,
exposure- or disease-specific changes in gene expression could be examined, provided that assays for the gene
product(s) were available. Poly(A)-containing RNAs isolated from affected tissues could be translated in vitro
with a reticulocyte lysate system (El-Dorry et al., 1982), and the amount and nature of protein product could be
analyzed to detect exposure- or disease-related changes. The assays for alterations in gene expression, although
potentially useful in understanding the mechanism of response to a toxicant once a response has occurred, are not
likely to be useful for surveys of exposure or effect.

Gene-specific changes, such as specific sequence changes or modifications of DNA, generally occur too
infrequently to be useful as markers of toxicant exposure and often occur in cells accessible only with invasive
sampling procedures once lesions have been identified. However, some gene-specific changes could be useful as
general markers of toxicant exposure.
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For example, exposures that result in inflammation involve recruitment and activation of macrophages that
express genes for interleukin-1 and c-sis (Wewers et al., 1984; Mornex et al., 1986). Molecular probes are
available for those genes, so their expression or changes in their expression could be detected with mRNA
isolated from macrophages in lavage fluid. Changes in the expression of the genes could serve as general
indicators of exposure. The exposure-related changes in gene expression would also provide information useful
in understanding the mechanism of toxicant effects.

Available markers potentially could be used to detect specific exposure-induced effects. The ability to
detect changes at different stages of disease will depend on the availability of sufficient cells for analysis.
Specific exposure-induced effects might be detectable at the molecular level only at more advanced stages of
disease and are likely to be more useful in the characterization of a disease than in its diagnosis. Genes for
pulmonary surfactant apoprotein (White et al., 1985), for collagen (Miskulin et al., 1986), and for cytochrome
P-450 enzymes involved in oxidative metabolism (Nebert and Gonzalez, 1987) have been cloned. Changes in the
expression or molecular structure of those genes after toxicant exposure could be identified. Exposures-such as
chronic exposure to cigarette smoke-that affect Type II cells result in alterations in surfactant production (Le
Mesurier et al., 1981). Those changes could be characterized at the molecular level with available probes.
Similarly, the induction and expression or overexpression of genes for collagen could be examined after
exposures that result in excess collagen deposition. Finally, the toxicant-specific induction and expression of
genes for cytochromes P-450 could be monitored with cloned probes. The success or feasibility of each of those
analyses is subject to the same restriction of cell availability as described above.

The analysis of cancer development after toxicant exposure is another endeavor in which molecular probes
could be useful for understanding the mechanism of response and possibly as a diagnostic tool. Alterations in the
number of copies or expression of cellular oncogenes have been identified in several pulmonary cancers. For
example, amplification of c-myc has been found at a late stage in the development of some small-cell lung
carcinomas (Little et al., 1983; Saksella et al., 1985), mutationally activated K-ras has been found in some lung
carcinomas (Santos et al., 1984; Stowers et al., 1987), and overexpression of erb-B has been described in some
non-small-cell lung carcinomas (Cerny et al., 1986; Gamou et al., 1987). Theoretically, exfoliated tumor cells
could be identified and characterized from lavage fluid with in situ hybridization, if tumor-specific oncogene
changes were established. In addition, toxicant-specific oncogene activation could be characterized in developing
lung tumors. Some examples of carcinogen-specific oncogene activation have been described. Induction of
mammary tumors in rats with nitrosomethylurea resulted in H-ras activation in 86% of developing tumors (Zarbl
et al., 1985). Similarly, 74% of lung tumors in rats exposed to tetranitromethane had an activated K-ras (Stowers
et al., 1987). Those and other examples of carcinogen-specific oncogene activation suggest that analyses of
oncogene activation in tumors after environmental exposures could play a role in increasing understanding of the
etiology of exposure-related tumor development.

In conclusion, there is clearly a need for more markers that can be used to detect and characterize at the
molecular level both general and specific cell responses to exposure. Studies at the molecular level will continue
to be most useful in understanding mechanisms of cellular response to toxicants. However, it might be possible
to develop specific molecular probes that could be used to diagnose or characterize specific diseases or other
responses to exposure. Molecular probes have proved useful in the diagnosis and characterization of some
infectious diseases and in sickle-cell anemia and alpha-and beta-thalassemia.

Molecular markers that could identify individual susceptibility to disease or toxicant sensitivity are also
needed.
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Molecular probes have been or are being developed for several diseases, including sickle-cell anemia and
thalassemias (Dozy et al., 1979; Wilson et al., 1982; Pirastu et al., 1983), retinoblastoma (Friend et al., 1986),
Huntington disease (Carlock et al., 1987), Duchenne muscular dystrophy (Monaco et al., 1986, 1987), cystic
fibrosis (Dorin et al., 1987), Lesch-Nyhan syndrome (Brennand et al., 1982), phenylketonuria (Woo et al., 1983),
antithrombin III deficiency (Prochownik et al., 1983), and alpha1-antitrypsin deficiency (Kidd et al., 1983).
Results of studies of chronic obstructive pulmonary diseases suggest a genetic basis (Kauffmann, 1984) and
might therefore lead to the discovery of molecular markers of susceptibility. An increased risk of cigarette-
smoking-induced bronchiogenic carcinoma appears to be associated with a highly inducible cytochrome P-450
phenotype (Jaiswal et al., 1985; Gonzalez et al., 1986). Further correlations between that phenotype and
development of other pulmonary diseases are needed. Molecular analyses of other pulmonary diseases or
individual responsiveness to toxicants might enable identification of persons at greater risk of developing
toxicant-specific diseases and lead to the development of markers of susceptibility.

The development and use of molecular markers to identify cellular responses or responsiveness to
environmental toxicants and to characterize pulmonary disease will be important in increasing understanding of
the mechanisms involved in the development of pulmonary disease and in its prevention and treatment.

MARKERS OF CELLULAR AND BIOCHEMICAL RESPONSE 132

Ab
ou

t t
hi

s 
PD

F 
fil

e:
 T

hi
s 

ne
w

 d
ig

ita
l r

ep
re

se
nt

at
io

n 
of

 th
e 

or
ig

in
al

 w
or

k 
ha

s 
be

en
 re

co
m

po
se

d 
fro

m
 X

M
L 

fil
es

 c
re

at
ed

 fr
om

 th
e 

or
ig

in
al

 p
ap

er
 b

oo
k,

 n
ot

 fr
om

 th
e 

or
ig

in
al

 ty
pe

se
tti

ng
 fi

le
s.

 P
ag

e 
br

ea
ks

 a
re

 tr
ue

to
 th

e 
or

ig
in

al
; l

in
e 

le
ng

th
s,

 w
or

d 
br

ea
ks

, h
ea

di
ng

 s
ty

le
s,

 a
nd

 o
th

er
 ty

pe
se

tti
ng

-s
pe

ci
fic

 fo
rm

at
tin

g,
 h

ow
ev

er
, c

an
no

t b
e 

re
ta

in
ed

, a
nd

 s
om

e 
ty

po
gr

ap
hi

c 
er

ro
rs

 m
ay

 h
av

e 
be

en
 a

cc
id

en
ta

lly
 in

se
rte

d.
 P

le
as

e
us

e 
th

e 
pr

in
t v

er
si

on
 o

f t
hi

s 
pu

bl
ic

at
io

n 
as

 th
e 

au
th

or
ita

tiv
e 

ve
rs

io
n 

fo
r a

ttr
ib

ut
io

n.

Copyright © National Academy of Sciences. All rights reserved.

Biologic Markers in Pulmonary Toxicology 
http://www.nap.edu/catalog/1216.html

http://www.nap.edu/catalog/1216.html


7

Conclusions and Recommendations

The potential health effects of exposure to environmental pollutants constitute a problem of great concern,
because of the quantities of pollutants in question and the large numbers of people involved. But the problem is
difficult to assess, because exposures to the pollutants and their mixtures are generally small. The use of biologic
markers as objective measures of exposure or response to environmental pollutants offers a promising new
approach to this problem. Biologic markers potentially can be used to obtain evidence of exposure to specific
chemicals and of responses to exposure.

The study and use of biologic markers are growing rapidly. The list of macro-molecular adducts formed
because of exposures to chemicals is expanding daily. Since the drafting of this report itself, research on the
functions of adhesive proteins, such as fibronectin and laminin, and of cellular integrins, which bind to receptor
sites on these proteins, has exploded, providing potential new markers for following the progress of normal and
abnormal processes of repair of pollutant-caused damage.

Listed below are recommendations for research that offers the best opportunity to enhance the use of
biologic markers in the study of environmental health effects on the respiratory tract. Recommendations aimed at
increasing the use of biologic markers in the dosimetry of inhaled materials are listed first and are followed by
recommendations regarding the use of such markers in detecting structural, physiologic, and biochemical
responses to inhaled pollutants.

DOSIMETRY

1.  More information is needed on factors that affect the dosimetry of inhaled toxins at specific sites
along the respiratory tract. Specifically needed is information on:

•   Regional deposition of inhaled pollutants at various sites along the respiratory tract. Considerable
information is available on regional deposition of inhaled particles larger than .01 µm in aerodynamic
diameter, but relatively little is known about factors that govern the deposition of inhaled gases, vapors
and ultrafine particles (smaller than .01 µm in aerodynamic diameter). Specific factors that affect
deposition, particularly airway structure, need to be assessed in both laboratory animals and humans.

•   Pollutant effects on clearance of deposited material. Dosimetry at specific
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sites in the respiratory tract depends both on how much is deposited at the site and on how quickly it is
removed. Inter-species studies of regional clearance are required.

•   The capacity of tissues at the site of deposition to metabolize a pollutant to a more or a less toxic form.
The toxicity of an inhaled organic compound might be increased by metabolic activity at some sites of
deposition.

•   Effects of chemical and physical characteristics of pollutants on the site of sequestration and on the
induction of injury in the respiratory tract.

 2. Physiologic modeling of the pharmacokinetics of inhaled materials in animals and humans shows
promise for allowing extrapolation of dosimetry data between species, sexes, and regimens. Extension
of that approach to the active metabolites of inhaled compounds would greatly increase our
understanding of the toxicity of inhaled materials. Physiologic modeling also requires information on
deposition, clearance, and metabolism described in Recommendation 1 above.

 3. One region of the respiratory tract that has received little attention but is readily accessible for
sampling is the nose. The analysis of nasal rinses or sputum to detect exposures to specific pollutants
could be useful. It must be applied with appropriate knowledge of dosimetry differences between the
nose and the rest of the respiratory tract when different toxicants are inhaled.

 4. Macromolecular adduct formation offers a promising new method of measuring exposure to organic
compounds that are or can be metabolized to reactive forms. Further research on the kinetics of adduct
formation and clearance is required to determine the relationship between exposure history and the
concentration of adducts in blood or tissue samples.

 5. Most research has been on formation of adducts with DNA and hemoglobin. Adducts with other
macromolecules, particularly those with site specificity, should be explored as markers of dose.

PHYSIOLOGIC MEASUREMENTS

1.  Existing physiologic tools need to be extended and new tests need to be developed and evaluated to
focus on specific sites of action of environmental pollutants and specific effects of given pollutants.
That requires evaluation of pathophysiologic correlates assessed initially in animals and later in
humans, both in controlled exposure settings and in population-based samples.

2.  Further research is required on the role of nonspecific airway reactivity in identifying persons
susceptible to environmental agents and on the role of airway reactivity in the natural history of
chronic obstructive pulmonary disease (COPD). The role of transient changes in airway reactivity in
response to specific environmental agents needs to be assessed in regard to increased risk of
development of COPD.

3.  Linkages among altered particle clearance, environmental exposures and development of lung
disease need to be studied further to determine the usefulness of clearance as a marker of
susceptibility and response.

4.  Markers of early endothelial changes that would identify persons likely to develop acute or chronic
vascular injury are needed. Markers of endothelial dysfunction that demonstrate toxicant specificity
should be sought. More information is needed on how endothelial barrier function is correlated with
nonbarrier functions. Refinements in techniques are needed to render them applicable to the
screening of large numbers of people for vascular function.

5.  Immunologic, biochemical, cytologic, and structural markers identified as related to specific lung
injury need to be correlated with physiologic measures of respiratory function, airway reactivity,
particle clearance, and indexes of air-blood barriers. Understanding of those relationships could be
important in developing methods for assessing risks associated with environmental exposures.
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STRUCTURE AND FUNCTION

1.  Animal studies are needed for increasing understanding of the pathogenic sequelae related to particle
dose at specific sites in the lung. Examples of some analytic methods that can be made highly site-
specific and cell-specific are morphometry, immunocytochemistry, histochemistry, and in situ
hybridization.

2.  Research is required on the specific cell kinetics of response to injury. Labeling indexes determined
by autoradiography are not adequate for describing cell kinetics. New techniques, such as a
combination of autoradiography with morphometry to measure cell pool sizes before and after
injury, can make it possible to determine changes in the entire cell cycle during lung injury.

3.  Three-dimensional reconstruction of cells and tissues could establish changes in intracellular
organelles and cell-cell relationships that result from exposure and injury. Such techniques as
computer-assisted tissue reconstructions, time-lapse photography, and high-voltage electron
microscopy can be applied to obtain data on cell function and cell regulation.

4.  Cell and organ culture models should be developed for extrapolating animal data on histologic
changes to humans. Findings on early histologic markers of exposure and injury in animals are
difficult to apply to humans, because they require invasive techniques. New ways to maintain and
use human cells obtained by BAL, transbronchial lung biopsy, and tracheal explanation need to be
developed.

CELLULAR AND BIOCHEMICAL RESPONSE

1.  Bronchoalveolar lavage (BAL) has proved useful for evaluating lung inflammation, but further
research is required to determine its utility for assessing pollutant exposure. Interspecies studies are
needed to determine relationships between changes in BAL constituents and site-specific and
pollutant-specific injury. Where applicable, clinical studies should be used for confirmation of results.

2.  Cell and mediator changes found in BAL and nasal-wash fluid need to be related to physiologic and
pathologic changes to assess their utility as biologic markers. Furthermore, lavage fluids should be
analyzed to determine whether exposure to particles or gases changes chemotactic activity.
Alterations could be due to depletion or activation of pulmonary C5a, oxidants, arachidonic acid
metabolites, growth factors, and other chemotactic factors that might be important markers of
response.

3.  Nasal lavage needs to be investigated as a means of evaluating pollutant exposure and as an
epidemiologic tool. The characteristics of BAL-fluid, nasal-lavage fluid, and whole lung specimens
need to be correlated in humans and animal models.

4.  Monoclonal antibodies and molecular genetic techniques need to be applied to characterize types
and functions of cells of the respiratory tract. As those techniques are introduced, relationships
between phenotypic changes, pollutant exposure, and cell function should be established.

5.  It would be of value to identify markers of susceptibility. Changes in cells and mediators in lavage
fluid should be examined as possible markers of susceptibility.

6.  Early markers of late-stage disease should be developed to serve as molecular probes of mechanisms
of health impairment.
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Index

A
Absorption, 13, 66-67

gases, 22-23, 24-25
particles, 24

Acquired immune response, 97-103
Acrylamide, 38
Adenine nucleotides, 76
Adipose tissue, 36
Adsorption, 22
Aerosols, 18, 21, 51-54, 58, 59, 64-66, 69
Aflatoxin, 37
Airways, 4

constriction, 15, 47, 50-51
gas washout patterns, 50
particles, 18-22
reactivity markers, 5, 8, 40, 43, 57-61, 79, 134
structure/function markers, 83-85
see also Alveolar tissues and processes;
 Bronchial system;
Nasal passages;
Trachea

Albumin, 34, 70-71, 106, 112, 130
Alkyating agents, 37
Allergies, 60, 100, 101, 111-112, 118, 119

asthma, 3, 40, 41, 46, 57, 58, 59, 60, 102, 107-109, 119
Alveolar tissues and processes, 85, 92, 95, 96, 103

capillary boundary, 87, 91, 106, 127
capillaries, gas transfer to, 6, 7, 15, 44, 45, 55-57, 79
cell response, 85
epithelial barrier, 69-70
gas penetration, 23
lavage, 14, 28, 32, 105-111, 122-123, 126-127, 128,

129-131, 135
lymphocytes, 121

macrophages, 32, 63, 85, 95, 107, 113, 116-117, 120-126,
129-131

mucus, 94
particle deposition, 22, 24, 27, 65
urea, 107
venting, 38

American Thoracic Society, 39-40
Amines, 34, 38, 76, 81
Amino acids, 35
4-Aminobiphenyl, 34, 37
Aminorex, 87
Angiography, 88
Animal studies

airway permeability, 69
bronchoalveolar lavage, 109-111
extrapolation to humans, 3-4, 9, 14, 18, 21-22, 24-26, 38,

61, 62, 133, 135
gas inhalation, 25-26, 127
metabolic activity, 26, 39, 77
particle inhalation, 21-22, 24-25, 27-38, 61, 85, 135
pulmonary hypertension, 87-89, 90

Antibodies, 6-7, 94, 97, 98, 110, 123
DNA adducts, 37
immunoglobin, 3, 96, 112, 118, 120
monoclonal, 9, 36-37, 95, 117, 119

Antigens, 6, 15, 71, 94, 95, 98-103, 110, 112, 115, 117, 119,
122, 123

Antioxidants, 120-121
Arachidonic acid, 9, 94, 96, 114, 121-123, 124, 135
Aromatic substances, 37

styrene, 38
Arteries, 86-87

blood sampling, 57
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microscopic examination of, 88-90
Arsenic, 35
Arylamine, 34
Asbestos, 6, 27, 28, 32, 41, 42, 83, 85, 110, 123
Ascorbic acid, 121
Assays, 37, 41, 43, 44-57, 68, 69, 79-81, 114, 122, 128, 129

see also Biopsies
Asthma, 3, 40, 41, 46, 57, 58, 59, 60, 102, 107-109, 119, 122
Atherosclerosis, 3
Autopsies, lung tissue, 6, 83, 87
Autoradiography, 9, 135

B
Bacteria, 6, 93
Basophils, 97, 112, 116, 122
B cells, 96, 102, 117, 118, 125
Benzene, 26, 35, 38
Benzo[a]pyrene, 34, 35, 37
Berylliosis, 103
Biochemistry, 7, 8, 11, 38, 76

chemotactic factors, 6, 9, 24, 95, 96, 116, 118-120, 122, 135
chemotherapy, 37
immunocytochemistry, 9
see also Dosimetry;
Pharmacokinetics;
 Toxicokinetics

Biologic markers, 1, 12, 133
biochemical, 77, 84, 120-132, 135
cellular response, 77, 105-120, 135
defined, 2, 11, 12-13, 17
lung sounds, 40-41
respiratory tract uses, 14-15
validation, 13-14
see also Markers of effect;
 Markers of exposure;
 Markers of susceptibility

Biomathematics, see Dosimetry;
Mathematical models

Biopsies, 9, 28, 87, 106, 134
adipose tissue, 36
DNA samples, 128
skin tests, 99, 100-101

Blood, 114
air-blood barrier, 5, 9, 15, 38, 66-79
analysis of, 33-34, 57
cells, 71
cisplatin and cells, 37
flow rate, 2, 4, 23, 38, 56, 68, 88
gas solubility, 23
hemoglobin, 8, 27, 34, 74, 110, 134
platelets, 122
red cells, 110
see also Arteries;
 Capillaries;
 Veins

Breathing patterns, 15, 45, 51-52
hyperventilation, 58, 59
lung mechanics, 47-50
oral inhalation, 21
see also Exhalation

British Medical Research Council, 39
Bronchial system, 6, 84, 101-103

cellular processes, 85, 97, 98, 122
chronic bronchitis, 62-63, 89
imaging, 54
immune responses, 101-102, 120
particle transport, 21, 23, 63-67, 69-70
reactivity, 58-61, 134

Bronchoalveolar lavage (BAL), 4, 6, 7, 9, 14, 28, 32, 97,
105-111, 114, 121-123, 126-127, 128, 129-130, 135

Bronchoscopy, 92, 95, 97, 101, 102, 105, 107, 109, 110,
111, 114

Brownian diffusion, 19

C
Capillaries

alveolar boundary, 87, 91, 106, 127
alveolar, gas transfer from, 6, 7, 15, 44, 45, 55-57, 79
endothelial, 72, 77-78
permeability, 2, 120
volumetrics, 74

Carbon monoxide, 55, 57, 74
Carcinogens and carcinogenesis, 2

bronchial tubes, 62
DNA adducts, 36-38, 127-132
hemoglobin adducts, 34
urine analysis, 35

Cardiovascular system, 88
Catheter techniques, 47, 48, 66, 74, 111
Cell biology, 8, 9, 135

alveolar, 86
blood, 71
dosimetry, 4
endothelial, 71
epithelial, 6, 27, 67, 68, 69, 84-85, 91-92, 122
markers, 7, 77
membranes, 34
mitochondria, 126
models, 9, 135
parenchyma, 121
plasma proteins, 72, 120, 123-124, 127

Cell cultures, 9, 39, 67, 68, 70, 85, 93, 102-103, 122, 135
Cell differentiation, 84-85, 118
Cell growth, 95, 124-125, 135
Cellular immunology, 6-7, 9, 93-98, 99, 105-120

B cells, 96, 102, 117, 118, 125
bronchoalveolar airspace, 97
inflammation and, 15, 86, 94-95, 97, 106
interleukin, 7, 94, 102, 113-114, 116-118, 125
leukocytes, 95, 111
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leukotrienes, 122
lung recruitment, 110, 121
mast cells, 58, 109, 112, 114-115, 116, 119-120, 122
T cells, 94-97, 103, 107, 116-118, 119, 125
see also Antibodies;
 Antigens;
 Macrophages;
 Neutrophils;
 Phagocytes and phagocytosis

Ceruloplasmin, 121
Chemotactic factors, 6, 9, 24, 95, 96, 116, 118-120, 122, 135
Chemotherapy, 37
Children, 5, 39, 41, 89

asthma, 3, 40, 41, 46, 60
Cholesterol, 84
Cholinergics, 58, 60
Chromatography, 33

gas, 33
liquid, 122

Chromosomes, 129
Chronic diseases and effects, 1, 46, 58, 60

allergies, 60, 100, 101, 111-112, 118, 119
animal studies, 14
asthma, 3, 40, 41, 46, 57, 58, 59-60, 102, 107-109, 119, 122
atherosclerosis, 3
bronchitis, 62-63, 89
fibrosis, 7, 27, 50, 60, 83, 85, 88, 89, 99, 106, 110, 111
inflammation, 91-92, 97
obstructive pulmonary, 8, 45, 52, 62-63
pulmonary hypertension, 87-89, 90
rhinitis, 60, 101, 111
sarcoidosis, 106, 107, 116, 118
tuberculosis, 99

Cigarettes, see Smoking
Cilia, 84, 98
Cisplatin, 37
Clinical techniques, 5, 12, 14, 39-40

assays, 37, 41, 43, 44-57, 68, 69, 79-81, 114, 122, 128, 129
autopsies, lung tissue, 6, 83, 87
biopsies, 9, 28, 36, 87, 99-101, 106, 128, 134
catheterization, 47, 48, 66, 74, 111
ozone exposure, 41, 58, 62, 66, 93
questionnaires, 5, 39-40
see also Imaging techniques;
Noninvasive procedures

Cobalt, 6
Cold air, 58, 59, 60
Collagen, 35, 127
Complement system, 123-124
Computer-assisted tomography, 28, 42, 74
Connective tissue, 85, 90

adipose tissue, 36
fibroblasts, 6, 27, 28, 71, 85, 102, 116, 122, 123, 124

Convective airflow, 52, 53

Cost factors, 102, 112, 114
Cryogenics, 33
Cytology, see Cell biology
Cytoplasm, 7, 84, 91, 92

D
Diesel emissions, 37, 121, 127
4-Dimethylaminostilbene, 37
DNA, 127-131

adducts, 4, 7, 8, 18, 32, 34, 35, 36-38, 42, 127-131, 134
cDNA, 84
hybridization, 9

Dosimetry, 2, 4, 7-8, 133-134
biologic, 26-38
defined, 17-18
DNA adducts, 129-130
dose-response relationship, 3-4, 12, 37-39, 59, 66, 110
ethylene oxide, smokers, 34
gas toxicity model, 23, 25-26
mathematical models, 38-39, 42
susceptibility and, 3, 13
validation of biologic markers via, 14, 68

Drinking water, 4
Dust, 32, 109

byssinotic reactions, 123
magnetic measurement, 28-31
nasal lavage, 113
x-rays, chest, 42

E
Electron microscopy, 9, 68, 135

alveolar tissue, 85-86
lung tissue, 6, 64
Pulmonary arteries, 89-90

Electron transfer, 126
Electrophiles, 34
Electrostatic precipitation, 19
Emphysema, 3, 7, 53, 89, 111, 117
Endema, 50, 72-74, 101, 125
Endothelium, 69, 116

chemically induced injury, 71-75
markers of dysfunction, 8, 89-90, 134
metabolic activity, 71, 76-78, 79
particles, 24

Environmental Protection Agency, exposure studies, 3, 33,
121

Enzymatic radioimmunoassays, 37, 68
Enzymology, 78, 96, 114-115

amine metabolism, 76, 80
bronchoalveolar fluid, 126-127
cholesterol, 84
hydrolysis, 7, 77, 80, 91, 92-93, 122
liver and kidney disease, 11
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lungs, 125
lysosomal, 123, 126
lysozyme, 93
toxicity and, 39, 69

Eosinophils, 6, 95, 97, 108, 111, 112, 115, 119
Epidemiology, 5, 9, 39

dosimetry and, 17
inflammation, 92-93
marker development, 14
molecular, 18
nasal lavage, 112, 135
ozone exposure, 41, 93, 121
physiologic markers, 43, 44-45, 47, 60-61
see also Occupational health and safety;
 Risk assessment

Epithelium, 66
alveolar barrier, 7, 69-70
bronchial, 97
cell response, 6, 27, 67, 68, 69, 84-85, 91-92, 122
ion transport, 67-68
mast cells, 119
molecule transport, 68-70
nasal, 111
upper respiratory, 23-24, 63

Erythrocytes, 110
Esophagous, 47, 48
Ethylene oxide, 34
Etiology, 4, 15, 60, 83
Exercise physiology, 58, 59

alveolar-capillary gas exchange, 15, 43, 44, 55-57
Exhalation, 4, 32-33, 54, 78

alveolar venting, 38, 56-57
gas venting, 23, 44-47, 50
pollution detection, 15
spirometry, 44-48, 79

Exposures, see Dosimetry;
 Markers of exposure;
 Risk assessment

F
Fats, see Adipose tissue;

Lipids
Feces, 63
Fiberoptics, 32

bronchoscopy, 92, 95, 97, 101, 102, 105, 107, 109, 110,
111, 114

Fibroblasts, 6, 27, 28, 71, 85, 102, 116, 122, 123, 124
Fibrosis, 7, 27, 50, 60, 83, 85, 88, 89, 99, 106, 110, 111
Fluorescence and fluorometry, 37, 63, 107
Formaldehyde, 35

G
Gamma-camera, 43, 54, 63, 65
Gas chromatography, 33
Gases

alveolar-capillary transfer, 6, 7, 15, 44, 45, 55-57, 79

gas exchange function, 5, 43, 44-57
inhalation/deposition, 22-23, 25-26, 36, 45, 51-55
oxidant, 6, 120
see also specific gases

Genetics
epithelium, 67
population studies, 60-61
susceptibility, 3
see also DNA;
 Molecular genetics;
 RNA

Genotoxicity, 35, 127-131
DNA adducts, 4, 7, 8, 18, 32, 34, 35, 36-38, 42, 127-131

Glutathione, 121
Glycoproteins, 68, 84

ceruloplasmin, 121
transferrin, 120-121, 127

Guanines, 129-130

H
Halogens, 33
H-benzoyl-phe-alapro, 77
Hematology, see Arteries;

Blood;
Capillaries;
 Veins

Hemoglobin, 8, 34, 74, 110
DNA adducts, 37, 134

Henry's law, 23
Heparin, 120
Hepatic system, 39, 87
Herbicides (paraquat), 26, 77, 120
Histamines, 60, 109, 115, 116, 119-120, 123
Histochemistry, 9, 84

eosinophils, 6, 95, 97, 108, 111, 112, 115, 119
Histology, 4, 9, 42, 78, 110

see also Neutrophils
Homeostasis, 3
Hormones, 77
Horseradish peroxidase, 68
Humoral immunity, 6, 93, 94

see also Cellular immunology
Hydrocarbons, 33, 37
Hydrolysis, 7, 77, 80, 91, 92-93, 122
Hydroxylysine, 35
Hydroxy-proline, 35
5-Hydroxytryptamine, 77-78
Hygroscopicity, 22
Hyperreactivity, airway, 57-61, 134
Hypertension, 3, 87-89, 90
Hyperventilation, 58, 59

I
Imaging techniques, 41-42

angiography, 88
fluorescence and fluorometry, 37, 63, 107
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magnetic, 28-31, 42, 66
nuclear magnetic resonance, 75
radiography, 9, 41, 54-55, 88, 110, 135
radiolabeling, 25, 28, 54, 63-66, 68, 73, 75
tomography, 28, 42, 73, 74
X-rays, 6, 27, 31, 41-42, 66

Immunoassays, 37, 68, 69, 122
Immunocytochemistry, 9
Immunoglobin, 3, 96, 112, 118, 120
Immunology, 6-8, 15, 58, 93-103

acquired immune response, 97-103
detection markers, 114-115
interferon, 116
see also Antibodies;
Antigens;
 Cellular immunology;
 Inflammation;
Mucosal processes

Impaction, 18-19
Infection, 15

inflammatory, 92-93
molecular markers, 7

Inflammation, 6-7, 50, 91-93, 97, 100
airway, 51, 58, 68
biologic markers, 113-116
bronchial, 101-102
cell processes, 15, 86, 94-95, 97, 106
granuloma, 99, 102-103;
 see also Sarcoidosis
interleukin, 7, 94, 102, 113-114, 116-118, 125
lung, 9, 41, 96, 98-99, 109-111, 120
macrophages and, 6, 98-99, 113, 116-117, 120-123
neutrophils, 6, 91, 92, 98-99, 100, 117, 120, 123
particle-caused, 27
plasma-protein complement system, 123-124
prostaglandin, 122
proteins, 127
see also Allergies

Inhalation toxicology, 1
dosimetry, 17, 23, 26-38, 133-134
gases, 22-23, 25-26, 36, 45, 51-55, 58
markers, 17-42
paraquat, 26, 77, 120
particles, 18-22, 23-26, 27-31, 38, 51-55, 133-134
inflammation, 9, 41, 91-92, 96, 98-99, 109-111, 120
markers of, 5-6, 133

Interferon, 116
Interleukin, 7, 94, 102, 113-114, 116-118, 125
International Commission on Radiological Protection, 38
International Labor Organization, 41-42
Ion transport

epithelial, 67-68

K
Keratin, 85
Kidney, see Renal system

L

Larnyx, 59
Lavage

bronchial, 4, 6, 7, 9, 97
bronchoalveolar (BAL), 14, 28, 32, 105-111, 122-123,

126-127, 128, 29-130, 135
lungs, 95-99, 109, 120-121
macrophages, 7, 97, 113
nasal, 4, 7, 9, 32, 111-113, 114

Leukocytes, 95, 111
monocytes, 24, 98, 113, 115
see also Neutrophils

Leukotrienes, 122
Light microscopy, 6, 84, 85, 88-89
Lipids, 23, 36, 38, 122
Liquid chromatography, 122
Liver, see Hepatic system
Lungs, 47-50, 61, 64-66

edema, 50, 69, 70, 72-74, 77, 101, 125
enzyme damage, 69
gas exchange function, 5, 43, 44-57
inflammation, 9, 41, 96, 98-99, 109-111, 120
lavage, 95-99, 109, 120-121;
 see also Bronchoalveolar lavage
mechanical properties, 47-50, 79
metabolic activity, 76-78
mucosal processes, 63
oxidant injury, 6, 95, 120-126
roentgenography, 73-74
sarcoidosis, 106, 107, 116, 118
structure/function markers, 83, 85
vasculature, 86-90
volumetrics, 45, 50, 52, 74, 89
water accumulation, 73-74, 75-76
x-rays, 41-42
see also Inhalation toxicology

Lung sounds, 40-41
Lymph and lymphatic system, 24, 29, 30, 68-70, 72, 73, 75,

97, 117
Lymphocytes, 6, 7, 32, 94, 95, 97-99, 100, 102-103, 106,

107, 113, 15-119, 121, 125
DNA adducts, 37, 129-130
see also B cells;
 T cells

Lymphokines, 94, 98, 102, 120
Lysosomes, 92-93, 96, 123, 126
Lysozyme, 93

M
Macromolecules

adduct formation, 8, 18, 34, 42, 134
markers, 68
see also DNA;
 Proteins;
 RNA

Macrophages, 6, 32, 85, 91, 94, 96, 97, 115, 118
alveolar, 32, 63, 85, 95, 107, 113, 116-117, 120-126, 131
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chromosomes, 129
inflammation and, 6, 98-99, 113, 115, 116-117, 120, 124
lavage, 7, 97, 113, 116-117, 120-126, 131
monokines, 124-125
particle interactions, 24, 25, 27, 29, 65-66, 123-124

Magnetic measurements, 28-31, 42, 66, 75-76
Markers of effect

biochemical/cellular, 7, 11-12, 135
defined, 2-3, 12, 13
inflammation/immune response, 6-7, 114-115
molecular, 127-132
physiologic, 5, 14, 134
structural/functional alterations, 5-6, 8, 9, 15, 83-90, 135

Markers of exposure, 4-5, 17-42, 133
defined, 2, 12-13, 17
imaging, 41-42
lung sounds, 40-41
see also Dosimetry

Markers of susceptibility, 8
defined, 2, 3, 12, 13

Mass spectroscopy, 33
Mast cells, 58, 109, 112, 114-115, 116, 119-120, 122
Mathematical models

animal studies, extrapolation to humans, 18, 25
exposure markers, 4-5, 38-39, 42
morphometrics, 6, 9, 85-86, 88, 135
nitrogen washout equations, 51
reactive gases, 23, 25

Membranes, 34, 38
cell, 84
see also Alveolar tissues and processes;
 Epithelium

Metabolic activity and metabolites, 4
animals vs humans, 26, 39, 77
arachidonic acid, 9, 94, 96, 114, 121-123, 124, 135
cell, 95
endothelial, 71, 76-78, 79
exposure markers and, 2, 8
hydrolysis, 7, 76, 77
lung, 76-78, 87
noninvasive detection of, 33-34
susceptibility markers and, 3, 13
see also Enzymology;
 Pharmacokinetics;
 Toxicokinetics

Methacoline, 58, 61
Methyl bromide, 25-26
Methylene blue, 107
Methylene chloride, 39
4-methyl-N-nitrosamino-1-(3-pyridyl)-1-butanone, 37
Microbial infections, see Infections
Michaelis constant, 38
Microscopes and microscopy

electron microscopy, 6, 9, 64, 68, 85-86, 89-90, 135
light, 6, 84, 85, 88-89

x-ray, 6
Mitochondria, 126
Models, 4

physiologic, 8, 35, 38, 134, 135
three-dimensional, 9, 135
see also Mathematical models
Molecular biology
epidemiology, 18
markers, 3-4, 7, 11, 68-70, 127-132, 135
see also Macromolecules;
 Proteins

Molecular genetics, 9, 127-132, 135
adduct measurement, 4, 32
DNA, 4, 7, 8, 9, 18, 32, 34, 35, 36-38, 42, 84
RNA, 9, 84, 127, 130-131

Monoclonal antibodies, 9, 36-37, 95, 117, 119
Monocytes, 24, 98, 113, 115
Monokines, 124-125
Morphometrics, 6, 9, 85-86, 88, 135
Mucosal processes, 4, 6, 31-32, 63-64, 68, 96, 120

alveolar, 94
cellular, 84, 98
particle transport, 23-24, 25, 62-64, 65, 67
see also Lavage

Mutation and mutagenic substances, 35, 129

N
Nasal passages, 134

adenocarcinoma and mucus, 62
epithelium, 67
exposure markers, 4, 8
immune responses, 101
lavage, 4, 7, 9, 32, 111-113, 114, 135
particle transport, 19-21, 23-24, 62, 63, 64
rhinitis, 60, 101, 111

National Heart, Lung and Blood Institute, 39-40
National Research Council

drinking water study, 4
Neutrophils, 32, 95-98, 110, 112, 115-117, 120, 122

inflammation and, 6, 91, 92, 98-99, 100, 117, 120, 123, 125
lavage, 106, 109, 112, 126

Nickel, 6
Nitrogen dioxide, 35-36, 50-51, 59, 62
Noninvasive procedures

airway reactivity testing, 57-61, 134
angiography, 88
exercise tests, 55-57
exhaled air, 32-33
lungs, 40-41, 47-50, 64-66, 73-75
magnetic, 28-31, 42, 66, 75-76
molecular tracers, 68-70
mucus velocity, 63-64
nasal lavage, 4, 7, 9, 32, 111-113, 114
nuclear magnetic resonance, 75
oscillation, lungs mechanics, 47, 48-49, 79
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physiologic markers, 43
radiography, 9, 41, 54-55, 88, 110, 135
radiolabeling, 25, 28, 54, 63-66, 68, 73, 75
respiratory fluids, 32
skin testing, 99, 100-101, 102, 114
spirometry, 44-48, 79
tomography, 28, 42, 73, 74
see also Imaging techniques

Norephinephrine, 77
Nose, see Nasal passages
Nuclear magnetic resonance, 75
Nutrition, 3

O
Occupational health and safety

asthma, 59
dosimetry, case studies, 26-38
inflammatory response studies, 92-93
nasal lavage, 112
x-rays, chest, 41-42

Oral inhalation, particles, 21
Organic compounds

detection of, 33-36, 38
exposure, 8

Oscillation techniques, 47, 48-49
Oxidant injury, 6, 120-123
Oxygen, 56, 95, 116, 124, 125-126
Ozone, 23, 41, 58, 62, 66, 67, 93, 117, 121, 122, 127

P
Paraquat, 26, 77, 120
Parenchymal tissues, 85-86, 96, 121
Particles and particulates

aerosols, 18, 21, 51-54, 58, 59, 64-66, 69
asbestos, 6, 27, 28, 32, 41, 42, 83, 85, 110, 123
dosimetry, 8, 133-134
inhalation and decomposition, 18-22, 23-26, 27-31, 38,

51-55, 133-134
insoluble, 27-31
lung tissue autopsy, 6, 83, 87
macrophage interactions, 24, 25, 27, 29, 66, 123-124
mucosal transport, 23-24, 25, 62-64, 65, 67
phagocytosis, 32, 63, 65, 123, 125-126
pulmonary clearance markers, 5, 9, 44-45, 51-55, 61-66, 80
silica, 6, 27, 85

Peptides, 77, 121, 122
Perfusion, 44, 77, 78
Phagocytes and phagocytosis, 6, 32, 63, 65, 91-96, 98, 110,

117, 123, 125-126
see also Macrophages;
 Neutrophils

Pharmacokinetics, 4-5
animal vs human studies, 21

arachidonic acid, 9, 94, 96, 114, 121-123, 124, 135
cholinergics, 58, 60
hyperventilation, 58, 59
modeling, 8, 38
particle dissolution, 24-25
urine analysis, 35
see also Toxicokinetics

Pharynx, 63, 113
Physiology, 134

assays, 37, 41, 43, 44-57, 68, 69, 79-81, 114, 122, 128, 129
exercise, 15, 43, 44, 55-59
pharmacokinetic modeling, 8, 35, 38, 134
toxic effect markers, 5, 8-9, 14, 43-81

Plasma proteins, 72, 120, 123-124, 127
Platelets, 122
Plethysmography, 48, 59
Population studies, see Epidemiology
Pressure effects and measurements

arterial, 88, 89
blood flow, 2, 4, 23, 38, 56, 68, 88, 89
edema, 50, 72-74, 101, 125
lungs, 49-50, 79

Prostacyclin, 122
Prostaglandin, 122
Protamine, 38
Proteins, 71, 109, 127

adducts, 4, 7, 8, 18, 32, 34, 36-37, 42
adhesive, 133
glycoproteins, 68, 84, 120-121, 127
interferon, 116
plasma, 72, 120, 123-124

Psychogenic factors, 15
Pulmonary vasculature, 86-90

Q
Questionnaires, 5, 39-40

R
Radicals

hydroxyl, 120, 125
oxygen, 95, 124, 125-126

Radiography, 9, 41, 54-55, 88, 110, 135
gamma-camera, 43, 54, 65

Radioimmunoassays, 37, 68, 69, 122
Radiolabeling, 25, 28, 54, 73, 75

aerosols, 54, 63-66, 69
Red blood cells, 110

hemoglobin, 8, 34, 27, 74, 110, 134
Regulations, 17

see also Standards
Renal system, 11
Respiratory system
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air-blood barrier, 5, 9, 15, 38, 66-78, 79
biologic markers, uses, 14-15
cellular and biochemical response, 105-132
fluids, 31-32
function indices and assays, 41, 43, 44-57, 61
impedance, 48-49
inflammatory and immune response, 91-132
intrapulmonary gas and particle distribution, 45, 50-55, 79
lung, 47-50, 64-66, 1-5-132
measures of function, 43-81
particle deposition and clearance, 18-25, 27-31, 61-66, 79
reactivity, airway, 5, 8, 40, 43, 57-61
structural assessment, 83-90
see also Airways;
 Alveolar tissues and processes;
 Bronchial system;
Inhalation toxicology;
 Lungs;
 Nasal passages;
 Trachea

Rhinitis, 60, 101, 111
Risk assessments, 46, 80

animal studies, 3-4, 9, 39
chronic obstructive pulmonary disease, 8
questionnaires, 40
see also Dosimetry;
 Epidemiology

RNA, 84, 127
hybridization, 9
mRNA, 130-131

Roentgenography, 73-74

S
Saliva, 33
Sarcoidosis, 60, 70, 106, 107, 116, 118
S-carboxyethyl-cysteine, 38
Scintillation, 64, 65
Sedimentation, 19, 21-22
Sensitivity, defined, 13
Sickle-cell anemia, 7
Silica, 6, 27, 85
Skin testing, 99, 100-101, 102, 114
Smoking, 68-69, 70, 116, 125-126

bronchial effects, 62
ethylene oxide dosage detection, 34
inflammatory response, 122
lavage and, 95, 96, 97, 112, 113, 117, 121, 127
nitrogen dioxide detection, 36, 50-51
questionnaires, 40
urine analysis, 35-36

Smooth muscle, 58, 59, 71, 89, 90, 116, 122
Specificity

antigen-specific immune response, 99-103, 110
defined, 13
nonspecific reactivity, 59, 75, 76
respiratory toxicants, 15

Spectroscopy, 27

fluorescence, 37
mass, 33

Spirometry, 44-48, 79
Sputum, 32
Standards

data acquisition, 5, 39
EPA exposure studies, 3
particle clearance, 61-62, 79
respiratory function, 41
x-rays, chest, 41-42

Statistics
dose-response relationship and, 66
nitrogen washout, regression equations, 51
see also Epidemiology;
 Risk assessment

Styrene, 38
Sulfur dioxide, 113
Sulfuric acid, 59, 62
Superconductivity, 29
Susceptibility, see Markers of susceptibility

T
Task Group on Lung Dynamics, 38
T cells, 94-97, 103, 107, 116-118, 119, 125
Thalassemia, 7
Thorax, 39, 48, 65

dust, magnetic measurement, 28-31
x-rays, chest, 41-42

Tobacco, see Smoking
Tomography, 28, 42, 74, 75
Total Exposure Assessment Methodology, 33
Toxicokinetics, 17, 18

animal vs human, 39
gases, 25-26
mathematical models, 38, 42
organic compounds, 34
see also Dosimetry

Trachea, 9, 68-69, 84, 95, 97, 134
particle transport, 21, 23-24, 63-64

Transferrin, 120-121, 127
Tuberculosis, 99

sarcoidosis, 106, 107, 116, 118

U
Urban areas, 92
Urea, 107
Urine, 114

adduct analysis, 37
organic compounds analysis, 34-36

V
Vascular system, see Arteries;

Capillaries
Veins, 86-89
Ventilation, see Exhalation
Viruses, 92, 93, 96
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Vitamins, 121, 123
Volatile organic compounds

detection of, 33, 34, 38
Volumetrics, 45, 50, 52, 57

arterial, 89, 90
lung water, 74, 75

W
Weight factors, 38
Wheezing, 40, 46, 101
White blood cells, see Leukocytes;

Neutrophils
Wool fibers, 32

X
X-ray microscopy, 6
X-rays imaging, 31, 41-42, 66
X-ray spectrometry, 27
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