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PREFACE

The Sixth Conference on Environmental Toxicology was held in
Dayton, Ohio on 21, 22, and 23 October 1975. Sponsor was the University
of California, Irvine under the terms of Contract F33615-76-C-5005 with
the Aerospace Medical Research Laboratory, Aerospace Medical Division,
Air Force Systems Command, Wright-Patterson Air Force Base, Ohio,
Arrangements were made by the Toxic Hazards Research Unit of the
University of California, Irvine, and the papers presented at this Confer-
ence by personnel of the University of California represent research con-
ducted under the cited contract., James E. Sterner, M.D., University of
California, Irvine, California College of Medicine, Irvine, California
served as Conference Chairman, and Mrs. Lois Doncaster, University of
California, served as Conference Coordinator.
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OPENING ADDRESS
Brigadier General Howard R. Unger, USAF, MC

Commander
Aerospace Medical Division
Brooks Air Force Base, Texas

Dr. Sterner, Dr. Doppelt, Ladies and Gentlemen, it is a great
pleasure for me to welcome you to the Sixth Conference on Environmental
Toxicology.

During this welcome, I want to reflect on Air Force concerns in the
general area of Environmental Toxicology and my thoughts on the Aerospace
Medical Division's research goals to protect the health of our greatest asset:
the people who carry out the Air Force mission.

Although I have not had the pleasure of attending your previous
conferences, I have looked at their proceedings and I am greatly impressed
by the quality of the papers, the wide spectrum of scientific disciplines
represented, and the spirited and candid discussions during the Open Forum
sessions.

Since I was curious about the history of these conferences, I started
by paging through the proceedings of the very first one held in April 1965,
which was titled, "Conference on Atmospheric Contamination in Confined
Spaces."” This title reflected the main concern of the Air Force, NASA,
and the scientific community at large in those years of planning for long
duration manned space flight. Things have changed since then and, appro-
priately, the title of these conferences was also changed in 1970 to "Environ-
mental Toxicology. "

But in that very first conference proceedings of 1965, I read with
moderate delight a paper by Dr. Harry Hays on "Problems in the Interpreta-
tion and Extrapolation of Animal Data to Man, " which contains a "tongue-in-
cheek’" evolutionary account of the state-of-art in Toxicology. Allow me to
quote just two paragraphs from his paper:
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In the beginning, it was customary to use a rat or two,
an odd rabbit, and a few mice. Before long it was clear
that toxicity in man could not be readily predicted in this
way. So, the number of rats increased, and before long
someone started statistics, so the number of rats in-
creased still further. Dogs came in. Rabbits went out.
Cats became scarce.

Well, predictions improved but still there was a long
way to go. So the number of rats increased, so did the
dogs. So did the mice. More species were added --
monkeys, chimps, marmosets, quail, frogs and pigs.
Longer tests were required, ten days, two weeks, six
months, two years, to one life. span. Still no closer to
predictability in man. Once it was just toxicity, and then
it was multigeneration tests, carcinogens came in, then
co-carcinogens, and if you couldn't find a carcinogen,
then you looked for a mutagen. I you couldn't find a
mutagen, then you looked for a teratogen. We used not
one species but many species. Not one strain, but many
strains. Outbred. Inbred. Brother-sister mated.
Random mated. Still no better predictability. Once you
counted just the dead. This procedure was charged with
fallacy, so everything that could be weighed was weighed,
and everything that could be removed was sliced and ex-
amined histologically. The function of every organ was
looked into. From the cellular, we went to the sub-
cellular. Radioisotopes became a must. Physiology
gave way to psychology, and now not even the rat doubts
the results.

: Times have indeed changed, and the Air Force toxicology program
- must now consider not only the microcosmos of the sealed habitable environ-
ment, but the total environment in which we work and on which our activities
impact. The three "geneses" -- carcinogenesis, mutagenesis and terato-
- genesis -- have caught up with everybody in this country of ours and they are
. here to stay.
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Commensurate with the increased sophistication of toxicological
studies required by the regulatory agencies and the general concern over
occupational and public health, the cost of safety evaluation of new chemi-
cals is skyrocketing. As a result of these requirements, the cost of intro-
ducing a new drug, for example, has jumped from an average of 1.3 million
in 1968 to 10.5 million today. A parallel situation exists for qualifying new
pesticides and other widely used industrial chemicals. But even those
older chemicals which have been used for decades may suddenly acquire
the stigma of ""suspect carcinogen' as a result of the currently increasing
bioassay activities, as is the case e.g. with synthetic organic chemicals,
industrial solvents, and the hydrazines. A recent list of suspect com-
pounds published in the Federal Register contains more than 1400 chemi-
cals, many of them well known and some of them as mundane as ethyl
alcohol.

Other complicating factors to further confuse the issues are abun-
dant. Very little has been done to resolve the controversies about method-
ologies, protocols and of what is acceptable animal data for the purposes
of regulatory agencies. When there is a clear cut dose-response to a
chemical carcinogen, can a threshold be postulated below which no onco-
genic activity exists? How do we extrapolate animal data to humans?
What is an acceptable model for extrapolation of risk? How do we go
about risk versus benefit analysis on strictly military chemicals? These
are just a few of the key issues, some of which may be answered scien-
tifically, some on an ethical basis. Emotionalism is often a complicating
factor.

But even the scientists disagree. The molecular biologist, on the
basis of mathematical deduction, will argue that each reactive molecule
hits a target molecule. That, of course, means that only an absolute
"zero' dose is safe. The toxicologist, who deals with the whole animal,
maintains that several "hits" are required to induce a biological effect
resulting in the familiar sigma type curve. As you can see, the argu-
ments become quite philosophical and sometimes even quite emotional.

On the further horizon lurks the question of animal experimentation.
Since no humans can be used in carcinogenic exposure studies, what in vitro
models are of scientific and predictive value? Which type of mutagenic
studies will be acceptable? Can cell cultures eventually replace in vivo
studies entirely?
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These are very challenging questions to the scientific community,
but they are equally directed to the bio-politicians and the legal profession.

What are the research needs then for the Aerospace Medical Division
in the environmental toxicology of Air Force unique chemicals? :

First, we have to find better ways to extrapolate animal data to man.
This requires knowledge of the biochemistry and intermediary metabolism
of suspect chemical carcinogens. Pathways involved in activation of com-
pounds to proximate carcinogens are extremely relevant to explain species
differences in response and to identify the laboratory animal species that
most closely resemble man.

‘Second, in vitro assays for carcinogens and mutagens must be re-
fined to exploit their full potential. Comparative evaluation of living cells
from animals and humans should be pursued to identify their capacity to
incorporate, metabolize or bind such chemicals in vitro. The same is true
of microorganisms. Chromosome aberrations are a powerful tool which
may serve dual purpose both as a biological indicator of a "h1t" and perhaps
~even as a diagnostic tool.

Third, since most of our problems are related to potential exposures
by the inhalation route, the state of the art must be advanced in experimental
approaches to fully exploit the capacity of our exposure facilities. There
are two major areas of thrust required here. More sensitive measures for
- pulmonary function and lung damage, preferably noninvasive, are needed so
that differences in individual response due to total dose absorbed can be
reconciled within the same animal species. Without this refinement, dose-

response can become a very elusive issue. The other major area is the
modeling of chronic toxicity. We must develop and validate accelerated
test methods for compressing the chamber exposure time to something more
manageable than lifetime exposure if we ever hope to get ahead of the power
curve. Continuous exposure techniques may well be the most promising
approach, since they can increase body burden of the chemical without ex-
ceeding the maximum tolerated dose as defined during interrupted exposure
studies. :
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Much of this, of course, can be called basic research. The Air
‘Force Systems Command (AFSC) strongly advocates a vigorous basic re-
search program. As of 1 July this year, AFSC established a single mana-
ger for basic research in the Air Force Office of Scientific Research.
This change of organizational command lines places basic research in a
separate and distinct category from exploratory development. As the end
result, research will not have to compete with development for its funds.
This new program will devote 70% of its funding to contractual and grant
programs with the remaining 30% dedicated to inhouse research at exist-
ing Air Force laboratories, to complete their full spectrum research and
development role. ‘

This reorganization in Air Force research programs is designed
to respond to our technology needs and objectives, as I have discussed
previously. It will provide an increased and more stable funding for re-
search vital to us in the area of Environmental Toxicology if we are to
meet tomorrow's challenges.

’ I wish you the best of success for another outstanding and stimu-
lating conference. :
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KEYNOTE ADDRESS

THE NIEHS PROGRAM IN ENVIRONMENTAL TOXICOLOGY
Robert L. Dixon

~ National Institute of Environmental Health Sciences
Research Triangle Park, North Carolina

I would like to first express to you Dr. Rall's apologies and regrets
that he is unable to be here. He is testifying today with regard to the Toxic
Substances Legislation. As he indicated to me, with rather short notice, ‘he
has no control over the scheduling of testimony and when called, he appears.

However, it is my pleasure to be here today and I hope my overview
of Environmental Toxicology and the role of NIEHS will be interesting to you.
I am Chief of the Laboratory of Environmental Toxicology at the NIEHS, and
although I already know many of you, I am anxious to become better acquaint-
ed. For those of you interested in the details of the intramural and extra-
mural research program of the Institute, I have brought some descriptive

material which I will leave in the back of the room.

The organization of the National Institutes of Environmental Health
Sciences (NIEHS) is presented below:

DIrECLOr +eveevteieccaessscasassasasosannses Dr. David R. Rall
Acting Associate Director for Extramural :

Programs ...eeeennrecenerenneecannas Dr. Cobert D. LeMunyan
Associate Director for Interagency Programs...Dr. Philip E. Schambra
Associate Director for Program.......cceveee.. Dr. Hans L. Falk

Intramural Research Branches ,
Environmental Biology and Chemistry, Chief ..Dr. John A. Moore

Environmental Biometry, Chief .............. Dr. David G. Hoel
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Major research programs are associated with the Intramural Re-
search Branches, Contract Program, and Extramural Programs.

The Intramural Research Branches are Environmental Biology and
- Chemistry, Environmental Biometry, Environmental Biophysics, Environ-
mental Mutagenesis, Environmental Toxicology, and Pharmacology.

Contract research serves the important purpose of supplementing
and complementmg the Institute's intramural research programs. Research
in this activity is supported through contracts and performed in collabora-
tion with university investigators, industrial research organizations, and
other Federal agencies. The Institute plans to provide continuing support
- for contracts concerned with the development of systems to detect mutations
in mammalian cells, assessment of the effects of environmental components
on reproduction and oncogenesis, and determination of the effects of chronic
exposure to airborne environmental agents. Additionally, supported projects
will assess the environmental toxicity of specific chemicals, survey environ-
mental exposures to heavy metals, develop respiratory tract models to as-
sist lung deposition studies, and provide for determination of the carcino-
genicity of orally administered asbestos. The contract program will sup-
port studies designed to aid in the elucidation of adverse health and environ-
mental effects associated with energy utilization and conservation.

The extramural program provides funds for support of research and
‘research training activities within educational institutions, research insti-
. tutes, and other public and private nonprofit organizations. NIEHS reaches
out into the scientific community to those scientists and research teams
which can make contributions to understanding problems in the environmen-
tal health field.

In addition to contributing to biomedical and clinical knowledge, this
supported research is intended to provide health criteria for establishment
of standards by those Federal agencies charged with regulatory responsi-
bilities. Other beneficiaries of the basic knowledge developed are medical
personnel concerned with etiology of new diseases peculiar to certain locales;
research teams dealing with environmental components of cancer, heart and
lung diseases, birth defects, and neurological disorders; and physicians re-
sponsible for health care delivery.
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Fundamental data derived from research on environmental toxicants
and their mechanisms of action will suggest new solutions to the complex
and growing problems of environmental contamination. As the information
base expands and new techniques of measurement and analysis are developed,
new approaches to realistic control methods or standards may emerge.

Because of the numbers and kinds of environmental factors to which
man is exposed, the scope of extramural activities is broad. Efforts are
made to maintain an effective blend of problem oriented and fundamental re-
search and training in a wide spectrum of the physical and biological sci-
ences. These include biochemistry, biology, statistics, biometrics, chem-
istry, clinical medicine, engineering, epidemiology, pathology, pharma-
cology, toxicology, physics, physiology, radiobiology, and veterinary
sciences. :

For administrative purposes, research and training supported by
NIEHS is divided into four primary program areas: Etiology of Environ-
mental Diseases and Disorders, Environmental Pharmacology and Toxicology,
Environmental Pathogenesis, and Environmental Mutagenesis and Reproduc-
tive Toxicology. None of these is rigidly delineated or mutually exclusive.
Research and training may span one, several, or all program areas concur-
rently.

Support mechanisms in all program areas include Research Project
and Program Project Grants and Research Career Development Awards.
Research Training and University-based Center Grants also are supported.
Grant Programs are administered through the Office of the Associate Direc-
tor for Extramural Programs, NIEHS, in conjunction with the Division of
Research Grants at the National Institutes of Health.

Research Project and Program Project Grants: Because of the lack of
a broad base of fundamental knowledge in the environmental health area,
NIEHS invests a large portion of its budget in support of highly meritorious
investigator-initiated research project and program project grants. It is
believed that supporting research by this method is the optimal way to
broaden the nation's science base in environmental health. Dual considera-
tions in support of projects are excellence and relevance to environmental
health - specifically, to the effect of the environment on man's health.
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Research Career Development Awards: The purpose of this award is
to foster development of non-Federal individuals with clear research potential
who require additional training and experience in a productive scientific en-
vironment in preparation for careers of independent research in the sciences
related to health. Candidates must be nominated by a non-Federal public or
private nonprofit institution engaged in health-related research and located in
the United States or its possessions and territories. They must have at least

- three years of relevant postdoctoral experience prior to the beginning date of
the award. Awards are made to eligible institutions on behalf of qualified
candidates; each awardee is directly responsible to the institution to which the

- award is made. '

Research Training Program: Grants and awards are of two types:
Institutional Grants for National Research Service Awards and National Re-
search Service Awards for Individual Postdoctoral Fellows. Institutional
Grants may be awarded to domestic nonprofit private or non-Federal public
institutions to support training programs in specified areas of environmental
health research from which a number of awards will be made to individuals

- selected by the institution and program director. Pre- and postdoctoral
trainees may be supported if either or both levels of training are justified in
the application and approved.

Individual Postdoctoral Fellowship Awards are made to individuals for
specific training in environmental health and related sciences. Awardees are
selected as a result of national competition. ~

Research areas in which fellowship and institutional training grant

~ applications will be accepted by the NIEHS are: Environmental Biology, En-

- vironmental Epidemiology and Statistics, Environmental Pathology-
Pathophysiology, and Environmental Toxicology. Emphasis in Environmental
Biology is on development of methods of testing and evaluation of mutagenicity
and teratogenicity of environmental agents in laboratory animals and human
individuals and populations. 4

Univers ity-Based Center Grants: Supported by grant, and program-

matically highly related to the Institute's intramural research program, the
Environmental Health Sciences Centers are an integral part of the strategy
of NIEHS in optimally serving the national needs in environmental health
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sciences research and training. They serve to integrate the efforts of scien-
tists in several traditional disciplines and to foster application of expertise
across disciplinary lines to environmental health problems.

The Centers are made up of scientists who collaborate to develop
fundamental and practical information about the causes and nature of environ-
mentally-related diseases. The programs generally are broad, encompassing
all or most of the NIEHS-program areas. Additionally, the Centers are loca-
ted in teaching institutions selected for their ability to attract and train gifted
students in environmental health and related sciences.

Center grants usually evolve within the University as a result of inte- -
gration of a number of highly productive research or program projects and
training activities relevant to the NIEHS mission. The Center is characterized
by a unity of purpose and a central administration under a Center Director,
though the specific research interests of participants may be diverse.

Because of the variety and complexity of environmental problems,
several Centers with complementary spheres of interest are required to ful-
fill the national need. Accordingly, seven Centers, each with special ex-
pertise in one or more of the major program areas of the Institute, are
supported. Among special areas emphasized at the Centers are interrelation-
ships of exposures to heavy metals, pesticides, industrial by-products,
naturally-occurring toxins, and air pollutants, singly or in combination,
with respiratory and circulatory diseases, carcinogenesis, teratogenesis,
mutagenesis, neural and behavioral aberrations, and other overt and subtle
physiological anomalies. In addition, epidemiologic studies are being con-
ducted at or near industrial sites, in large urban areas, and in a number of
rather special life situations where some potential environmental risks have
been identified.

A booklet (DHEW Publication No. NIH 76-932) which defines the mis-
sion and activities of the Institute in greater detail is available upon request.

This meeting is perhaps especially timely in light of the hearing
scheduled next month by Congressman Brown and his Subcommittee on the
Environment and the Atmosphere of the House Committee on Science and
Technology. The hearings will consider the costs and effects of chronic,
low-level environmental pollution. The aim is to consider the state of

11
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knowledge in the areas of health, agriculture, climate effects, and other as-

- pects of the biosphere. The purpose of the hearings is to assess the research
needs in these areas, and how the state of knowledge relates to nation's abil-
ity to set reasonable environmental standards.

Because of limited resources in Environmental Health Sciences, as in
other government sponsored research, it has been necessary to set research -
priorities in accord with perceived urgency. As a result, a few programs,
such as environmental mutagenesis and carcinogenesis, have had high visi-
bility while other important programs are not so well known or appreciated.
There are two possible dangers in this. There is a danger that the conse-
quence of other environmentally-related disorders will be underrated in
policy and budgetary deliberations. Secondly, there is a danger that cancer
will be looked upon as one disease and mutagenesis as a single phenomenon.

- A broader perspective is needed regarding the scope of health problems and
the kinds of pollutants involved, and that is what I wish to stress today. For
examples, I will depend largely, but not solely, on NIEHS-supported research.

‘ Controversies often arise in evaluating health threats from environ-
mental agents because of the socio-economic impact of regulatory decisions
and the ethical framework within which health research must be conducted.
The scientist is rarely able to experiment directly with man. Evidence is
- most often in the form of statistics which must be stated in terms of proba-
bilities. The bulk of experimental evidence is obtained with laboratory ani-
‘mals and other models and must be extrapolated to man. Extrapolation is
subject to controversy for several reasons: ‘

1. Extrapolations are often made from effects of large doses used in
experimentation to low doses encountered in real life situations, and
they are often from short-term experiments to long-term effects.

2. . Experimental data usually involve one or a relatively few factors.
Real life exposure is seldom so simple or well-controlled.
3. Effects are often influenced by age, sex, diet, previous environmen-

tal history, state of health, etc. A great deal more research is re-
quired for critical evaluation of each factor in relation to individual
, agents or classes of agents.

4. Lastly, extrapolation from one species to another is laden with un-
certainties because of genetic and physiological differences between
species, or even between individuals within species.
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Despite these shortcomings, experience shows that laboratory animals are
useful indicgtors of threats to man, and prudence dictates that we consider
positive indications to be applicable to man unless proved otherwise. Numer-
ous disorders, traceable to noxious environmental factors, have been identi-
fied in organs in direct contact with the environment. These organs include
primarily the respiratory tract, digestive tract, skin, auditory system, and
visual system. I would like to mention these briefly first, and then proceed
to discussion of other disorders which occur in organs not in direct contact
with the environment, where establishment of etiologic relations is some-
times more difficult. Each of these are part of the Institute's research
‘program.

As this audience knows best, disorders of the respiratory tract range
from irritation and discomfort to emphysema and various forms of cancer.
Lung irritation from SO, and sulfuric acid mists is well documented in both
humans and experimental animals. In addition to discomfort, these sub-
stances induce stress with adverse consequences in individuals with preex-
isting respiratory and cardiovascular diseases. :

Strong evidence has been generated over several years that NOg and
ozone are contributing, if not primary, causes of pulmonary emphysema and
that they play an important role in other chronic obstructive lung diseases.
An experimental facsimile of human emphysema has been produced in rats
with these gases at concentrations that exist in some urban atmospheres at
peak traffic hours.

Significant lung cancer has been shown to occur among workers in the
synthetic polymer industry. A notable carcinogen is bis(chloromethyl)ether,
a compound used in large quantities in the manufacture of certain plastics.
Other chlorinated compounds of this and related types have been shown to be
toxic and to induce cancer in other organs. Oil mists, high molecular weight
alcohols, and a number of ketones have also been implicated in various types
of lung cancer.

The respiratory tract is a primary repository of environmental dusts,
and a number of major lung diseases have been related to such deposits. The
nature and site of disease varies with the size and chemical makeup of the par-
ticles. Lung tissue scarring and fibrosis is prevalent among talc, granite, and
asbestos workers.

13
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: Other notable examples of overt lung disease associated with various

dusts are coal miner's pneumoconiosis (black lung), which afflicts some
100, 000 miners; brown lung, a disease of textile mill workers caused by in-
halation of cotton dusts; pneumoconiosis in oil shale workers, which assumes
greater significance as 011 shale processing develops as a major source of
fossil fuel.

Toxic gases and noxious dusts produce more subtle effects in the lungs
also. Evidence from both human and animal experiments indicates impaired
~ ciliary action, reduced production of lung surfactants (phospholipids) which
assist in lung clearance, and retarded proliferation and activity of lung
macrophages. Evidence is mounting that impairment of these defense sys-
tems leads to higher incidences of certain infectious diseases.

A second major organ system in direct contact with the environment
~ is the gastrointestinal tract. Clearance of the respiratory tract through

- mucociliary action and coughing results in swallowing of deposits of foreign

matter from the respiratory tract and transfer to the gastrointestinal tract.
However, the bulk of the more important pollutants enter by direct ingestion

. of food and water. Residues of many industrial, agricultural and other

chemicals have been identified in streams, lakes and water supplies and in
many food staples. Among these are chlorinated hydrocarbon pesticides,

- PCB's (polychlorinated biphenyls), phthalates, bis(chloromethyl) ethers, and
mercury compounds. The hazard of these agents at the levels they are in-

- gested is uncertain at the present time but evidence is beginning to suggest
that health problems may be real in some localities. Geographical dispar-

~ ities in peptic ulcer and in cancer of the gastrointestinal tract among human

' populations are best explained in terms of dietary and environmental differ-
- ences.

Strong indications of the involvement of food contaminants and addi-
tives in gastromtestmal problems have been obtained from studies on experi-
mental animals.

; Because of its documented presence in water supplies in some localit-
~ies, asbestos has become suspect as a cause of gastrointestinal cancer. The
fibers have a propensity to embed themselves in the mucosa and to migrate
“into the tissues. Thus, experts in the physical and biological properties of

14
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asbestos fibers feel that asbestos may be an important etiological factor in
cancer of the stomach, intestines, and bowel. The NIEHS has just 1n1t1ated
a contracted study to study the effects of oral asbestos in rodents.

Skin disorders are a third category of problems associated directly
with environmental factors. Everyone is more or less aware of the roles of
ultraviolet radiation in cancer of the skin. However, many chemical agents,
particularly halogenated compounds, also cause skin irritation and ulceration
and evidence is accumulating that prolonged or repeated exposure to such
compounds may give rise to skin cancer. The potential is verified by the
fact that skin tests in animals is one of several kinds of tests used to deter-
mine the potential activity of carcinogens, cocarcinogens and cancer promot-
mg agents. The carcinogenicity of bis(chloromethyl)ether was f1rst detected
in this way.

Allergenic sensitization of the skin has been encountered in products
for home use. An outstanding example is toluic acid and related compounds
used as whitening and brightening agents for home laundered clothes. In
addition, the skin often provides the first overt indications of liver damage
by certain environmental agents that produce photohypersensitization.

These agents cause liver necrosis and release of pigments which are acti-
vated by light as they circulate in the capillaries near the surface of the skin.
On reaction, the activated pigments induce skin rash, eruptions, and edema
of surrounding tissues.

Another environmental factor impinging directly upon body organs is
noise. Hearing defects are common in many industries and are particularly
evident with advancing age. Hearing losses are characterized by permanent
destruction of a portion of the sensory cells and nerve endings in the auditory
system. There is evidence that a number of chemical agents (e.g., methyl
mercury and certain ototoxic drugs) contribute to or synergize the damage.

A second broad category of disorders relates to those occurring in
organs not in direct contact with the environment. Detection and establish-
ment of etiologic relationships in these organs is often more difficult than in
direct contact organs because of the many factors that modify the dose and
chemical structure of the toxicant before it reaches the target organ. Never-
theless, a number of environmentally related diseases and disorders in
essentially all major internal organ systems and processes have been
established.

15
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Liver. One of the organs affected by the largest number of environ-

mental agents is the liver. Damage is generally manifested as hypertrophy,
- necrosis, fatty accumulation, cirrhosis, and various forms of cancer. Liver

damage of one type or another is induced by a wide range of industrial com-

pounds, natural products, and solvents. The PCB's and vinyl chloride, both

highly visible in the news media and in the scientific community, are exam-
ples of large-scale chemicals causing liver necrosis and cancer, respective-

| 1y The mycotoxin, aflatoxin, a byproduct from the fungus Aspergillus flavus,

is also a liver toxin and more importantly, a potent 11ver carcinogen in cer-
tain animals.

Kidney. Heavy metal compounds, as well as a number of organic
compounds, induce various disorders of the kidney. Important renal toxi-
cants are mercury, copper, uranium, cadmium, and lead. Recent detailed
studies on cadmium show that the metal and its compounds induce the com-
plete expression of the Fanconi syndrome in the rat, i.e., abnormal losses
- of water, sugars, amino acids, proteins, and certain ions such as sodium,
potassium, calcium, phosphorus, and magnesium. The other metals pro-
duce similar disorders.

Lower Urinary Tract. Numerous studies have indicated the carcino-
genic activity of certain food components and industrial chemicals in the
bladder. At least presumptive evidence has been obtained of a relationship
between excessive coffee drinking and cancer of the lower urinary tract.

, In the 1940's, it was recognized that workers in chemical plants
concerned with the manufacture of amines had an unusually high incidence

of bladder cancer. Two compounds, beta-naphthylamine and benzidine,

* have been linked to cancer at this site. For many years, however, the
linkage to beta-naphthylamine was an enigma because the compound does
not induce cancer in the mouse or rat. It was shown later that the dog is

. susceptible and responds much like the human. The difference was traced

to the way the compound is metabolized in different species.

Cardiovascular system. The mechanisms of contributions of en-
vironmental agents to cardiovascular diseases have been refractory to clear
- demonstration. However, there are many indications from experimental
models and direct human studies of induction of disorders in the heart and
the vascular system by a wide spectrum of pollutants. The additional stress
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of NO,, ozone, SOz, and carbon monoxide on individuals in conjunction with
preexisting cardiovascular disease has been documented by increases in
morbidity and mortality during periods of atmospheric inversions and high
pollutant levels.

Epidemiological studies involving cigarette smokers and others in
situations where atmospheric levels of CO were high show that up to 35 or
40 percent of these individuals' hemoglobin may be in the form of carboxy-
hemoglobin. This results in oxygen insufficiency and stress on the heart.
Patients with preexisting circulatory insufficiencies and various forms of
anemia are susceptible to morbidity or even mortality under these conditions.

CO effects other than reduction of the oxygen-carrying capacity of the
blood have also become evident. CO has been shown to combine with muscle
myoglobin, which is critical in arterial and heart muscle action. This may
account for decreases in closing pressure of the heart and increased resis-
tance to arterial blood flow observed in dogs after exposure to CO. These
effects result in an increase in blood pressure and the work load on the
heart.

Certain heavy metals have been found to have various effects on the
cardiovascular system. An unusually high incidence of hypertension has been
observed in workers exposed to cadmium fumes. Experiments with rats indi-
cate a direct correlation between Cd intake (CdClg) and changes in renin, a
component of the blood pressure regulatory system.

Experiments with animals also suggest that heavy metals may influ-
ence the level of fatty substances in the blood and perhaps fatty deposits in
the arteries. Serum levels of fats rise upon exposure to toxic heavy metals
but are reduced to normal levels upon administration of therapeutic amounts
of copper or zinc in the diet. Copper and zinc are known to be displaced
from essential metal-containing enzymes by toxic heavy ions such as mer-
cury, lead, or cadmium. These studies suggest that toxic heavy metals
may interfere with fat metabolism.

Recent studies show that fluorocarbons such as freons may also

affect heart action. Experiments in animals indicate impairment of heart
muscle action.

17
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The brain and peripheral nervous system. Evidence has accumulated
rapidly and convincingly during the past decade that many environmental agents
are causative or contributory in neural and behavioral disturbances in exposed
individuals. In some cases (lead and mercury poisoning) pathological damage
to the brain and nerve fibers can be seen with the light or electron microscope.
In other cases, however, damage can be detected only through behavioral

- aberrations and learning detriments.

Numerous types of chemical agents have been shown to produce one or
several kinds of neurophysiological effects. The organochlorine insecticides
DDT and dieldrin selectively affect response of the brain cortex to certain
types of stimuli. Along with lindane, they also affect motor performance and
muscular coordination in mice. Lead greatly enhances these effects when
given to exposed animals at levels that would ordinarily have no effect.

Organophosphate pesticides also produce neurological distrubances.
Parathion has been shown to cause distinct changes in behavioral responses
of monkeys at doses that have no other detectable effects.

Some types of compounds in foods or in certain home care products
have been shown to be capable of producing neurological disorders. Chlor-
- inated bisphenols, a class. of compounds to which hexachlorophene belongs,
are highly toxic to mammals, and convulsions and neurological disorders
have been reported in burn patients treated topically with preparations con-
taining hexachlorophene.

| There have been conflicting reports regarding neurological effects of

monosodium glutamate (MSG), commonly used in foods as a flavor enhancer.
It is well established that hypothalamic lesions are induced in mice fed. MSG,
but no such damage was found in neonatal monkeys given equivalent amounts
per unit of body weight.

The most serious and best documented neurological disorders in man
and in experimental animals arethosecaused by mercury and lead and their
compounds. At high levels of intake both of these substances cause a variety
of acute toxicological disorders in the digestive tract, liver, blood, kidneys,
and other systems. However, at very low, chronic intake levels, toxicologi-
cal symptoms may be virtually absent for long periods until they begin to be
manifested as behavioral changes.
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- The effects of lead in children and in experimental animals are mani-
fested through a slowing of conduction velocity of nerve impulses. Detectable
changes in conduction begin to occur at blood lead levels greater than about
40 mg/100 ml of blood and the effect in severe cases of intoxication has been
shown to persist for at least 25 years after intoxication. Changes in the brain
and peripheral nervous systems are often expressed in children by recognizable
aberrations in behavior (hyperkinesis, loss of motor control), and there is in- -
creasing evidence of learning deficits in such children.

Mercury and its compounds produce effects quite similar to those of
lead. However, mercury is more insidious because it is inherently more
toxic than lead to mammals, and is easily converted in the environment to
methyl-mercury. Methylation greatly enhances accumulation in lipid-rich
structures of the body, such as the brain and peripheral nervous system.
Thus, the hazardous dose of methyl mercury is a small fraction of that of
lead or inorganic mercury.

The immediate and long-term consequences of exposure to such
ubiquitous agents which can affect the behavioral patterns and learning capac-
ity of children are viewed as a special concern at the Institute.

Birth Defects. Effects on the reproductive system and on the develop-
ing fetus have been documented for many types of high volume industrial and
agricultural chemicals and heavy metals. Parathion and a number of other
organophosphate insecticides increase the number of fetal deaths in experi-
mental animals. DDT and some of its isomers and homologs reduce ovula-
tion and cause persistent vaginal estrus in female rats. Hexachlorophene,
the active ingredient of Phisohex and similar cleansing agents, has been
shown to produce brain damage in the fetus when given to pregnant rats.

Diethystilbesterol (DES), a synthetic hormone used as a morning
after contraceptive and until recently as a-livestock feed additive for fatten-
ing cattle, hasbeen found to cause vaginal and cervical cancer in young
women nearly two decades after their mothers used the drug to prevent
miscarriage. It also affects ovulation in female and causes sterility in
male rats.
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A number of heavy metals and their compounds have notable effects
on reproduction and development. Methyl mercury is a potent teratogen in
~ humans as well as experimental animals. When ingested by pregnant females,
it accumulates in the fetus to levels twice those in the maternal bloodstream.
Chromium, lead, and cadmium are also embryocidal at high levels and at
lower levels may induce defects in the skeleton and other parts of developing
fetuses in mice.

Copper has some rather unusual effects. It interferes with blasto-
cyst development, increases fetal resorptions, and causes fetal malforma-
tions in the rat. An unusual and specific malformation of the developing
heart has also been observed.

Immunological disorders. The principle of immunosuppression is
familiar because of the use of drugs to prevent rejection of foreign tissues
in organ transplants. The danger of infectious disease upon use of such
drugs is also well known. Unfortunately, suppression of the immune sys-
~ tem is not limited to useful drugs but can be brought about by many environ-

mental pollutants. .

‘ Effects of gaseous oxidants and certain particulates on lung macro-
phages have already been mentioned. Studies show that gaseous pollutants
substantially reduce defenses against certain bacteria, due in part to immo-
bilization of macrophages and the mucocﬂlary escalator. Exposure of the
small airways to NO; or Os results in sloughing of ciliated cells from the
small airways and of the thin flat (Type 1) cells from adjoining alveolar
walls. However, following short-term exposure and allowing time for re-
placement of the dead cells, new cells that appear are relatively resistant
to the gases at the same concentrations. This is true also upon SO; expo-
sure. Almost nothing is known about this mechanism for increasing toler-
ance in epithelial cells, but it is apparent that the phenomenon might be
utilized for preventive and therapeutic purposes.

Certain heavy metals have marked effects on the cellular and /or
humoral immune system. Lead has been shown to affect the antibody re-
sponse in pigs and hamsters. Cadmium affects the humoral immune sys-
tem well before overt signs of Cd toxicity appear. An unusual example of
immunological effects is that encountered in berylliosis, a disease caused
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by exposure to beryllium oxides. The disease is characterized by fibrosis.
Beryllium apparently becomes bound to proteins and the altered proteins
evoke defense mechanisms which form new fibrous tissues around the site
of beryllium deposition. Fibrosis occurs in many diseases resulting from
depositions of foreign particles and chemicals in the lungs and liver and in
certain autoimmune diseases, such as schleroderma and cystic fibrosis.

- Blood disorders. Many environmental agents have been shown to be
hemolytic. Among the more prominent examples are hexachlorophene,
phenols, and benzene. Benzene is one of the most widely used solvents and
it is estimated that some two million people are exposed to it in various
occupations. Its effects in high concentrations on red blood cells have been
recognized for many years. Its primary effect at threshold toxic levels
appears to be suppression of erythrocyte formation and maturation in the
bone marrow, due to interference in the incorporation of iron into hemo-
globin.

Lead under some circumstances causes iron deficiency anemia in
children. Experiments in rabbits show that anemia can be induced in three
to six weeks by administration of lead in the drinking water or diet. Basic
studies indicate that anemia results from displacement of iron, or preven-
tion of iron binding, in hemoglobin because of a competition between iron
and lead for the binding sites.

Marine biomedical research. A new area of research recently un-
dertaken by NIEHS is marine biomedicine and pharmacology. The oceans
are important sources of food and of useful pharmacological agents. How-
ever, because of runoff of chemically contaminated surface waters and the
use of lakes and streams as dumps for industrial byproducts, pollutants
are entering the marine environment in great quantities where they are
accumulated by marine organisms. A great deal of research is needed to
learn more about the distribution of noxious agents in the oceans and how
to preserve this important resource for human use.

Though they are valuable as a food source, the oceans also present
some biomedical problems that need further examination. Red tide, a
phenomenon due to massivé aggregation of microorganisms called dino-
flagellates, often renders portions of beaches useless for recreational
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purposes. More importantly, the organisms may produce volatile toxins
- that can affect residents along the shorelines where the blooms occur.

In addition to their value as food, many simple marine organisms
are useful models for toxicological and pharmacological research. They
can often be used for studies in specific organs and tissues that are inac-
cessible or very complicated in higher organisms. Thus, study of the
marine environment and its inhabitants can contribute a great deal toward
understanding the terrestrial environment and environmental diseases.

Extrapolation of data. The problem of estimating human health
effects of chronic, low-level pollutant exposure involves the extrapolation
of both human and animal data from acute and chronic high-level exposures.
High level exposure data are required because of the inability to statistically
detect differences at the low dose level with reasonable size studies; and
- these differences may represent serious public health problems when the
entire population is considered.

Generally, quality human data are not available for extrapolation

- purposes. This is primarily because of the lack of appropriate control
groups, the poor quantification of exposures, and the confounding caused by
extraneous environmental factors. The best example of a successful ex-
trapolation from acute, high dose human data was the estimation of overall
cancer mortality due to low dose ionizing radiation based upon follow-up
studies of Japanese atomic bomb survivors. :

Generally, the statistical extrapolation of high dose animal data

- consists of two steps. The first step involves selecting a mathematical

- function for the dose-response relationship and using it to estimate the
response at a low dose level. This low dose estimate is then further ex-
trapolated from the experimental animal to man. The errors involved
with this procedure center around the lack of proper comparative pharma-
cological information and the lack of a solid understanding of the mechan-
isms of carcinogenesis. Recognizing these difficulties, overestimates of
risk are often employed for standard-setting purposes by using upper
bounds to the dose response function and applying safety factors for the
species conversion. The potential errors and costs resulting from using
these approaches have not been adequately studied.
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In the broadest sense, the problem of gathering statistically signifi-
cant data is two-fold: (1) quantifying the exposure, and (2) collecting appro-
priate data on response.

Any problems associated with the acquisition of meaningful mortality
statistics are compounded when one attempts to investigate morbidity, which
is generally poorly defined and not recorded unless it is so pronounced as to
cause permanent disability and forced retirement. '

Finally, it should be noted that not only is it difficult to acquire mean-
ingful current data on environmental exposure, but it is often impossible to
collect historical data of this nature. Yet, because of the long latency period
associated with some chronic diseases and the relative lack of regulation of
occupational exposures which formerly characterized many industries, these
historical exposure data are often more important than current data on en-
vironmental exposure.

Unlike animals in classical laboratory experimentation, man is
 simultaneously subjected to a multiplicity of exposures which are often diffi-
cult to identify and quantify and are seldom amenable to externally imposed
controls. When the health effect under investigation is both highly specific
and relatively rare in the general population, it may be possible to isolate

a common factor in the exposure history of the cases and circumstantially
indict this factor as a probable cause of the particular effect under study.
When the disease endpoint is more diffuse and /or when there is the potential
for one or more factors contributing to its etiology, the role of any particu-
lar agent or exposure can be assessed only if adJustments for the effects of
the confounding exposures can be made.

Obviously further research and greater financial support are needed
for most areas of environmental toxicology. A great deal has been done but
much remains, especially with regard to mechanisms of toxic effects,
threshold definitions, data extrapolation from laboratory animals to man,
and the development of more rapid and efficient predictive toxicity test
systems.

Some of these recent advances and trends in Environmental Toxicology
have been especially favorable, from the development of more reliable in vitro
test systems to the increasing emphasis and awareness of chemically-induced
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chronic disease. There is also increased communication between different
scientific disciplines and fewer barriers between the basic and clinical
scientist. Although sometimes discouragingly slow, there is increasing
coordination between different government agencies charged with the scien-
tific or regulatory aspects of Environmental Toxicology. It even appears
that Congressmen are becoming better toxicologists and more aware of the
problems facing those attempting to define human health hazards. The un-
certainties in prediction of chronic, low-level pollution effects on health as
well as problems involving repair mechanism, metabolic processes, and
synergistic and antagonistic interactions of pollutants are increasingly
recognized as are the problems in gathering epidemiologic data and defining
effects in uncontrolled human populations.

The subcommittee on the Environment and Atmosphere is seeking
opinions on avenues of research or organizational changes most promising
in resolving problems in predicting and measuring human health effects.
Changes in research emphasis, funding, or organization needed to pursue
the most promising pathways and to permit more intelligent, and more le-
gally and politically defensible standard setting will be discussed. These
hearings also reflect an increasing realization that the basis of standards
must move from proof of effects to probability of risk, and that standards
must be provisional, allowing for further adjustment based on new infor-

mation.

The people in this room have already contributed greatly to the
information base and progress in environmental toxicology. New findings
-~ fill the remainder of your program. The scientific future of environmental
- toxicology is bright and the advances made to define and protect our environ-
- ment encouraging. The National Institute of Environmental Health Sciences
looks forward to playing an ever increasing role in the support and conduct
of research in our important field.
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INTRODUCTION

The mammalian respiratory system has a variety of important
functions in addition to the primary one of gaseous exchange (Heinemann,
1969 and Fishman, 1974). The corresponding diversity of structural
components of the respiratory tract, compounded by the inhomogeneity
of morphologic responses of the lung to damaging agents, necessitates
extremely careful selection and implementation of the several morpho-
logical methods required for its examination. Methods must be sensitive
enough to reveal the presence and nature of subtle effects, and also pro-
vide information on which useful hypotheses of pathogenesis can be based.

This review is designed to present the important considerations
in the choice of methods and is a guide to references describing them in
more detail. It is not intended to be a detailed critique of methods or a
complete laboratory protocol. The majority of the review will deal with
- the routine necessary for the staisfactory search for and documentation
of toxic effects. Emphasis will be on the sine qua non for detecting subtle
effects, which provide the most discriminating information relevant to
pulmonary toxicity. The remainder of the review briefly addresses spe-
cial methods for investigating various aspects of the pathogenesis of pul -
monary lesions likely to be encountered and which are necessary for fur-
thering the understanding of pulmonary pathobiology.

*University of California, Irvine, Irvine California
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ROUTINE EVALUATION
Gross Examination

The methods to be described in this and subsequent sections
are post-mortem procedures, although most are applicable to surgical
specimens. Radiographic studies, therefore, will not be discussed.
They can provide indications of gross and subgross morphologic changes
. in vivo, however, and are particularly pertinent to chronic studies in-
volving the larger species of experimental animals.

Tracheobronchial Tree and Parenchyma

The animal is deeply anesthetized by sodium pentobarbital and

killed by exsanguination. The trachea and lungs are carefully exposed
~ after the diaphragm is punctured, and search is made for abnormalities

of the pleural cavity and its parietal and visceral surfaces (e.g., excessive
- fluid, adhesions). The trachea is transected 3-5 rings distal to the larynx,
and the distal portion with attached lungs and other thoracic viscera re -~
moved. -The surfaces of the trachea and lungs are examined for signs of
abnormalities (e. g., indications of edema, hemorrhage, consolidation,
emphysema, scarring, possible tumor nodules). These can be docu-
mented photographically or schematically in outline drawings. The par-
tially collapsed state of the normal regions of the excised lung results in
exaggerated appearance of the abnormalities and enables detection of
small lesions that sometimes cannot be discerned in the inflated state.
The extent to which the major airways and pulmonary parenchyma need
 be opened depends on the amount of gross damage. If there is no sign of
- edema or an exudative lesion, the examination of airways and parenchyma
is left until after fixation. Even where major airways are opened, samples
of lungs should be retained for perfusing fixation by the airways. The
weight and fluid -displacement volume of the lungs can be obtained after
tying off the major vessels and dissecting away the heart and mediastinum,
if the degree and nature of the abnormalities observed indicates these
- would be useful quantitative parameters. The volume of fresh unfixed
- lungs is better measured from radiographs, however, as recommended by
Dunnill et al., 1975.
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Nasopharynx and Larynx

These structures should be surveyed for damage and the need
for more extensive examination determined. In laboratory rodents,
the nasal sinuses and turbinates can be examined by removing the over-
lying nasal bone with forceps or by sagittal section. In larger animals
such as the dog, a sagittal section is made. Excepting in cases of tumors
Oor severe upper respiratory irritation by inhaled materials, microscopic
methods are usually necessary for detection of changes in these regions.

Fixation

Choice of Fixative and Method of Fixation

Criteria for suitable fixation are:

a) production of least artifact
b) reproducibility
c) simplicity and cost

a) The major aim with respect to production of least artifact is
to retain as close as possible the in vivo appearance of the lung immedi -
ately proceding death. With pulmonary tissue, in addition to the usual
fixation artifacts which have to be considered (e. g., shrinkage, mechan-
ical distortion, changes in cellular organelles), there is the need to prepare
pulmonary parenchyma for microscopic examination such that the correct
configurations and relationships of airspaces are retained. Fixation by
immersing small pieces of lung in various fluids is a common routine
procedure. With the exception of severe exudative processes or where
there are solid lesions such as tumors, however, immersion-filled lungs
do not provide proper definition of either normal or abnormal components.
The preferred method of distending the lungs with perfusion of fixative
through the airways eliminates these disadvantages by returning the lung
to a state similar to that in vivo.
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The work of Heard and colleagues (1958 and 1967) is the basis
for most of the methods of perfusion via the airways used today. After
the lungs have been examined grossly, they are inflated with fixative via
the trachea at 30 cm of fluid pressure measured from the surface of the
fixative bath in which the lungs are immersed. We have used pumps to
provide the necessary height of fixative in the reservoir for large animals
(e. g., horses) but have found the marriott bottle to be the most suitable
device for lungs from animals the size of dogs or monkeys down to mice.
We routinely use 30 cm of water pressure since this is clearly on the
plateau of the pressure-volume curve for all of these species and does
not result in tearing or rupture of any tissues. Fixation of dog lungs
at 25 cm of water pressure has resulted in incompletely filled or dis-
tended alveoli. This is characterized by folds in the interalveolar sep-
tum which at total lung capacity should be straight. Specimens prepared
at pressures which result in incomplete distension of the alveoli and
airways are not suitable for morphometric analysis using stereological
procedures, and are less suitable for scanning electron microscopy due
to local variations in the degree of distension and therefore interrerela-
tionships of the component parts. The airway perfusion method can be
applied equally well to one lung or, as is sometimes necessary in large
animals, to one lobe or bronchopulmonary segment, A more extensive
discussion of general methods of fixation can be found in the report by
‘Dunnill et al., (1975).

The perfusion method of fixation by the airways not only maintains
the dimensions and configurations of the tissues at total lung capacity,
but also provides the large volume of fixative in intimate contact with the
various surfaces which is essential to rapid fixation, The distance the
fixative must diffuse for complete penetration is minimal. This method
~ has for general studies the additional advantage of providing a relatively
unobstructed view of cell surfaces for scanning electron microscopy by
flushing off mucous coat and alveolar lining material. It has the disad-
vantage of causing some translocation of exudates and particles and pro-
viding a specific artifact of increased tissue spaces around pulmonary
vessels, the so-called edema artifact,
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The choice of fixative is also a major consideration in view of
the large numbers of fixatives which have been used on the respiratory
system. The main components of these fixatives are usually one or
more aldehydes, buffer, and various salts with high purity water so
that the fixative has a constant pH and osmolality. Many investigators
today use a mixture of glutaraldehyde and formaldehyde made from para-
formaldehyde which results in rapid penetration and thorough fixation.
Cacodylic acid is generally preferred as the buffer because it results
in resilient lungs; that is, blocks of lung compressed by cutting rapidly
resume their original fixed volume when placed in fresh fixative. A
small amount of calcium is commonly added to the fixative to preserve
phospholipids associated with pulmonary surfactant as well as those
which are components of the various cell membranes. Although iso-
osmotic fixatives are used, we prefer a hypertonic fixative (approxi-
mately 550 milliosmoles). All of the above desirable characteristics
are achieved using a modification of Karnovsky's formaldehyde/glutar-
aldehyde fixative with added calcium chloride (paraformaldehyde -
40 g/liter; glutaraldehyde 100 ml of 509 solution/liter; calcium chloride -
0.5 g/liter; cacodylic acid - 12. 8 g/liter) which is diluted 1 to 4.5 before
use with cacodylic acid (32 g/liter) and the pH adjusted to 7.2 with 1.0 N
HCl1 (Nowell et al., 1972). The fixative is relatively simple to prepare
and can be stored in the refrigerator for several months. It has the
advantage of being a good room temperature storage fluid for fixed
tissues. Using this fixative at 30 cm of pressure, fixation is rapid and
complete. Fixation times of 2 and 4 hours are acceptable, but we prefer
to maintain the 30 cm of pressure overnight or for 18 hours. Samples
cut from these lungs are placed in fresh room temperature fixative where
they may be stored without damage or deterioration for more than one year.

b) Fixation of lungs at a standard pressure of 30 ci of the fluid
provides the most reproducible appearance for general purposes. Con-
siderations of reproducibility and least artifact become more critical
relative to morphometry. Here again, for purposes of pathology we
find perfusion of the excised lung to be the method of choice. The al-
ternative approach used for morphometry of normal lungs is perfusion
via the trachea with the lungs in situ within the thoracic cavity (Forrest
and Weibel, 1975).
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c) Perfusion of excised lungs by trachea or major bronchus is a

~ relatively simple procedure for rodents, once a series of delivery tubes
leading from marriott bottle reservoirs is provided. Larger reservoirs
are needed for lungs of larger species. Although the perfusion method
cannot be performed as rapidly as immersion of samples in fixative, the
greater effectiveness in enabling detection and evaluation of subtle or
mild lesions more than outweighs the greater cost in time taken. Where
large numbers of animals per treatment group are involved, at least a
significant proportion of lungs should be fixed by airway perfusion.

Fixation of Lung by Perfusion Through Airways

As will be evident from the foregoing discussion, our preferred
routine method of fixation is perfusion by the airways with modified
Karnovsky's fixative at 30 cm of fluid pressure (Nowell, et al., 1972).
We find that after partial collapse of the lungs has occurred on excision,

' no degassing is necessary to obtain complete distribution of the perfusate.
Degassing is, in fact, contraindicated for most purposes because it in-
creases the cumbersomeness of the technique, lessens the degree of re-
producibility of reinflation, and makes redistribution of components of

- any lesion more likely.

Fixation of Lung by Immersion

‘Massively consolidated or edematous parenchyma, or large solid

.~ lesions such as tumors, have to be fixed by immersion in fixative fluid.

- For subsequent study by light microscopy Zenker-formol is preferable
to formalin because it heightens the contrast of hematoxylin and eosin
staining, especially the eosinophilia of proteinaceous transudates or
exudates. The shrinkage caused by immersion in fixative is used to
~ advantage in enumeration of tumor nodules in lungs of strain A mice
which is the basis of a carcinogenesis bioassay system (Shimkin and
Stoner, 1975). Tissue to be examined by electron microscopy is immersed
in the modified Karnovsky's fixative described previously.

Immersion fixation is also used when the redistribution of intra -
luminal particles, cells or exudates might interfere with the objectives
of the study, as in determining the fate of inhaled particles (Lauweryns
- and Baert, 1974; Sorokin and Brain, 1975).
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Fixation of Nasopharynx and Larynx

After gross examination, these structures in small animals (i.e.,
rodents) can be fixed in toto in the modified Karnovsky's fixative after
flushing surfaces with fixative to remove trapped air bubbles and mucous
coat. Samples of tissues from recognized lesions and representative
portions of the nasoturbinate region, pharynx and larynx need to be di-
ssected out in large animals.

Sampling for Microscopic Examination

The size and diversity of components of the respiratory tract
pose a considerable sampling problem in the thorough search for lesions.
This is compounded by the inhomogeneity of morphologic responses of
the tract to irritants as was mentioned in the introduction. These two
features together require that sampling be both wide in distribution and
specific in anatomic localization. The number of large blocks taken for
examination by light microscopy and scanning electron microscopy will
be determined by the compromise between thoroughness and the practical
limit in terms of cost of preparation and examination. But there is a
minimum below which the risk of spurious conclusions due to serious
sampling errors becomes unacceptable. Any sampling of parenchyma
must take into account vertical (gravitational) gradients affecting the
distribution patterns of certain lesions and the difference between hilar
and peripheral regions of lobes.

Tracheobronchial Tree and Parenchyma

The sampling procedure varies according to the size of the lung,.
In the case of rodents such as rats and hamsters, sampling of the trachea
presents few problems other than to be aware of possible differences in
the mucosa over the cartilagenous and intercartilagenous membrane por -
tions of the trachea as has been found in the rat (Schwartz et al., 1976).
A block containing a longitudinal section of distal trachea and the bifur-
cation into bronchi suffices for nonparenchymal regions. The preferred
planes of section for rodents' lungs are illustrated in Figure 1. These
are vertical sections in the saglttal plane for the left lung and from the
hilus along the axis of major airways for the cranial, middle and caudal
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lobes of the right lung. All of these blocks can be sectioned whole for
histologic examination. Although the sagittal section of the left lung
is a common section for major attention, we prefer the sections from
the right middle and caudal lobes. One reason is that unless the section
of the left lung is cut very close to the mid-line, most of the airways
are cut transversely. The longitudinal sections of airways present in
blocks from the right middle and caudal lobes reveal bronchial and
acinar orientations of lesions much more readily, especially by scan-
ning electron microscopy (SEM). A second reason is that the blocks
from the right lung are a more convenient size to mount whole for light
microscopy.

More care in sampling is required for lungs of larger animals
such as dogs and monkeys because of the bulk of tissue to be surveyed
and the increased likelihood of regional variations in response being
manifested. To minimize sampling errors, standard parenchymal sam-
pling sites covering both dorsoventral and hilarperipheral axes should
be chosen. The 9 sampling sites we take from parenchyma of the 4
lobes of the right lung of the dog are illustrated in Figure 2.. Because
we frequently use one lung of dogs and monkeys for biochemical studies
or those requiring special fixation, such as freezing, we derive most

- morphologic information on the basis of one lung. If the two lungs are

available, samples can be taken from both. Samples of major airways
typically consist of proximal trachea, bifurcation of trachea, and lobar
bronchus. »

Evaluation of pulmonary toxicity invariably involves the com-
parison of lungs from two or more groups of animals. For this specific
comparison, by qualitative or quantitative (morphometric) means, we
use the same sampling sites for tissue blocks in all animals (Hyde et al.,
1976) rather than the method of stratified random sampling using a random
number table together with a numbered sampling grid (Dunnill, 1964). The
latter method relates to statistical confidence with which the sample repre-
sents the lung from which the sample is taken rather than comparison among
lungs where the lesion can be affected by specific anatomic location.
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Figure 1. Schematic outline of the dorsal view of a rat's
lung illustrating the vertical planes of section for sampling
tissue. The contour of the accessory lobe is indicated by
the narrow broken line. LL--left lung; RCr--right cranial
lobe; RM --right middle lobe; RCa--right caudal lobe.
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CAUDAL

Figure 2. Schematic outline of the lateral view of the four lobes
of a dog's right lung illustrating nine sampling sites.
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When detailed comparisons are required within or among groups
of animals, a useful approach is to select a specific bronchopulmonary
segment of the lung for more specific study. Sections of segmental
bronchus, terminal bronchiole, and more distal lobular tissue can be
sliced out of the desired bronchopulmonary segment under a dissecting
microscope. These sections, as well as those of trachea and lobar
bronchus, can then be closely compared.

Any gross lesions not represented in the samples described
previously must also be selected.

| Nasopharynx and Larynx

Blocks are taken representing proximal and distal regions of
nasal sinuses and turbinates, and the pharynx and larynx. Again, more
are required for larger animals. For some studies it is desirable to
dissect mucosa from the nasal septum or turbinates and prepare it as
a whole mount for morphological examination. Further details of the
use of whole mounts and sections of nasal regions can be found elsewhere
(Bang and Bang, 1961; Adams, 1972). '

Microscopic Examination

The need for examination of a wide sampling of pulmonary tissue
has already been stressed. Requirements for cost effectiveness in the
evaluation of lungs from large numbers of animals in toxicity trials
means that the microscopic methods most useful are those that provide
for examination of large samples, that is light microscopy (LM) and
scanning electron microscopy (SEM). For initial detection and analysis
-of lesions we use correlated LM and SEM. The best way to do this gen-
erally is to take complementary blocks of tissue from the same sampling
site, embed one in plastic suitable for large 1 usections and process the
other for SEM. The surface and sectioned views can then be compared
for interpretation. The advantage of the large 1 u section is that it not
only provides the best resolution for LM, but also enables precise selec-
tion of anatomic locations for thin sections to be examined by transmission
electron microscopy (TEM).
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This is a discussion of routine microscopic methods and we

- recognize that the word can take on shades of difference in meaning
according to the objectives of the investigations. Oiften, most micro-
scopic screening is by LM alone because of the bulk of specimens.
Equally so, it must be realized that in the search for subtle effects or
in the description of damage once it is found, at least a significant

- number of lungs from animals in the critical experimental groups

- should be examined by correlated LM, SEM and TEM.

- Light Microscopy (LM)

Survey by LM of sections carefully prepared from vacuum-
embedded paraffin blocks and stained by hematoxylin and eosin pro-
vides the basis for other modes of microscopic investiation, More
definitive study of cellular components of lesions is made on the 1y
sections cut from large plastic-embedded blocks and these provide
the essential link between LM and TEM (see segment on TEM below).
The paraffin sections also provide the basis for a large var1ety of
- special staining methods (Luna, 1968).

Scanning Electron Microscopy (SEM)

The large, approximately 12 x 10 x 4 mm samples of tissue
selected for SEM are the complementary halves of blocks used for LM
and are cut so as to include longitudinal sections of airways in the sur-
face to be examined. The tissue blocks are dehydrated in graded ethanol
and then dried by the critical point procedure using COz (Nowell et al.,
1972; Anderson, 1951). The dried tissue is attached to standard SEM
~ stubs, put inahigh vacuum coating device on a tilting and rotating stage,
and coated first with carbon then with gold palladium (Brummer et al.,
1975). Such tissues can be stored in a dessicator for prolonged periods
and still be useful for SEM.

* Although not a routine procedure, to enable precise correlation

- between surface features seen by SEM and cross sectional features of
selected areas, blocks can be removed from the SEM stub after evalua-
tion and prepared for LM and TEM. They are placed in 100% ethanol,
which is then substituted by propylene oxide, and are then embedded in
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an Epon-Araldite mixture. The tissue is examined by LM of 1y sections
and specific regions can be selected for TEM (Brummer et al., 1975).
Information on interior aspects of tissues and cells can be obtained by
SEM after the tissue has been fractured either before (Humphreys et al.,
1974) or after (Watson et al., 1975) drying. It can also be obtained from
plastic -embedded tissue after iodine and acetone surface etching (Pachter
et al., 1974).

Transmission Electron Microscopy

Because lesions in the lung are frequently focal and have a specific
orientation relative to the acinar structure of the pulmonary parenchyma,
it is essential ro know precisely the anatomic location in the small air -
ways or acinus from which the TEM blocks are taken. This precise
location can be learned by several routes. The oldest is a modification
of the procedure used by Grimley (1965) whereinlarge, 2 x 2 cm blocks
of tissue are embedded as for TEM and alternate 30 ¢ and 10 ¢ sections
cut on a large microtome commonly used for metal or bone. The 10p
sections are evaluated using light microscopy and the precise lesion area
is dissected from the adjacent 30y section, cemented on a block from a
beam capsule and ultrathin sections cut (Plopper et al., 1973). It has
the disadvantage of relatively low resolution for LM due to the thickness
of the section. This can be avoided by embedding slightly smaller sec-
tions (i.e., 12 x 10 mm) and cutting 1y sections on a Sorval JB-4 micro-
tome using glass knives. These thin sections can be stained using various
dyes and provide high resolution for evaluation of the tissue by LM. The
areas of interest are selected in the one micron section, identified in
the block, and the surrounding tissue removed leaving a plastic mesa
containing the required region (Lowrie and Tyler, 1973). This mesa
is sectioned in the usual manner and examined by TEM.

SPECIAL METHODS FOR GROSS AND SUBGROSS EVALUATION
| Whole Lung Sections
The technique of preparing whole sections from human lungs was
first described by Gough and Wentworth (1960) and was used in their

studies of emphysema in man. The sections can be useful as permanent
records or illustrations of whole lung involvement in certain types of
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disease processes. Subsequent developments of the technique and their
use in the measurement or grading of emphysema in human lungs is
briefly discussed in a report by Dunnill et al. (1975). Preparation of

- lung macrosections and their permanent mounting by their lamination

between sheets of transparent plastic film has also been described
(Cote et al., 1963; Kory et al., 1966).

Vascular Injection Technique

A technique using thin slices of lungs in which the vessels have
. been injected with multicolored latex has been used in studies of the
comparative subgross pulmonary anatomy of a variety of mammals
(McLaughlin and Tyler, 1961; McLaughlin and Tyler, 1966). A major
focus of attention in these studies was the comparative anatomy of the
vascular tree. Vascular injection and casting has been used in investi-

- gations into the vascular changes accompanying emphysema in man

~ (Wyatt et al., 1964)
Airway Casting

This is useful for development of mathematical models for be-
havior of inspired gases and particles (Phalen et al., 1973) and for the
study of airway disease (Horsfield et al., 1966) and the pathogenesis
of emphysema (Pump, 1973). : .

Replica casts of airways down to and including alveoli can be
prepared in situ for large and small animals (Phalen et al., 1973).
- The method involves replacement of air by cyclic ventilation with CO»
filling with degassed saline and slowly injecting silicone rubber through
‘the trachea while allowing saline to drain from the thorax via slits be-
tween ribs. After curing (2-20 hours) the organ is removed from the
~ thorax and the tissue digested away. Morphometric measurements that
- may be made on such casts include branching angles and dimensions of
airways and alveoli. In some cases alveolar pores can be seen and their
relative sizes determined via the scanning electron microscope.
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The major limitation in using airway casts is that all but the
simplest measurements made on them may require considerable time,
effort and skill. On the other hand, a replica cast captures and pre-
serves the entire airway structure, allowing precise determination of
the spatial and structural distribution of lesions. '

SPECIAL METHODS OF MICROSCOPIC EVALUATION

A variety of investigative methods is needed in the search for
pathogenetic mechanisms underlying disease processes in the lung, as.
it is for any organ. These methods are relevant to studies of both cell -
ular biology and pathobiology, and unavoidably investigations into the
one have considerable impact on the other. The techniques in question
have for the most part either been in use for a relatively short time, or
are in the process of being explored. Only an introduction to these topics
will therefore be provided. '

Histochemistry

Histochemistry and cytochemistry are essential for the full elucida -
tion of the pathogenesis of toxic changes in inhomogeneous organs such as
the lung because it is necessary to localize biochemical changes to the
specific cells or cell populations involved.

Many specialized methods of tissue preparation and incubation
are required for the broad spectrum of histochemistry. Enzyme histo-
chemistry and histochemistry for certain cellular components is best
. done on cryostat sections. - Like all sections of the respiratory system,
distended cryostat sections are much easier to evaluate and provide
more useful information. Usually the tissue is distended with a cryostat
embedding material, ‘commonly 4% gelatin, as originally described by
Tyler and Pearse (1965). This embedment has the double advantage of
distending the lung and also providing a medium or embedment which
permits much more complete sections than can be obtained if the lung
is handled like other organs or tissues. Without such embedding, only
fragments of sections are obtainable. These are extremely difficult to
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evaluate in terms of total distal airway and parenchymal morphology.
Freezing of the gelatin infiltrated section is generally accomplished
using freon-22 cooled to near its freezing point of -1600C., Freezing
directly in liquid nitrogen is considerably slower and frequently distorts
the tissue blocks. While most cryostat sections tend to be thicker and
therefore prov1de less resolution than paraffin sections, with appropriate
equipment it is possible to serially cut frozen sections at 5 or 6 microns.
Such sections are suitable for a wide variety of histochemical procedures
which are commonly applied to the serial section in order to obtain cor -
related biochemical and morphological information at the cellular level.

. Histochemical procedures have been diversified significantly
in recent years (Pearse, 1968-72) and include methods for many enzymes
as well as cell inclusions and intercellular material. Many of these
~ procedures can be applied at both the light and electron microscopic
levels of observation of the lung (Castleman et al., 1973; Goldfischer
et al., 1967; Sorokin, 1967; Cutz and Conen, 1971; Schneeberger, 1972)
and some are suitable for automated image analysis (Sherwin et al.,
- 1973). The studies of Spicer et al. (1974) and Lamb and Reid (1968 and
1969) concerning toxic effects of inhaled gasses on respiratory mucopoly -
saccharides are especially noteworthy. Another example is the fluor-
escent amine technique of Falck that has been used in studies of seretonin-
producing cells of neuroepithelial bodies present in resplratory mucosa,
Lauweryns et al., 1973.

A promising new area of chemical analysis that can be applied
. to the respiratory system is that of analyzing X -rays, cathodoluminescence
- or backscattered electrons generated by the interaction of the electron

" beam of an SEM or TEM with the atoms of cellular components, inclusions,

or histochemical final reaction products in situ, thus providing elemental
- analysis of endogenous or foreign materials in cells and tissues (Johari,
1972; Maata and Arstila, 1975; Funahashi et al., 1975; Yakowitz, 1975).

Autoradiography

Autoradiography has been used to determine the cytokinetics of
pulmonary cells responding to damage caused by toxic environments,
~ such as in the demonstrations that alveolar type 2 epithelial cells are
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the precursors of type 1 epithelial cells (Evans et al., 1973; Adamson,
1974). The second major use of autoradiographic techniques is for
tracing the intracellular pathways traversed by radiolabeled precursors
of known or hypothesized cell products (Chevalier and Collet, 1972;
Petrik and Collet, 1972; Kikkawa et al., 1975). A third use is in
studying the deposition and fate of inhaled particles (Felicetti et al.,
1975).

Morphometry

 Morphometry is necessary for precise correlation of structure
and function in both normal and diseased organs. It can provide accurate
measurement of the severity of damage in diseased organs and it is the
only means of confirming, by statistical methods, the existence of signi -
ficant subtle lesions in a particular treatment group of experimental
animals,

_ A systematic approach to a quantitative morphologic analysis of
the architecture of the pulmonary system using manual methods has been
provided by Dunnill (1962), Weibel (1963) and Thurlbeck (1967). Those
authors established the formulae and methods necessary to obtain statis -
ically reliable quantitative values for the pulmonary system. Recently
quantitation of the pulmonary system has been automated by use of com-

" puted pattern recognition techniques (Levine et al., 1970) and automated
measuring microscopes (Cole, 1966). The greatest application of automa -
tion has been with automated measuring microscopes. They have been
used to quantitate selected features of conducting airways in normal and
experimental bronchitis (Mawdesley-Thomas and Healey, 1973) and of
distal airspaces in normal (Bignon and Andre-Bougaran, 1969), emphy-
sematous (Anderson and Foraker, 1971), and experimental, pollutant-
damaged lung (Hyde et al., 1976; Sherwin et al., 1973). Pattern
recognition techniques have also recently been used to classify and mea -
sure the distal airways on an automated measuring microscope (Hyde

et al., 1975).
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Freeze-fracture

, Freeze-fracture is a method of looking at replicas of fractured

- surfaces at very high resolution using TEM. Like the SEM, it provides
a view of surfaces rather than cross sections. Thus for low magnifica-
tion and low resolution of natural or fractured surfaces, the SEM is the
most appropriate instrument, whereas for high magnification, high
resolution freeze-fracture or freeze-etch is the most appropriate

technique. ‘

,  Freeze-fracture procedures avoid the necessity for including
chemical interactions which may cause-artifacts in the preparation of
- tissue and reveal an en face view of membranous surfaces. In the pul-
- monary system, the method has been used for study of cell organelles,
~ particularly during secretion and phagocytosis (Lauweryns and Gombeer -
‘Desmecht, 1973), for visualization of the alveolar lining layer (Utersee
et al., 1971), and in the examination of endothelial cells relative to
~ their capability for metabolizing circulating vasoactive agents (Smith
"~ etal., 1973). The method is also necessary for the study of normal
and abnormal cell junctions (Hyde et al., 1976).

Tracer Techniques

These have been used in studies of the permeability of the pul-
monary vasculature in both normal and edematous lungs. Horseradish
peroxidase, hemoglobin, microperoxidase, ferritin and colloidal par-
ticles have been used (Pietra et al., 1969; Szidon et al., 1972;
Schneeberger and Karnovsky, 1967; Williams and Wissig, 1975; Reese,
and Karnovsky, 1967). The investigations on pathways of clearance of
- inhaled iron oxide aerosols (Sorkin and Brain, 1975) or intratracheally

installed ferritin or colloidal carbon (Lauweryns and Baert, 1974) also
involved the use of tracers.

Thick Histologic Sections

= These were principally used in the study of human emphysema

- (Pump, 1974). To some extent they have been superseded by SEM, but
~ they still hae an important role in documenting the pattern of collagenous
~and elastic fibers in interalveolar septa and determining their abnormal-
ities during the pathogenesis of diseases such as emphysema.
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ADDITIONAL SPECIAL METHODS OF FIXATION

No one fixation procedure is appropriate for all investigative
purposes. To the extent that considerations of methods of fixation are
intimately related to the techniques of evaluation for which they are to
be employed, common fixation techniques have already been discussed.
There remain several, however, that have special indications to be
matched with the specific aims of the investigator.

Vapor Fixation

Methods have been developed for the use of formalin vapor
(Blumenthal and Boren, 1959; Wright et al., 1974) or formalin steam
(Weibel and Vidone, 1961) but have little to offer in the way of advantages
and nothing at all in convenience, Air fixation likewise has no usefulness
other than to provide a convenient gross anatomical reference. A recent
method of vapor fixation using osmium tetroxide suspended in cooled
fluorocarbon has been briefly reported by Kilburn and McKenzie (1975).
The mixture was injected intratracheally into breathing hamsters to fix
the lungs while inflated and to lessen the chance of translocation of cells
and particles on luminal surfaces of airways.

Vascular Perfusion

The primary use of this method has been in the demonstration of
“extracellular lining layers of alveoli and bronchioles by electron micro-
scopy (Gil and Weibel, 1969/70; Gil amd Weibel, 1971). Translocation
of cells and particles should be less than by intratracheal perfusion,
which may make this method useful for localization of these components.

Rapid Freeze Method

This method was developed by Staub and Storey (1962). It pro-
vides an accurate representation of the morphologic state of the lung
"frozen' at a point in time in its cycle of dynamic events. The animal's
lungs are frozen while it is alive, at the desired phase of the respiratory
cycle. The procedure does require thoracotomy with good exposure of
the lungs. Carefully controlled ventilation is required to maintain
physiological state with the ability to momentarily hold the lung at the
desired degree of inflation or vascular perfusion. Freon 22 cooled to
near its freezing point of -160°C or propane cooled to -175°C is used
as the cryogenic agent for rapid freezing as each of them absorbs signi-
ficantly more heat per unit volume of weight than liquid nitrogen which
rapidly absorbs heat then boils, forming an air interface which effectively
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reduces the transmission of additional heat from the specimen to the

cryogenic agent. Only the first few millimeters of tissue under the

- pleura are extremely rapidly frozen; deeper tissue is frozen consider -
ably more slowly. Tissues frozen in this manner may be freeze-dried

or freeze-substituted for subsequent critical point drying followed by

- evaluation in the scanning electron microscope (Nowell et al., 1972)
or followed by embedding in paraffin or plastic for light microscopy

(Plopper et al., 1973) or TEM. In the SEM, the general architecture

of the pulmonary tissues is well preserved and available for evaluation,

- but the surface detail of the cells is obscured by the mucous coat or

alveolar lining layer in the airways or alveoli respectively.
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INTRODUCTION

Impairment of lung function is often not apparent symptomatically

or by clinical examination until substantial and largely irreversible damage

has occurred (1,2). Since many substances, toxic or potentially toxic to
the lung, are present in our environment (3-5) and since clinically obvious
lung disease may be evident only after prolonged exposure to these atmos-
pheric contaminants, it is useful to have sensitive and noninvasive means
for detection of pulmonary toxicity from inhaled substances.
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Recent investigations have demonstrated that sensitive physiologic
tests are capable of detecting abnormal lung function at an early and pre-
~ sumably reversible stage of development (1, 2, 6-12). These methods in-

clude such tests as forced mid-expiratory flow (FEF 25-75) (6), forced
expiratory flow at 75-85% of vital capacity (FEF 75-85) (7), flow volume
loops (MEFV) (8), single breath nitrogen washout (9), multibreath nitro-
gen washout (10), closing volume (11), frequency dependence of compli-
ance (1), and *xenon reglonal ventilation-perfusion studies (12). Since
some of the methods are invasive and/or require expensive equipment,
they are not all equally suitable to be used as screening tests for abnor -
- mal lung function. However, a variety of physiologic tests are necessary
since tests such as maximal expiratory flow rates detect airway obstruc-
tion whereas others such as single breath diffusing capacity for carbon
- monoxide (DLCO) are affected primarily by abnormalities of the pulmon-
ary parenchyma or vasculature. Some methods, not suitable for screen-
ing purposes, are excellent confirmatory tests in specific circumstances.

In this review, a sequence is described for pulmonary function
testing following experimental exposure of humans or animals to inhal-
ants. In addition, a description of methods, their sensitivity and limita-~
- tions, physiologic interpretation, and equipment needed for performance
of the tests are presented in tabular form as a convenient reference for the
inhalation toxicologist. The description of methods is divided into the fol-
lowing categories: (1) Tests of respiratory mechanics - analysis-of the
forces which overcome resistance to airflow and inflationor deflation of
the lung; (2) Tests of distribution of ventilation - description of the de-
gree of uniformity of alveolar ventilation. Maldistribution of the inspired
gas is often associated with early lung disease even though overall ventila-
tion measured at the mouth is normal or increased. Methods of detecting
airway closure are also considered; (3) Tests describing the pulmonary
circulation including measurement of vascular pressures, right to left
shunting, and distribution of perfusion; (4) Tests describing regional
ventilation /perfusion matching (V/Q). This includes direct evaluation
of regional ventilation and perfusion as well as several indirect tests;

(5) Test of diffusion - although impaired diffusion of oxygen across the
alveolar-capillary membrane is not a common cause of hypoxemia (13-14),

d1ffus1ng capacity is affected by a wide variety of lung diseases and there-

fore is a good screening test; and (6) Measurement of blood gas tensions
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- these very important measurements are a function of abnormalities,
single or combined, of altered respiratory mechanics, right to left
shunting, altered V/Q relationships, or, under spec1a1 circumstances,
impaired diffusion of oxygen across the alveolar-capillary membrane.
Although not specific for any type of abnormality, arterial hypoxemia

is a sensitive indicator of impaired pulmonary function from a multitude
of causes, while mixed venous oxygen tension is more indicative of tissue
oxygenation and more often reflects the state of cardiac rather than pul-
monary function. ‘

In the following pages we describe a sequential approach to pul-

- monary function testing (Part I) which includes suggestions as to screen-
ing and initial testing as well as later, more detailed investigation pro-
cedures. Different approaches are suggested for differing circumstances
(awake vs anesthetized) and species (large and small animals vs man).
The next section (Part II) consists of tables in which the limitations and
applications of individual tests are critically reviewed.

I. Approach to Pulmonary Function Testing
A. Man (Unanesthetized):

Preexposure Testing for Control Values

%

Exposure
V%
1. Screening
a. Closing volume (CV)
b. Single breath (SB) N2 washout
c. Diffusing capacity of the lung
CO-single breath (DLCO SB)
d. Maximum expiratory flow- Volume
(MEFV) curves
e. Spirometry
f. Airway resistance (R pow) and
thoracic gas volume (Vtg)

2. Follow-up testing

a. Multibreath Nz washout - 7 minute
b. Arterial blood gases
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3. Further analysis
a. Compliance of the lung (Ci) - Static,
clrldyanamic (frequency-dependent)
Xenon regional ventilation-
perfusion (V/Q) studies

b.

For screening purposes following exposure to inhalants, closing

- volume (11) and SB N; washout (9) are noninvasive, easy to perform, and
both tests may be calculated from the same expiratory maneuver. The

~ test is moderately sensitive but is quasi-static since low flow rates are
employed. Dynamic methods such as MEFV curves and spirometry,
particularly if flow rates are measured at low lung volumes (FEF 25-75,
FEF 75-85), may be abnormal when static tests are normal (15). Both
procedures are noninvasive, easy to perform, and therefore well suited
for screening purposes. All measurements can be made technically from
a single maneuver although the tests are usually repeated to insure "'best
effort.” The MEFV curve is probably best utilized with the subject serv-
ing as his own control since flow rates are highly variable from person to
person (16). The sensitivity of the technique may be increased by compar-
ison of curves obtained after inhaling air and helium-oxygen mixtures (17).
Airway resistance is easy to perform but is sensitive to abnormalities

- primarily of large central airways (1, 18) and should not be used alone.

~ Changes in maximal expiratory flow (particularly at low lung volumes)
with no change in R AW would suggest that the site of the lesion is in the
small airways. DLCO SB is simple and easy to perform; this test and,
‘possibly, SN Nz washout might be the most sensitive detectors of early
(interstitial) pulmonary edema or micro-atelectasis (19, 20).

Arterial blood gas analysis is a very sensitive parameter of change
in respiratory status. The procedure is invasive and is best performed
- with local anesthesia; it therefore probably should not be considered a
screening procedure. Multibreath nitrogen washout has a high degree of
sensitivity to any pulmonary abnormality which changes the distribution
of ventilation (10). The procedure requires more time than single breath
tests and analysis of results is also time consuming. The precedure is
best utilized in selected circumstances (i.e., confirmatory, to differen-
tiate degrees of abnormality not apparent from screening tests, if an
“abnormality is suspected but screening tests were negative. )
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1%Xenon regional ventilation studies require large equipment
expenditures and quantitative analysis usually requires a computer.
Compliance measurements are invasive, tedious, and uncomfortable,
but they may be very valuable, especially frequency dependence of com-
pliance which is a sensitive detector of early airway disease (1). This
technique is best used for highly specific purposes in a small number

of subjects.

B.

Large Animals (Unanesthetized):

Preexposure Testing for Control Values

1. Screening tests
a.

b.

c.

%
Exposure
v

Spirometry - respiratory rate, tidal
and minute volume

Arterial blood gases - Pa O,

Pa COs, pH

Multibreath nitrogen washout -
distribution of ventilation,
functional residual capacity (FRC)

. 2, - Confirmatory tests

a.
b.
c.

d.

Dynamic compliance
Dynamic resistance (airway)
Total pulmonary resistance
(oscillatory)

Diffusing capacity for carbon monoxide

(DLCO SS) steady state

Large Animals (Sedated or Anesthetized):

Preexposure Testing for Control Values

%

, Exposure

v

- 1. Screening tests

a.

Spirometry - respiratory rate, tidal
and minute volume
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b. Lung volumes - total lung capacity
(TLC), vital capacity (VC), functional
residual capacity (FRC), residual
volume (RV)

c. Arterial blood gases - Pa Oz,

Pa CO;, pH ‘

d. Multibreath nitrogen washout -
distribution of ventilation, FRC

e. Lung compliance - static (Cst),
dynamic (Cdyn) including measurements
at different respiratory rates (fre-
quency dependence of compliance)

f. Dynamic resistance (airway)

g. Total pulmonary resistance (oscillatory)

2. Confirmatory tests

Closing volumes

DLCO SS - steady state

DLCO SB - single breath

Maximal expiratory flow-volume (MEFV) curves
13.3X_enon regional ventilation-perfusion

(V/Q) studies

S'DQ-OD"SD

Unanesthetized large animals may be tested using either a face
mask (21)or chronic tracheotomy (22). These techniques are used most
frequently in relatively cooperative, trainable animals such as dogs.
Alternatively, any animal may be tested using general anesthesia, al-
though this method seems less desirable since the effects of -anesthesia
must also be assessed. Recently, however,Muggenberg and Mauderly
(23) have shown that general anesthesia, using triflupromazine HCI, is
associated with minimal respiratory side effects.

Screening procedures, such as spirometry or multibreath nitro-
gen washout, are usually easy to perform, noninvasive, and require
little equipment or training of animals (see tables). Arterial blood gases,
although invasive, also require little time and equipment. They probably
are best obtained from an indwelling catheter in a femoral or exteriorized
carotid artery. Multiple samples can be obtained without causing pain and
agitation which are often associated with reflex changes in respiration.
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The confirmatory tests either require intubation and are, therefore,
invasive (dynamic compliance, dynamic resistance, ***xenon regional ven-
tilation studies, MEFV curves), require e@gnsive equipment (DLCO,
dynamic compliance, dynamic resistance, ~ xenon regional ventilation-
perfusion studies, MEFV curves), or are time consuming (dynamic
compliance, dynamic resistance, 183genon regional ventilation-perfusion
studies) and, therefore, are poorly suited for screening purposes except
in anesthetized animals. However, many of these latter methods are also
the most sensitive and yield the most information. MEFV curves, for
example, have recently been used successfully in monkeys to evaluate the
effects of coal dust upon the small airways (24). Although relatively elabor-
ate equipment was required, individual subjects (monkeys) could be com-
pletely tested within 10-12 minutes following induction of anesthesia (24).

C. Small Animals:

Preexposure Testing for Control Values
\

Exposure
y
Plethysmography (Tidal Volume)
1
\%
(Respiratory Rate
v y
Total respiratory #Xenon washout
resistance (Amdur-Mead

technique)

1. Postmortem studies
a. Histology
b. Pressure volume curves
c. Lung lavage for surface
active material
d. Pulmonary edema analysis
(wet/dry weight ratios)
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The most suitable technique for in vivo screening for response to in-
halants is plethysmography. The plethysmograph is relatively easy to con-
struct and small animals such as rats may be monitored (with difficulty)
without anesthesia. The technique is sensitive and tidal volume and respira-
tory rate can be measured. Postmortem studies may be sensitive but are
both time consuming and tedious and therefore poorly suited for screening
purposes in large numbers of small animals. Pulmonary resistance as
measured by Amdur and Mead (25) requires placement of an intrapleural
catheter. Also required is a plethysmograph and physiologic recorder.

The procedure has merit for in vivo testing of small animals but probably
should not be considered a screening procedure. ¥ enon washout requires
expensive equipment as well as use of radioisotopes. The procedure has
not been widely used in small animals and its utility is not definitely estab-
lished. The technique is currently under evaluation.

A. Ventilatory Exchange

Name Physfological Animal Experimental Equipment

of test interpretation species conditions Sensitivity Limitations needed Refs.
Respira- Frequency of Any Many Low - large Very few Spirometer, face 26
tory rate breathing animals mask for large ani-
Moderate - mals or plethysmo-
small animals graph, pressure

transducer, recorder
for small animals.
Pneumograph and
transthoracic imped-
ance are noninvasive.

Tidal Depth (volume  Any | " " " " 26
volume of breathing)

Minute Total volume Any v " " oo 26
ventila- of breathing in

tion one minute.

(May measure
inspiration or
expiration. )
Equals the
product of
respiratory
rate multiplied
by tidal volume,
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IL
B. Static Lung Volumes*

Name Physiological Animal Experimental Equipment
of test interpretation species conditions Sensitivity Limitations needed Refs,
Total Elasticity of Any (see Only man with- Good Requires Spirometer +hellum 27, 28,
lung lungs and thor- conditions) out external maximal ef- catharometer, nltro- 29,30
capacity  ax, muscle forces; animals fort or exter- gen meter, or other

strength 30 cmH, O dis- nal distending fnert gas measuring

tending pres- and /or with- device or body
sure, drawing plethysmograph,
pressures,
Vital " " " " " Spirometer 30,31
capacity
Residual " " v " " Spirometer + inert 30, 31
volume gas measuring de-
viceor body plethys~
mograph

Expira- Expiratory " " " " Spirometer 31
tory force, dia-
reserve phragm posi-
volume tion
Functional Elasticity of " Resting " Almost Spirometer, (body 30, 32,
residual  lungs and none plethysmograph - 33
capacity  thorax with cooperation)
Ingpira-  Inspiratory " Only man with- " See TLC " 31
tory ca~-  force, dia- out external :
pacity forces

phragm posfi-
tion

*In general, FRC is measured by inert gas dilution, nitrogen washout or body plethysmography; VC, ERV and IC by spirome-
try; TLC and RV are usually calculated,

(m
1L
C. Respiratory Mechanics
Name of  Physiological in- Experimental Equipment
test terpretation (units) Species conditions Sensitivity Limitations needed Refs.
1. Compliance
la. Static lung Stiffness of res- Any (see Results uncer- Moderate Requires co- Pressure & volume 34,35
& thoracic piratory system  €xp. con- tain without or less operation or transducers, ampli-
cagecom- _1 . 1 + ditionsg) anesthesfa & relaxing an- fiers & recorders.
pliance. Crotal Eistat(l) paralysis of esthesia plus One method re-
C total respiratory external quires head-out body
1 muscles forcing chamber,
Catar(w)
(L/CmH30)
1b, Static lung Stiffness of the Mammals, Only in man Moderate Requires co- Pleural (animals only) 36
compli- lungs ~ quasi- any (see  without relax- operation or  or esophageal balloon,
ance. static experi- ing anesthesta, relaxing an- pressure & volume
mental for full curves. esthesia plus transducers, amplifi-
(Static A measure of conditions) Animals: for external ers, recorder or CRT,
volume distensibility, Cst() in tidal forcing (see or X-Y plotter, or
pressure reciprocal of volume range in experimental tape
curves) elastance unanesthetized conditions)
or full range
Cst(l) (L/CmH;0) with relaxing
anesthesia,
le, Statlc Stiffness of See Cst & See Cst & See Cst & See Cst & See Cst & C total 37
thoracic  chest wall C total C total C total C total
cage com-
pliance (L/CmH;0)
Cstat(w)
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C. Respiratory Mechanics
Name Physiological in- Experimental Equipment
of test terpretation (units) Species conditions Sensitivity Limitations needed Refs.
1d. "Specific" Cst/Vi, where Mammals, For Cst(l) in tidal Moderate or See Cst(l) See Cst(l) 37
compli- Vig is Tsually at  any (see  volume range less requires See FRC
ance functional residual experi- relaxing anesthes- measurement
capacity mental ia may not be re- of FRC
conditions) quired
(L/CmHz0/L)
le. Dynamic Stiffness of lung Mammals, Usually only man Moderate or Usually re- Same as for static 1,38,
lung com- at specified fre- any (see  without relaxing less quires coop- volume pressure 39
pliance quency. Frequen- experi- anesthesia for eration or curves plus a pneu-
Cdyn(l) cy dependent if mental studies at a full relaxing an- motachograph
Cdyn is a func- conditions) range of frequen- esthesia plus measure flow
tion of frequency. cies. external
forcing.
(L./CmHa0)
1f,  Static Tissue (quasi- Mammals, Saline filled ex- Moderate Leakage and Pressure and volume 40
volume static) disten- any (at cised lungs. lack of uni-  transducers, ampli-
pressure  sibility necropsy) form filling  fiers, and recording
curves of can create devices
saline (L./CmHz0) problems.
filled ex- Excised
cised lungs.
lungs
2. Airflow
2a. Spirome- Overall mechan- Any (see Usually only man Good to Usually re- Low resistance 41
try, forced ical function of experi- without relaxing moderate quires coop- spirometer or
expired lungs & thoracic mental anesthesia with eratlon, a pneumotachograph
volume vs wall including conditions) external forcing. relaxing an- with integrator
time flow rates at esthesia plus
various parts of external
the expiratory forcing.
curve (e.g.
maximum mid -
expiratory flow
in liters/sec) &
FEV in liters at
various times
(e.g., .75, 1,
2, 3 seconds)
2bl. Flow vol- Overall mechan- Mammals, Usually only man Good to Usually re-  Storage oscilloscope 42
ume maxi- ical function of any (see  without relaxing moderate . quires coop- or a photographic
mum expi~ lung & thoracic experi- anesthesia. eration or X-Y recorder or
ratory wall including mental Measures with relaxing an- tape. Low resis-
flow vol- Peak Flow Rates conditions) gases of differ- esthesia plus tance spirometer or
ume (PEFR) and flow ent physical external pneumotachograph
-curves rates at various properties can forcing. with integrator.
MEF volumes (e.g. be done (e.g.
MEFs at 50% of He or SFe).

vital capacity).
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I
C.  Respiratory Mechanics
Name Physiological in- Experimental Equipment
of test terpretation (units) Species conditions Sensitivity Limitations  needed Refs.
2b2. Flow vol- Overall mechani- Mammals, Usually only man Good to Usually re-  Storage oscilloscope 42
ume in- cal function of any (see  without relaxing moderate quires coop- or a photographic
spiratory lung & thoracic  experi- anesthesia. eration or X-Y recorder or
maximum wall including mental Measures with relaxing an- tape. Low resistance
inspiratory Peak Flow Rates conditions) gases of different esthesia plus spirometer or pneu-
flow vol-  (PIFR) and flow physical proper- external motachograph with
ume curves rates at various ties can be done forcing. integrator.
MIF volumes (e.g. (e.g. He or SFe).

MIFs at S0% of
vital capacity)

2cl. Lung and Changes in total Mammals, Can use several Good to Specificity of Oscillatory equip- 43, 44
thoracic  respiratory sys- any frequencies (e.g. moderate interpretation ment, transducers
cage flow- tem 3,6,12,24 Hy) limited. for flow, pressure,
resistance amplifiers, record-
(total re- (cmH:=0/L /sec) ers; stripchart, tape
sistance)
Rrs
2c2, Total lung Flow-resistance Mammals, See Cst(l) Moderate See Cst(l) Pleural (animals only) 45, 46
flow- of airways and any [see or esophageal balloon,
resistance lung tissue Cst()] pressure & flow trans-
Rl Rl =Raw+RIt ducers, amplifiers,
recorder or CRT or
(CmH20/L /sec) X-Y plotter, or tape
2c3. Airway Flow-resistance Mammals, (Method #1, Moderate (Method#1)  (Method #1) Body - 47
flow- of airways - usually only body plethys- or less requires plethysmograph
resistance man (method mograph) - panting
Raw #1) usually only )
Raw=R man. See Cst(l) See R1 Equipment for R1
"‘Rcenri‘,: iphclaral an)y (Srgzthod and R for (method #2)  (method #2)
Cst'(l) and method #2 must agsume
(CmHz0/L/sec) g (esophageal or a value for
~ pleural pres- R1t
sure with
assumed value
for Rlt
2¢3a. Central Partition of flow- Difficult  Only animals or  Good to Requires Retrograde catheter, 48
airways resistance to air- with small excised human moderate invasive transducers for flow
flow re- ways usually of animals.  lungs. procedure pressure, ampli-
sistance <2 mm in diameter fiers (see R1)
‘Re (CmH;0O/L/sec)
2c3b. Small Partition of flow- Difficult  Only animals or  Good to Requires Retrograde catheter, 48
airways resistance to with small excised human moderate invasive transducers for flow
flow- airways usually  animals. lungs. procedure pressure, ampli-
resistance of <2-3 mm fiers, recorders
Rp diameter (see R1)
. (CmH20/L /sec) :
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cles. Work of
inspiration and
expiration can
be separated.

64

II.
C. Respiratory Mechanics
Name Physiological In- Experimental Equipment
of test terpretation {units) Species conditions Sensitivity Limitations needed Refs.
2c4. Specific  #1/SG(aw) 5E€ SG(AW)== === m == = e e e e e e e oo e o 49
alrway
resistance
SR (aw)
2¢5. Frictional Subtraction of See Raw and
resistance Raw from total total lung
lung tissue lung flow- FlOW- FEEISLANCE= === === = = = = e o e e e e o 50
Rlt resistance
Rlt=R1~Raw
(CmHsO/L /sec)
2c6, Alrway  Gaw='/Raw SE@ RaAW == == = == o o e e R 28,
conduc- 51,
tance (L./sec/CmHa0) - 52
Gaw
2c7. Specific  (*/Raw) Vig where See Raw  See Raw Moderate Need mea-~  See Raw 28,
airway Vig usually = FRC See Vig See Vig sure of Vtig  See Vig 51,
conduc- airway conduc- 52
tance tance per unit lung
SG(aw) volume
3. Work of Breathing
3a. Work of Work of moving  Any (see  Results uncer- Moderate Combined See C total pressure, 35,
breathing lungs and thor- experi- tain without or less measure flow volume (record- 53,
- lungs and acic wall mental anesthesia and er), body respirator 54
thoracic  (KgM/min) conditions) paralysis of .
wall respiratory
muscles. Work
of inspiration
and expiration
can be separated.
3b. Work of Work of moving  Any See Cst and total Moderate See Cst and  See Cst and total 35,
breathing lungs lung flow- total lung lung flow-resistance. 53,
- lungs (KgM/min) resistance. Work flow- 54
) of inspiration resistance.
can be separated.
3¢, Workof  Workof moving  Any Results uncertain Moderate See experi-  See C total pressure 35,
breathing thoracic wall without anesthesia or less mental flow volume (record- 53, .
- thoracic (KgM/min) and paralysis of conditions. er), body respirator. 54 .
wall respiratory mus-
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D. Distribution of Ventilation*

Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations =~ needed Refs.
) Closing Closure of depen- Man, rab- Requires coop- Moderate; See experi-  Spirometer; flow 55,
volume dent airways bit proba- eration. Only most sensi- mental meter; scintillation 56
(**xe bly mini- man without tive if mea- conditions,  counter; digital rate
bolus dis- mal size, anesthesia, sured as meters, physiologic
tribution) larger May be done in closing capa- recorder
animals  large animals city/TLC.
better. with anesthesia, Closing ca-
positive & nega- pacity =
tive pressure CV +RV)
breathing.
Closing " " " " " Spirometer; flow 57
volume meter; critical ori-
(Helium fice helium analyzer;
bolus dis- physiologic recorder
tribution)
Closing " " " " " Spirometer; flow 11
volume meter; mass spec-
(Argon trometer, physio-
bolus dis- logic recorder
tribution)
Closing " " " Moderate, " ‘Spirometer; flow 58
volume may be meter; nitrogen
(nitrogen slightly less analyzer; physio-
dilution) sensitive than logic recorder
bolus tech-
niques. Mea-
sure as
CC/TLC.
Nitrogen distribution of " " Moderate; " " 9,59
washout  ventilation may be
single - normal when
breath dynamic mea-
surements are
abnormal.
Nitrogen  Distribution of Man, large Only man and High; sensi~ See experi- Spirometer or pneu-  60-
washout ventilation animal, beagle without tivity in- mental motachograph; nitro- 62
multi- beagle dog, anesthesia; ani- creased by  conditions.  gen analyzer; physio-
breath Shetland  mals require washout at logic recorder.
pony, tight-fitting high respira-
monkey, face mask; tory rates
baboon restraints and poor
' collateral
ventilation.

*Distribution of ventilation may be defined as a description of the uniformity of distribution of inspired gas. In a hypothetical
lung with perfectly uniform distribution of ventilation, the ratio regional tidal volume/regional lung volume is equal for all

alveoli.
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11,

D.  Distribution of Ventilation
Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations needed Refs.
Regional Topographical Man, Only man without High, man;  See experi- Spirometer; multiple 12,
pulmonary distribution of baboon, E-T tube; anes- low, animals mental scintillation counters 63
function - ventilation. monkey thesia, controlled (due to limit- conditions. of Anger camera;

2 Xe ventilation. ed experi- computer or strip
technique ence) charts physiologic
recorder ventilator
air pump (animals)
e Distribution of Man, Only man without High, man;  See experi- Spirometer; multiple 63-
washout ventflation. baboon E-T tube; anes- low, animals mental scintillation counters 65
multi- thesia, controlled not yet well  conditions. of Anger camera;
breath ventilation. quantitated or computer or strip
subjected to charts physiologic
compartmental recorder ventilator
analysis in air pump (animals).
animals,

E.  Pulmonary Circularion

1. Cardio-~ Intravascular Any (see Awake animals  Can be done Few limita- Cardiac catheters, 65-
vascular diastolic, sys~ conditions), following pre- with good ac- tions if one  strain gauges and 75
pressures tolic and/or Difficult paration of in- curacy and has adequate recorder. Surgical

mean pressures. in small dwelling cathe-  reproduct- training & equipment, fluids,
Detects hyper- rodents. ters. Anes- bility. Moder-equipment.  drugs and variety
tension in vas- thetized animals ate to low Frequency-. of stopcocks.
cular system. usual. sensitivity = response of
Necessary for for pulmonary equipment &
calculations of disease. proper appli-
vascular resis- cation essen-
tances and ven- tial. Animals
tricular work. should be

studied under

similar condi-

tions and levels

of activity.

2. Cardio- Cardiovascular Same as  All can be done Same as Calculated (de- As above. Dye dilu- 65~
vascular  (right and left above. on reasonably above. rived) values. tion equipment body 81
volumes, ventricular load) tractable awake Each value de- plethysmograph and
flows, and performance. animal except pends upon appropriate strain
resistance pulmonary capil- several varia- gauges. Appropriate
and work lary blood vol- bles. Other-  drugs and test gases.

ume and pul- wise limita-
monary capil- tions as listed
lary blood flow, above.

3. Distribution
of perfusion

3A. *¥e tech- Regional distri- Meaning- Animals usually Moderate Expensive A. Four scintilla- 82-
nique bution of pul- ful only anesthetized & to low equipment, tion detectors & 84

monary blood in  in ani- positioned with Useful only on cylindrical colli-
the lung. mals the limited move- larger animals. metors. Magnetic
size of ment. Requires use of tape recorder.
cats or radioactive Rate meter.
' larger material.

66




AMRL-TR-75-125

1.
E. Pulmonary Circulation
Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations  needed Refs.
3B, **i1- Same as A Same as A Same as A Same as A Same as A B. Scanner. Radi- 82~
macro- ological equipment. 84
aggre-
gated
albumin
technique
4, Right to The percentage More con- Animal must Depends upon Accuracy of Blood gas analysis 85,
left pul-  of the cardiac veniently breathe 100% O=  how rigorous- measure of  equipment; blood 86
monary output which is done in without rebreath- ly each mea- Os-content in gas pressure analy-
vascular  bypassing venti- animals ing. Animals surement is mixed venous sis, Scholander and
shunt dur- lated exchange at least usually anes- made for the blood and perhaps Van Slyke or
ing Oz area in the lung. the size thetized. Must shunt calcu- alveolar-Os - gas chromatograph
breathing. ' of cats. measure Oz con- lation. Mod- with gas-extractor.
. centration in and erate to good
expired and mix  for advanced,
venous blood Oz~ chronic lung
concentration. disease.
5. Matching The regional dis- As in 3 As in 3 above. Moderate As in 3 As in 3A above 55,
of ventila- tribution of ven- above. to low. above. - 87~
tion & tilation relative 93
perfusion. to perfusion in
the lungs.
6. Reflexes
6A. Pulmonary Measure of effect All exper- Same as 1 above. Moderate Asin 1. As in 1 and breath- 94-
vascular  of high Q.- imental to low. ing equipment for 102
effects of concentrations animals. giving Oe.
breathing upon pulmonary )
Oa vascular resis-
tance (see 2
above) and dis-
tribution of per-
fusion (see 3 and
5 above).
6B. Hista- Chemical and/or All exper- Chemical and/or Low Availability  As as 1 andbreath- 103-
mine, biological analy- imental biological of tech- ing equipment for 104
fibrino- sis for concen- animals. analyses of con- niques. giving Os.
peptide tration of pul- centrations in
B, bra- monary vaso- plasma, blood
dykinin active agents. or tissue.
analysis
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Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations  needed Refs,
Diffusfon Measure of the Animals  Animals anesthe- Moderate Requires ex- Respiratory gas 105~
perfusion distribution of at least tized and usually of unknown cellent ex- chromatograph. - 107
ratio pulmonary dif- the size terminal prepara- perimental Ability to handle &
studies fusion relative of cats. tion. Regquires control & analyze labeled Os.
to pulmonary special gas han- measure of  Breathing equip-
perfusion. dling equipment, pulmonary ment,
and cardio-~
vascular
variables.
Edema
evaluation
In vivo Estimate of Animals at Animal must be  Moderate New tech- As in 3 above. 108~
TI2 Indium- extravascular  least the restrained by to unknown  nique must 111
trans- fluid accumu- size of counters. ) be confirmed
ferrin lation in the cats, Tech- on species
lung. nique con- other than
firmed only sheep.
on sheep. '
In vitro Measure of total  All exper- Study of lung Moderate Animals Laboratory balance 108-
wet/dry  lung HsO. fmental tissue after to good must be & dessicating oven. 111
weight specles.  death. sacrificed,
ratios
In vivo An estimate of As in A.  Anesthetized Moderate Indirect Gas analysis gas- 76
pulmonary tissue volume controlled air- measurement volume measurement
tissue exposed to and ways in animals. o
volume in equilibrium '
with gas in
alrways.
Post Relative distri-~ All exper- Post mortem Moderate Access to Vascular canula, 112
mortem bution of pul- fmental material to low material. latex or other appro-
pulmonary monary & bron-  species & Tedious work priate injection
arterial & chial circula- post mor- requiring material.
bronchial tions, tem mate- long hours.
artertial rial from
casts human
beings.
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1I. ..
F. V/Q
Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations needed Refs.
Arterial SEE BLOOD GASES
PO2
AaDO: Vv /Q or shunt Any but Good Requires arterial blood and mea- 86,
larger surement of alveolar gas (Scho- 113
better lander, gas chromatograph, mass
spectrometer)
AaDN:z v/Q Similar to AaDOs 114
Radio- Regional V/Q Rabbit Any Fair Restraint, Multiple probes or 83
Isotopes probably cooperation  scintillation
minimal . or anesthesia camera
size required
Regional " May be mea- " Deposited aerosols do not measure 115
ventilation sured during ventilation; ™ Xe most convenient
breathholding isotope.
or during
breathing
Regional " " " 21, ¥, or ®¥MTe, combined with 115
perfusion albumin or other 30 g particles most
widely used; ***Xe dissolved in
saline useful when studies need to
be repeated rapidly.
Single v/Q Any, bur  Slow, complete  Fair Cannot quan- COz, Oz meters of 5,
expira- larger expiration titate mass spectrometer 116
tion better
PCO=z &R
VDp/V, V/Q par- " Need constant Fair Hard to Analysis of COs in 113
ticularly breathing quantitate mixed expired gas
high ratios pattern and arterial blood.
Lobar Regional v/Q Large Reqlfires lobar Fair Invasive, Catheter, gas 117
gas catheters anesthesia analyzers
sampling
Multiple  Distribution Any, but  Collection of Good Somewhat Gas chromatography 118
inert gas of v/Q larger expired gas, complicated mass spectrography;
washout better . venous infusion, dye dilution or Fick

cardiac output
measurement.

cardiac output

69




AMRL-TR-75-125

PO

& VO

II.
G.  Diffusion
Name Physiological Experimental Equipment
of test interpretation Species conditions Sensitivity Limitations needed Refs,
D1.CO(SB) Dy, Vi, Hgb Larger Timed breath- Good Cooperation CO & He meters or 119,
(see below) better holding at TLC or anes- gas chromatograph 120
thesia
Dy CO(SS) Above plus Larger Regular breath-  Good Cooperation Same plus measure- 121,
v/Q bétter ing or anes- ment of V (physiol) 122,
thesia 123
DM Thickness and " Timed breath- Good " CO, 02 & He mea- 124
quantity of holding at TLC surement
membrane
Ve Pulmonary cap- " " Good " " 124
illary blood
volume
Dy Oa D10 " Regular breath-  Good Computation Measurement of V0., 107,
ing of mean cap- Ve at 2 levels of 125
illary POa oxygenation.
difficult
DL CO(RB) Lesg affected " Breath by Good Complex Rapidly responding 126,
by V /4 breath method and  analyzers, 127
analysis computation
H. Blood Gases
Arterfal  Total alveolar any, but  Any Good Requires ac- Anaerobicblood col- 128,
PCOs ventilation larger cessibility lection, anticoagulant, 129,
better of artery (blood gas analyzer) 130
Mixed " " " " Requires " 131
venous ‘ mixed venous
PCOa blood
Arterial HCGO/PCOs " " " Arterial " 129,
pH blood 130,
132,
133
Mixed " " " " Mixed venous " 132-
venous blood 134
pH
Arterial  Regional V/Q " " " Arterial " 128,
POs R - L Shunt, blood 129
alveolar ven-
tilation
Mixed Above plus " " " Mixed venous " 128,
venous cardiac output blood 129
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DISCUSSION

Pathologic studies have confirmed that a surprisingly high percen-
tage of autopsied nonsmoking adults have pulmonary emphysema (135, 136).
Furthermore, there is a higher incidence of emphysema in both smokers and
nonsmokers in areas with high atmospheric concentrations of sulfur oxides,
‘nitrogen oxides, hydrocarbons, and particulates (136). Clinical chronic
bronchitis is more common in urban areas (137), and children from urban
environments have maximal expiratory flow rates lower than predicted
(138). It seems reasonable that much of this data is explained by high at-
- mospheric levels of common pollutants. However, air pollutants, particu-
lates, viral respiratory infections, and cigarette smoking probably have
additive deleterious effects upon lung function (136, 138).

'The toxicity of all potential atmospheric contaminants, alone or in-
combination, as well as safe exposure limits need to be defined. One
approach to this problem is to expose humans or animals, under strictly
controlled experimental conditions, to varying concentrations, durations,
and combinations of inhalants. The results of such investigations must be
objective and reproducible. The methods must be sensitive and capable of
large scale utilization. The use of the pulmonary function tests described
would seem satisfactory for these purposes.

Similar considerations apply to the pulmonary toxicology of a variety -
of other inhaled (and, in some cases, ingested) substances. If a potentially
toxic inhalant is to be investigated, certain tests are more valuable than
others. The factors of reproducibility, sensitivity, and specificity will
again be very important. The choice of specific pulmonary function tests,
however, also depends upon other factors such as anatomic characteristics
of the species to be tested. For example, in dogs, multibreath nitrogen
washout would be expected to be a relatively insensitive detector of mild
physiologic abnormality since the dog lung has a highly developed collateral
ventilation system, a factor known to decrease the sensitivity of tests
measuring distribution of ventilation. On the other hand, the pig lung has
poorly developed collateral pathways. Therefore, multibreath nitrogen
washout should be an effective means of detecting physiologic abnormalities
in pigs. Multibreath nitrogen washout would also be expected to be a rea-
sonably sensitive technique in man, whose lung has collateral pathway
development intermediate between that of the dog and the pig. Thus, effec-
tive use of pulmonary function methods described in this report will depend
upon the nature of the subject, the test itself, and the experimental condi-
tions. These factors should all be considered in designing inhalation toxi-
cology protocols.
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PAPER NO. 3

PARTICLE DEPOSITION AND CLEARANCE
AS A TEST OF TOXIC EFFECT*

R. F. Phalen
J. D. Hallford**
and
J. L. Kenoyer

University of California, Irvine
Irvine, California

INTRODUCTION

The field of inhalation toxicology is currently in an intriguing active
phase characterized by two features: (1) compilation, description and quan-
titation of effects other than mortality that include physiological, morpho-
logical and biochemical parameters, and (2) development of an understanding
of biologic responses in terms of the physical and chemical properties of in-
haled materials. Further development in both of these areas seems neces-
sary for inhalation toxicology to become a predictive discipline as opposed
to merely a descriptive one. The phenomena associated with deposition and
clearance of inhaled particles have recently been recognized as important
aspects of the defensive mechanisms of the lung. The purpose of this paper
is to justify the use of deposition and clearance tests in the inhalation toxi-
cology laboratory.

* Supported in part by the Air Resources Board of the State of California
under Contract Number 4-611,

** Affiliated with the Neutron Generator Facility, San Diego State University, -
San Diego, California, 92182.
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Particles, or aerosols as they are called when airborne, can be
broadly classified with respect to their origin. Naturally occurring aerosols
include spores, pollens, microorganisms, inorganic dusts, ash, degradation
products of various plants, liquid condensation droplets and various solids
formed from naturally occurring volatile materials. In and about areas popu-
lated by humans additional aerosols include those produced from combustion
of fuels, a multitude of industrial processes, erosion of machinery and build-
ing and household materials, spraying devices, and again, reactions of gas-
eous materials. Aerosols in and about localized workplaces form another
practically innumerable subcategory. A common belief, probably justifiable,
is that virtually all aerosols are capable of producing toxic responses in hu-
mans if inhaled in sufficient concentrations over a sufficient time (Christie,

1967).

For purposes of scientific elucidation, the fate of many inhaled aero-
sols can be analyzed into two phases: (1) deposition on surfaces of the respira-
tory tract, and (2) clearance (or lack of ) after deposition has occurred.

The patterns of deposition of inhaled aerosols are becoming understood
in terms of forces that act on airborne particles, the air flow characteristics
of breathing, and the geometric properties (morphology) of the respiratory
~ tract. Mammalian respiratory systems have geometric and air flow proper-
ties such that particles within a given range of size and shape tend to deposit
- preferentially in characteristic locations. For example, the human nose is
~ known to be highly efficient in collecting particles with aerodynamic diameters
greater than a few micrometers. The deep lung can only collect particles that
have eluded the nose (or mouth) and the tracheobronchial tree; that is, parti-
cles with aerodynamic diameters below a few microns.

It appears that clearance mechanisms at various levels in the respira-
tory tract are efficient in handling particles in the size ranges that preferen-
tially deposit at a given site. For example, alveolar macrophages seem to o
exhibit efficient engulfment for particles in the one micron diameter size |
range; this is just in the size range of high deposition probability in alveoli.
Infectious organisms are often in the size range for deposition in the deep
lung, where conditions are usually favorable for their rapid reproduction.
“Fortunately, macrophages can inactivate many infectious organisms. Simi-
larly, the nose effectively clears the largest inhalable particles via sneezing,
blowing and mucus movement, and the moving mucus of the tracheobronchial
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tree is efficient in transporting large quantities of solid or liquid particles
of various sizes, shapes and densities. The point is that deposition and
clearance phenomena appear to be somewhat matched or balanced with re-
spect to particle size characteristics. This being the case, one might sus-
pect that alterations in either the deposition or clearance patterns could
predispose one toward future injury from inhaled aerosols. . In some in-
stances, of course, shifts in deposition or clearance patterns might act to
afford increased protection.

Fortunately, despite differences in size and morphology, most ani-
' mals appear to have clearance phenomena that are remarkably similar with
respect to rates and mechanism; for example, they commonly have muco-
ciliary clearance in the nose and tracheobronchial tree and a macrophage
response in the alveolar spaces. Also, though correspondence is not as
close here, basic similarities exist in aerosol deposition characteristics
and in responses to toxic materials. Thus, it is reasonable to consider
tests of aerosol deposition and clearance in animals in toxicologic evalua-
tions of injury.

INHALED AGENTS THAT ALTER
DEPOSITION OR CLEARANCE PATTERNS

Several materials are known to alter deposition or clearance (includ-
ing killing or inactivation of microorganisms) of inhaled particles. A few
examples will serve to illustrate. Cigarette smoke, an almost ever-present
co-insult in human inhalation exposure situations, has understandably been
well studied. The controlled studies of Albert et al. (1969, 1970, 1974) show
effects in humans and donkeys that depend on dose and exposure time. Low
single doses or early effects of repeated exposure to smoke were associated
with acceleration of clearance rates in the tracheobronchial tree of both
species. Heavier doses and long-term repeated exposures were associated
with sporadic clearance, intervals of clearance stasis, and even retrograde
movement of depos1ted particles (again in both species). Cigarette smoke
exposures (220 mg/m®) have been shown to increase deposition and delay
clearance in rats (Garver, 1968) and to increase the survival of inhaled
viable bacteria in hamsters (Henry et al., 1970). In the hamster study,
excess deaths due to bacterial infections were seen in anlmals exposed to
cigarette smoke for 2 hours ("'3% v/v").
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, Preexisting influenza infection has been shown to impair both upper
- and lower respiratory tract clearance. Studies by Green (1965) with P-8

virus infected mice that were exposed to viable staphyloccocus bacteria
showed that infected animals did not effectively kill the bacteria. Similarly,
Creasia et al. (1973) found that P-8 virus-infected mice had drastically
impaired clearance of radioactive "insoluble' particles. In humans,
Camner (1973) found that influenza infection could impair tracheobronchial
clearance for up to one month after disappearance of the familiar clinical -

~ symptoms.

Elliot Goldstein and coworkers (1971, 1974) reported work in which
mice were challenged with radiolabeled viable staphyloccus both before and
after exposures to relatively low levels of ozone and nitrogen dioxide.

Prior exposure to ozone (0. 6-2 ppm, 17 hours) or ozone plus nitrogen diox- -
ide (0.1-0.1 and 1.5-4.2 ppm, 17 hours) lead to: (1) decreased overall
deposition of bacteria, and (2) impaired killing of deposited bacteria. In
the same series of studies, exposures of ozone plus nitrogen dioxide (0. 4
and 4-6.8 ppm, 4 hours) after inhalation of bacteria, caused increased
survival of the bacteria. Ozone alone at 2 ppm (4 hours) was observed to
cause increased survival and increased clearance of the inhaled bacteria.

Sulfuric acid mist exposures by Fairchild et al. (1975) at 3 mg/m®
(1.84#m CMD) in guinea pigs caused increased total deposition of inhaled
streptoccocus. '

Sulfur dioxide (1 ppm, 7 hours, 5 days to 25 days) has been shown
to diminish the clearance of inert particles in both the lung and tracheo-
bronchial tree in the rat by Ferin and Leach (1973). A similar effect was
seen in donkeys after brief exposure (300 ppm SOz, 30 min) by Spiegelman
et al. (1968). ‘ .

Many other agents have been reported to change deposition and/or
clearance patterns in various species. ‘ \

EXPERIMENTAL DESIGN FOR DEPOSITION AND CLEARANCE TESTING
| A successful test of deposition and clearance implies that certain

criteria have been met. These criteria apply to the test aerosol, animal
subjects, experimental plan, and analysis of data. Recommendations can

- be made in each of these areas.
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The Aerosol

For deposition and clearance studies, the aerosol should be inhaled
by the subjects and have an aerodynamic size that permits significant deposi-
tion beyond the nose. For most studies an aerosol smaller than about 5 4m
in diameter is appropriate. Monodisperse aerosols, or at least those that
have diameters distributed with geometric standard deviations less than
about 1.3, should be used. Aerosol characteristics should be reproducible
from one run to the next. The aerosol should be detectable in the lung,
either by external radiation detection or chemical /biological assay in ex-
cised lung. Radioactive aerosols should have a tag that does not have exces-
sive leaching; a few percent per day in the lung environment is sufficient.
Initial activity of labeled aerosol should be on the order of one microcurie
to allow for precise external counting. An aerosol that fits the above cri-
teria is radiolabeled polystyrene-latex. The basic particles are available
commercially (Dow Chemical Company, Midland, Michigan) in several sizes,
and methods for labeling with radioisotopes are available (Szende et al.,

1975 and Black and Walsh, 1970).

The Animal

Unanesthetized animals should be used when possible in order to avoid
variable and often uncertain effects associated with anesthesia. In most
studies two species should be used, especially when one is either the guinea
pig or the rat. Rats tend to have respiratory infections and guinea pigs ap-
pear to have unusually reactive airway musculature. Individual subjects
should serve as their own controls to reduce variability in the data. Healthy
“individuals usually have relatively repeatable deposition and clearance phe—
nomena, but variation within a group may be large.

Experimental Plan

Exposure to the aerosol should be to the nose or mouth to avoid depo-
sition of large amounts on fur or skin. Deposition of material on fur of
laboratory animals can interfere with subsequent assay of amounts in lung
and can lead to ingestion of large quantities of particles. A determination
of the initial deposited amount should be made immediately after exposure
(within minutes), and the inhalation exposure should not last more than about
20-30 minutes. Long inhalation exposures are complicated by concurrent
clearance occurring during deposition.
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Amount in the lung should be determined with sufficient frequency to
define the clearance curve. Ideally, the amount in the lung should be quan-
~ titated hourly for the first few hours and daily for several days. It is im-
portant that clearance be followed for long enough to properly define the
clearance curve. The tracheobronchial tree is usually cleared by about 1-2
days but deep lung clearance can require several days, even months or years,

' for highly insoluble materials.

Data Handling

To determine the effect of toxic agents on clearance, statistical tests
should be employed. This necessitates reducing clearance curves to numeri-
cal values; the fewer parameters used to define the curve, the simpler the
tests will be. Figure 1 depicts three out of the many ways of quantitating
clearance curves: (1) analysis into exponential components; (2) fitting with
a polynomial function; and (3) calculation of moments. Each method yields
numerical values that can be given mean values and standard deviations for -
a group of observations. Statistical tests for significance can then be per-
formed on these values, permitting one to demonstrate significant changes

in clearance patterns (Figure 2).
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Figure 1. Three methods of reducing a clearance curve to quantitate
parameters that can be used in statistical testing. The
method that gives fewer parameters for testing would in
general be more sensitive for detecting differences between

groups.
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Figure 2. Demonstration that the duration of a clearance study has an ef-
fect on the exponential components of a clearance curve. Had
this study been stopped at 80 hours different component curves

would have resulted.

EFFECT OF CIGARETTE SMOKE EXPOSURE
ON PARTICLE CLEARANCE IN THE RAT

Data resulting from a modest study will be presented to demonstrate
the effect of a toxic agent on tracheobronchial clearance. Rats were used
since they were inexpensive and easy to handle. Eight Sprague Dawley rats
were briefly exposed, nose only, to a radioactive silver aerosol. The ani-
mals were then divided into two groups: one group was exposed to cigarette
smoke for four hours, the other group breathed ordinary air and served as
a clearance control. Clearance curves were determined for each animal by
measuring the radioactivity in the thorax every 100 minutes for the first day,
every 200 minutes the second day, and less frequently for about eight days.
These measurements were made by using a collimated gamma-ray detector
placed above an opening in a lead shield. The animals were placed beneath
this collimator shield such that only gamma rays emitted from the thoracic
region were measured. Feces were collected every time a thoracic count
was made, and the radioactivity in each sample was determined.
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Aerosol Exposure

‘An exploding wire aerosol generator (a 4 microfarad capacitor charged
to 6.5 kilovolts) of the type described by Karioris and Fish (1962) was used to
aerosolize 20 cm of 0.005 inch diameter silver wire. The wire had previous-
ly been neutron irradiated and had an induced activity of about 0. 75 microcur-
ies of 110mAg (beta and gamma, 250 day half-life) per cm of wire. The aero-
sol had spherical primary particles that were distributed approximately log-
normally with a count median diameter of 0.07 microns and a geometric

-standard deviation of 1.6. Electron micrographs indicated that most of the
-aerosol was in the form of agglomerates of primary particles with an aerody-
- namic median diameter of about 1 gm when inhaled by the animals. The
- radioactive wire was exploded inside a 22 liter exposure chamber, five
minutes were allowed for settling of large particulates, and the animals
were exposed nose-only to the aerosol through ports in the chamber walls
(Figure 3). During the actual explosion, rats were held in a separate room
to isolate them from the loud noise. The exposure time was 15 minutes and
the mean initial lung deposition was estimated (using wheat-filled phantoms)
to be about 0.1 microcuries, or about 0.2 milligrams of silver. No anes-
- thetics were used as the animals were docile and cooperative during both
the aerosol exposure and the thoracic counting procedures.

to capacitor

o

electrode

radioactive :
silver wire r—rlngstand

Dpse-cnly exposure tube

- e
- <» -
» @ O ( plunger
rubber. ?
gasketed
ports :

™

Figure 3. Aerosol exposure set up for simultaneous nose-only exposure
of 8 rats to radioactive silver particles.
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Smoke Exposure

The experimental group was exposed to fresh tobacco smoke gener-
ated by a machine which drew air continuously through several lit unfiltered
cigarettes and gently blew the smoke into a large box (one cubic meter vol-
ume). The animals were placed inside cages within this box 30 minutes
after exposure to the silver aerosol. They remained in the smoke for four
consecutive hours, being removed only twice for two minutes each time, for
thoracic activity measurements. The smoke concentration was maintained
at a level such that taking a breath inside the smoke chamber (smoke expo-
sure box) gave the experimenters the same subjective experience as inhaling
during normal cigarette smoking.

Clearance Measurement

The animals were placed in plastic restrainers beneath a Nal(T1)
crystal (3" diameter) for gamma activity determinations of their thoracic
regions. Two inches of lead were used to shield the head and gastrointes—
tinal tract from the gamma detector. The shield, with a 2-1/2" wide open-
ing above the thoracic area, had been designed using roentgenograms of all
of the rats so that llOmAg in either the head, stomach or intestines was
shielded from the detector.

Results

Longitudinal body scans of radioactivity indicated high initial activit-
ies in the head region, and it was feared that the fur on the head had been
contaminated with significant amounts of 110mAg. However, this activity
declined rapidly indicating a fairly clean nose-only exposure and that the
initial activity was probably due to high deposition inside the nose and throat.

When compared to the air breathing group, the animais in the smoke-
filled chamber were less active when in their cages, preferring to sit quietly,
but they resisted handling by struggling cons1derably more than the control
animals.

Clearance curves for control and smoke-exposed groups (Figures 4
and 5) were arrived at by averaging the values of all animals in each group.
Cumulative activity excreted in the feces (Figure 6) is shown for both groups
and is in terms of percent of total activity excreted during the data collectlon
period.
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Figure 4. Thoracic clearance curves for control rats. Exponential com-
ponents, "short’ and "long' term, are shown.
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 Figure 5. Thoracic clearance curves for rats exposed to cigarette smoke,
Exponential components, "short” and "long" term, are shown.
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Figure 6. Cumulative fecal excretion of inhaled radioactivity for control
and cigarette smoke-exposed rats. Half of the activity was ex-
creted in the first 8 hours by the control group and in the first
21 hours by the smoke-exposed group.

The thoracic clearance curves appear linear (on a semi-log plot)
after about 40 hours. This linear portion has a half-life of about 285 hours,
with no significant difference between the two groups. Extrapolating this
linear curve toward zero time and subtracting it from the original clear-
ance curve produces a "short-term'’ clearance curve. For rats, this curve
is usually also linear on a semi-log plot and is often assumed to represent
mucociliary clearance of particles deposited on the ciliated portions of the
respiratory tract. The control group's short-term curve is linear over its
entire range and has a half-life of 6-1/2 hours. The smoke-exposed group's
short-term curve does not appear linear until 12 hours after the animals
were removed from the smoke chamber. The linear portion of this curve
has a half-life of 6 hours which is not significantly different from the con-

trol value.

The time at which cumulative fecal excretion of 110mAg reached
50% of the total excreted was 8 hours for the control group and 21 hours
for the smoke-exposed group. The difference, 12 hours, is almost iden- -
tical to the period of time during which thoracic clearance was depressed
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. in the smoke group. This lag in excretion was not due to fecal retention by
the smoke group since both groups produced fecal pellets at the same rate
throughout the experimental period. It is, therefore, concluded that the

~ brief exposure to cigarette smoke blocked movement of silver from the
respiratory tract to the gastrointestinal tract, and that this block was effec-
tive for 12 hours after the smoke exposure terminated. :

CONCLUSION

The status of deposition and clearance phenomena is an important
consideration in inhalation toxicology. The techniques of aerosol challenge
~ have been recently developed to a sufficient degree that routine testing of
deposition and clearance of inhaled particles is now feasible in the toxicology

laboratory.
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INTRODUCTION

To further the understanding of the structural and functional relation-
ships in pulmonary tissue, morphologists have used both quantitative and
descriptive techniques. Morphometry is necessary for precise correlation
of structure and function in both normal and diseased organs. It can pro-
vide accurate measurement of the severity of damage in diseased organs and
it is the only means of confirming, by statistical methods, th_e existence of
subtle lesions. The latter point is illustrated in this paper, in which the fo-

cus of attention is alteration in the airspaces of pulmonary parenchyma.
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Our primary objectives in this study were to compare accepted
manual methods to automated methods and to use automated methods in
the quantitation of the distal airspaces of the lungs from 66 dogs distribu-

‘ted among control and 7 experimental groups exposed to a variety of air

| pollutants. These objectives were accomplished by a demonstration of
similar stéreologic parameters by both methods, by using a mathemati-
cal model based on the distribution of chord lengths to estimate stereo ]
logic parameters, and by the use of pattern recognition to classify the

distal airspaces on the basis of the ratio between perimeter cube and

area.
R

Accepted stereological methods (Weibel, 1963) were used to evaluate
14 young and aged dog lungs. Morphometric evaluation of histological sec-
tions by manual methods is time consuming and the probability of opérator
error increases with the number of slides processed and the number of
operators. For comparison with manual methods we also used automated
~analysis in which optical images were analyzed by a television scanner
coupled to a computer (Cole, 1966). Thurlbeck (1974) commented that
automated méasuring microscopes offer a reasonable compromise between

the tedium and error of the human mode and the complexity and great ex-

pense of computer pattern recognition techniques which utilize binary image
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digitization and analysis (Levine et al., 1970). Our study was designed to

test in part the validity of this statement.

Autom'afed measuring microscopes have been used to quantitate two
divisions of the lung, the conducting airways and the distal (respiratory)
| airways. A comparatively accurate assessment of the mucous producing
structures of the conducting airways was obtained in studies of experi-
mental bronchitis induced by acute exposure to sulfur-dioxide vapor in
rats Mawdesley-Thomas and Healey, 1969a; 1969b) and in studies of ex—
perimental bronchitis induced by acute exposure to cigarette smoke in |
lambs (Mawdesley-Thomas and Héaley, 1973). In the distal airways,
automated analysis and manual methods were used to determine the inter-
nal surface area of 6 normal fat lungs from histological slides (de Bignon
and Andre-Bougaran, 1969). In that study, the automated method demon-
strat'ed a lower standard error than the manual method. Normal and
emphysematous human lungs were quantitated by automated analysis using
macrosections (Anderson et al., 1971). The results of that study showed
'significant differences in the number of parenchymal airspaces, sectioned
areas, and percentage of long intercept lengths (>500 mg). An increase

in the ratio of the number of lactate dehydrogenase (LDH) positive cells to
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alveoli and the hypertrophy of LDH positive cells in the lungs of guinea

pigs acutely exposed to nitrogen dioxide was shown using automated analy-

sis (Sherwin et al., 1973b). A comparison of the ratio of the number of

' LDH positive cells to alveoli showed no significant difference between

- estimates obtained by manual or automated methods (Sherwin et al.,

1973a).

METHODS
List of Symbols

Definition

Estimated mean chord length calculated by
linear integration

Estimated mean chord length calculated by
numerical integration

Base of the natural system of logarithms =2.718
Volume of structure

Volume density of component i

Mean volume of component i

Profile area of section

Mean profile area of component i

Surface of structure

Surface density of component i

Dimension

cm

cm
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List of Symbols (Continued)

Symbol  Definition : Dimenéion
N Number of structures ‘ cm”®
Nyi Numerical density of component i cm™®
Nai Numerical profile density of component i cm™?

D Linear dimension of structure (''caliper diameter'’) cm
P Profile perimeter on section : cm

Note: Thi.s symbolism corresponds to the notation used by the International
Society for Stereology (Weibel and Elias, 1967).
Fourteen young and aged normal dogs were killed by electrocution
. subsequent to a series of physiological studies (Robinson et al., 1972;
Robinson and Gillespie, 1973a; 1973b; 1975). These beagle dogs were
from a closéd colony and were housed in outdoor runs or individual cages
since birth. The lungs were fixed via intratracheal perfusion of Karnovsky's
fixative (Karnovsky, 1965) at 20 cm‘ H;O pressure and tissue sections were
selected at random from 6 of the lobes to give a total of six slides per ani-
mal. Point cbunt and linear integi'ation methods were ﬁsed, to estimate
manually the sﬁrfacé to volume ratio (S 5) and the fractionél volume of the

distal 'airspacés (Vya) and tissue (Vyp). Similarly automated ’analysis was
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used to estimate the same stereologic parameters using fractional percent-
age of component areas and linear integration methods. The manual and
automated estimates of the parameters Sy and Vy; were regressed on age
by the method of least squares. The slopes of the regression lines were

compared using the difference between means of the Student's t distribution

(Snedecor and Cochran, 1967).

Sixty-six beagle dogs, distributed among control and treatment
groups were exposed to a variety of air poliutants for 61 months (Hinners
et al., 1966). A wide variety of physiological parameters were determined
 before, during, and after exposure (Lewis et al., 1974; Bloch et al., 1972,
1973; Vaughan et al., 1969). About three years after cessation of exposures,
' the dogs were weighed, measured, and killed by an intravenous injection of
pentobarbital. The lungs, trachea, and attached structures were removed
- from the thorax and trimmed of extraneous tissue. The 1ungs were

' ‘weighed, and subsequently the left lung was removed‘at the left primary
bronchus for biochemical analysis. The trachea was cannulated and thé
: right lung was fixed in the normal dorsoventral orientation by intratracheal
- perfusion with dilute Karnovsky's fixative (Karnovsky, 1965) at 30 cm HzO

' préssure. The volume of the right lung (Vi ) was then measured by fixative

102




-

AMRL-TR-75-125

displacement. After samples were taken for scanning electron microscopy
(SEM) and transmission electron microscopy (TEM), the lobes of the right
lung were cut into 1 cm thick slices (Figure 1). The fraction of nonparen-
chyma (anp) (bronchi and blood vessels down to 2 mm diameter) and pafen-

chyma (va) were determined using the point-count method of Dunnill (1962).,

CAUDAL 4
CRANIAL

Figure 1. Blocks of tissue were selected from sites in the cranial and mid-
dle (transverse plane), caudal (sagittal plane), and accessory lobes (frontal
plane). The cranial, middle, and caudal lobes are depicted from the lateral
view, while the accessory lobe is depicted from the caudal view.
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Nine 2 to 3 cm® blocks of tissue were cut from each right lung (Fig-
ure 1) and measured. Paraffin sections 7um thick were cut, stained with

hematoxylin and eosin, and measured microscopically using a calibrated -

N ~ eyepiece reticle. The linear correction factor (p) for shrinkage of the

fixed tissue due to processing was calculated from these measurements.

The stained slides were examined at a magnification of 125X on a

| nyua'ntimet 720 image analyzing computer (Cole, 1966). The instrument

was set to detect the airspaces, and the detection level was standardized

by use of a preset level of detection on a wire mesh grid. Measurements

- were made at 20 stratified random points on each slide (Thurlbeck, 1967).

| Increased sampling per slide did not reduce the variance significantly.

Two programs were used for automated analysis. A chord-sizing program
determined the volume fractions of VyA and Vyt and the number of intra-

| alveolar chord lengths in 14 size classes from 12 to 684 um in increments
of 48 pm. A pattern recognition program (Gibbard et al., 1972) determined
| the number of airspaces and their sectioned areas (A) and perimeters (P)
 in 14 size classes. The measurements from both programé were brinted -
on a teletype and punched on papertape. The punched papertape was read

: into a Burroughs 6700 computer for computation of the 266, 760 measure-

ments. Fortran IV (level H) programs allowed data integrity checking,
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editing, and reduction before computing and graphically displaying various

stereologic parameters.

The volume fractions Vya and Vg, were computed from the chord
sizing program. The VyA was further classified into the volume fractions
of alveoli (Vyg), alveolar sacs (Vyag), and alveolar ducts (Vy,q) from their

representative areas by the pattern recognition program.

The pattern recognition program was run on the NO; high group and -
6 dogs of the control group closest to the mean of the entire control group.
A P2 /A ratio was uséd to classify the distal airspaces by the following
criteria: alveoli <2 x 10* cm, alveolar sacs 2 x 10* - 2 x 10° cm, and alveo-
lar ducts >2 x 10° cm. Visually these geometric ratios corresponded to the
follow’ing criteria: aylv’eoli = no interalveolar sépta entering an airspace,'
alveolar sacs = 1-6 interalveolar septa entering an airspace, and alveolar
ducts = 7 or more interalveolar septa entéring an airspace. All Volume
fractions and sectioned afeas were corrécted for the Holmes, processing,
and fixation effects (Weibel, 1963). The total length of scanning lines mul-
tiplied by the number of fields and by Vyp, divided by the number of intra-

alveolar chords >12u gave the mean chord length of the processed tissue
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~ .
(Lc,). Those chords <12y were rejected because they represented mostly

structures not normally air-filled, such as capillaries and post-capillary

~ venules.

A
The estimated mean chord length (L) of unfixed tissue was calcu-

lated from the processed to unfixed tissue by formula 1 (Thurlbeck, 1967):

TLC 1/3
r) / (1)

Lo =Lg, (p)( s

N The total lung capacity of the right lung (TLC,) was determined by multi-

plying TLC by 0.59 which is the fractional volume of the right lung (Cree

~etal., 1968). TLC was measured on these dog lungs by plethysmographic

- methods (Lewis et al., 1974). The Sy was calculated by multiplying the
A
reciprocal of L by 4 (Weibel, 1963). Significant differences between the

SyA of the control and exposure groups were tested using the Student's t

 test statistic (Snedecor and Cochran, 1967). The internal surface area of

_the unfixed right lung (SAy) was calculated as described by Weibel (1963)

and Thurlbeck (1967). The internal surface area of the entire unfixed lung

(SA) was estimated using:
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0.59 _ 0.41
SLr‘ SL1

(2)
to determine the volume of the unfixed left lung (Sp 1) and adding it to SAr.

A distribution of percent cumulative frequency of airspace chords in
14 size groups was computed for each dog lung. A two parameter cumula-

tive probability law of the form
F(x) =P(X< x) = (1 - ¢ )P (3)

was found to provide the best fit to that distribution. The parameters o and
B were estimated using a combination of minimum modified chi-square
(Cramer, 1946) and the Newton-Raphson procedures (Froberg, 1965). The

estimated mean chord length QX was obtained by calculating the area above -

the curve (1 - e-ozx)B using the 6th Order Newton-Cote formula for numeri-

cal integration, formula 4 (Froberg, 1965):
£(X) = [) [1 - F(x)]dx 4)

The variance of X was determined by formula 5 (Froberg, 1965):

6\)2( = 2 /;m x[1 - F(x)]dx ~ [’/:° 1 - F(x)dx]? ‘ (5)
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ﬁ\x and 0% were corrected for the Holmes, processing, and fixation effects.
SvA was calculated by multiplying the feciprocal of the ﬁ\x by 4 (Weibel,
1963). Since the average n per group waé large (1347 fields), vthe} dﬁ.?‘fe‘r-
ences between S5 and Spy of the control group and exposure groups were
| tested using the standard normal test statistic (Snedecor and Cochzran,
1967). From the sectioned areas and volume fractions of alveoli, alveolar
- ducts, the respective diameters were calculated. The estimated diameters

of alveoli were calculated from their mean volumes by

vy = B: A3/ (6)

~ where Bis the dimensionless shape coefficient A,/vy. Since we were pri-

| marily concerned with comparisons between groups, we used a"B =1.38
and assumed that alveoli were roughly spherical in shapé. The mean

~ alveolar diameter was easily calculated from its spherical volume (Weibel,
1963). The diameters of alveolar sacs and ducts were determined using a
shape coefficient from the length-to-diameter ratio = 2 (Weibel, 1963).

| They were assumed to be sectioned cylinders (Weibel, 1963). The number
of alveoli (Nyg4), alveolar sacs (Ny,g), or alveolar ducts (Nygq) per cm®

| were obtained by |

N 3/2
_ —A(a, as, or ad)
Nv(at, as, or ad) ~ 7)

B VV(a, as, or ad)l/2
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where NA(a, as, or ad) are the number of a, as, or ad per cm® and 8 = 1.55,
the true shé.pe coefficient of an alveolus (Weibel, 1963). A B =2 was used
for alveolar sacs and ducts (Weibel, 1963). The tdtal number of alveoli

(N alveolar sacs (N,gp), and alveolar ducts (Nggy) of the processed

ar)

right lung were obtained by

N(ar, asr, or adr) = Ny(a, as, or ad) Vyp- Vi) -(’8)
where Vyp* VL r is the parenchymal volume of the right lung. Significant |
differences between the means of m;arphometric parameters derived by
pattern recognition methods were tested using the Student's t test statistic

(Snedecor and Cochran, 1967).

RESULTS

In the 14 young and aged normal dogs, a comparison of manual and
automated rﬁethods demonstrated no significant difference between the slopes
of the two calculated regressions of S5 with age. The automated method
had a higher S5 than the manual method. The mean Sy for the control
group plotted with the mean group age was about 10 cm™* less than the
value predicted for automated analysis (Figure 2). The standard error of
Sya for the automated analysis method was 2.65 cm™, while it was 5. 67

~ cm™* for the manual method. Likewise no significant difference was
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observed between the two calculated regressions of the slopes of V¢ with

age. The automated method had a higher Vy¢ than the manual method.

‘The mean Vy,; for the control group plotted with the mean group was about

2 x 107 cm?® less than the value predicted for automated analysis (Figure

~ 3). The standard error of Vyt for the automated analysis method was 1.72

x 107%, while it was 1.73 x 10~2 for the manual method. The standard

error was based on 120 observations.

" @—@ Automated analysis method
4 e : Sva=3.92 X102 days + 419.05
440 (-.79) P<.001
h L O - O Monual method
J Sya*2.17 X10"2 days +325.60
400- {-.79) P<.00l
SVA 3604
cm-!
3209
2801
240':_
o.]r ) T L] L ¥ L ¥ o
(o] | 2 3 4

Age (days x 10%)

Figure 2. Decreases in surface to volume ratios (Sya) in cm™ of the distal
airspaces with increasing age (days) as estimated by manual and automated
methods. The regression equation, correlation coefficient in brackets, and
significance are given for both methods. The mean Syp for the control
groupis plotted with the mean group age and marked by an X,
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Vvt

@ —@ Automated analysis method
Vvt =-1.00 X10"3days + 0.143
(-.76) P<.00I
O--0O Manua!l method
Vyt=-8.09 X10~€days + 0130
(-.58) P<.05

3

L3

L B T L L
3

0 i 2
Age (days x IOS)

-
4

Figure 3. Decreases in the fractional volume (Vyt) of distal airspace tis-
sue with increasing age (days) as estimated by manual and automated
methods. The regression equation, correlation coefficient in brackets,
and significance are given for both methods. The mean Vy for the con-
trol group is plotted with the mean group age and marked by an X.

Automated methods were utilized exclusively in the evaluation of
airspaces distal to the terminal bronchioles in the lungs of dogs exposed
to selected automobile emissions. A comparison between Sya calculated
by a distribution of chord lengths (Formula 2) and SyA calculated by

linear intercept methods (Formula 1), did not demonstrate any signifi-

. cant differences in the estimation of group Sya (Figure 4).
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METHOD |
CJ METHOD 2

Sva
cm-!

GROUP CA R+SOx R 1 NOw I+s0x SOy  NO,y
NO.DOGS Il 9 9 4 9 " 7 6

Figure 4. A comparison between the surface densities (Sya cm™?) of method
1, Sya calculated by a distribution of chord lengths (formula 4), and of
‘method 2, Syp calculated by linear intercept methods (formula 1). The
- exposed groups are plotted with their standard errors from the greatest to
least surface densities and significantly different groups are marked by an
asterisk as compared to the control group.

Though both methods are acceptable estimators of stereologic
parameters, the standard error (SE) of the distribution method was 5.58,
while the SE of the linear int'egration method was 6.05. As a result of its

lower SE and its estimation of variance from individual fields, the distri-

bution method was the more sensitive indicator of group differences (Figure

4). Figure 4 showed that the most significant decreases in exposed group
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Sy as compared to the control group by ,the distribution method were nitro-
gen dioxide high/nitric oxide low (NO; high), oxides of sulfur (SOX), irradi-
ated automobile exhaust and oxides of sulfur (I + SOy), nitric oxide high/ni-
trogen dioxide low (NO high), and irradiated automobile exhaust (I) respec-
tively. The distribution method was used to estimate S Ar+ The Sp,./TLC/BW
ratio showed that the most significant decreases in exposed groups as com-
pared to the control group were NO; high, SOy, I, 1+ SOy, and NQ high

respectively.

Using pattern recognition the volume fractions (V vi), profile areas
(Aj), diameters (Dj), number per cm® (Npj), number per cm® (Ny4), and
number in the right lung (Nj) of alveoli, alveolar sacs, and alveolar ducts-
respiratory bronchioles for the control and NO; high groups were obtained
(Table 1). The NO; high group showed significant decreases in Vya (35%), -
Vot (17%), Vyp (3%), Naa (24%), Npag (23%), Ny (19%) and Nyaq (29%),
while Vyaq (40%), Aad (36%), Daq (17%), and D,q4, with an assumed con-

stant length of 964.56 pm (26%), were significantly increased.
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TABLE 1. MORPHOMETRIC PARAMETERS OF DOG LUNGS

' Unit of
Parameter Measurement
N cm®
W Kg
v 3
Le cm” (processed lung)
cm®
vp
0
Vvt cm
v cm®
va
-]
Vvas cm
-]
Vvad cm
Aa 10”5 cm2
A 1074 ca®
A 1073 ca?
D"=1 10.-1+ cm
Das 10—4 cm
Da 4 10-'4 cm
Da 4 10_4 cm constant
length
NAa 102 cm--2
processed tissue
NAas 102 cm.-2
2 -2
NAa d 10" cm
N, 10° ca 3
N 10* cn3
vas
3 =3
vad 107 cm
Nar 106 cm®
6 o
Nasr 107 em
N 105 cm®
adr

Control Group
6

19,11 + 0.39

403.40 + 36.49
0.8840 + 0.0040

0.1147 + 0.0029

0.2808 + 0.0573

0.2382 + 0.0613
0.3663 + 0.0258
5.15 + 1.06
8.64 + 0.21
1.98 + 0.10
99.13 + 1.01
318.59 + 3.82
482.28 + 12.56

964.56

73.56 + 2.36

7.73 + 0.16
2.80 + 0.13
7.68 + 0.37
2.20 + 0.07
4.15 + 0.28
273.87 + 13.19
7.85 + 0.25

14.80 + 1.00
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DETERMINED BY PATTERN RECOGNITION

_1\192 High Gfoup
6

9;16 + 0.37
535.86 + 28.38
0.8567 + 0.0021
0.0948 + 0.0029
0.1833 + 0.0091
0.2096 + 0.0132
0.5123 + 0.0212
4,68 + 1.60
8.39 + 0.36
2.70 + 0.11
94.45 + 1.61
313.94 + 6.63
563.19 + 11.08

608.60 + 18.05
55.51 + 3.14

5.92 + 0.33
2.95 + 0.88
6.23 + 0.54
1.57 + 0.13
3.99 + 0.24
286.00 + 24.79
7.21 + 0.60

18.32 + 1.11
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DISCUSSION

In this study we addressed our efforts to only one segment of the
lung, the distal airways. The Sya and Vy; estimates by both the automé.ted
analysis and manual methods for the 14 young and aged normal dogs were
close. The SyA (Figure 2) of automated analysis was higher than the Sy |
of the manual method because the automated method included some small
vessels as airspaceé. This fact is further substantiated if one considers
the approximate 1% difference between Vy, estimated by both methods
(Figure 3). Since the volumetric portion of vessels (Vyy) is about 1%,
then correction of Vyy gives almost identical values for Vy; by both
methods. With the new module "Image Editor" on the Quantimet 720,
the operator can exclude vessels from the screen. Under such conditions

the SyA and Vy; should be identical to the manual method.

-~

The control group from the 66 dogs showed small decreases in Sy
and V¢ from that predicted from the calculated regression line of age and
SyA or Vy; (Figures 2 and 3). This is probably a result of differences in
perfusion fixation pressures of 30 cm HzO (66 dogs) and 20 cm HgO (14 |

dogs). With a perfusion fixation pressure of 30 cm HzO all areas of the
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lung appeared distended to TLC, but at 20 cm HgO pressure the lungs infre-
| quently contained some areas that appeared not to be entirely inflated. Al-
~ though these areas can be excluded from quantitation, as they w‘vere with the
- quantitation of the 14 young and aged dog lungs, 30 cm H,O pressure fixation

is believed to provide the more reproducible measurements.

Considering the increased Syp estimate by automated énalysis, we
expected our calculated Sp to be slightly higher than S, calculated by manual
methods. We obtained a value of 36. 26 10* cm® for the Sy of the control
group. Using the prediction formula for Sy, S A =(B.9W) -3.7, froma

| study using manual methods (Siegwart et al., 1971), we obtained a Sp =
31.84 10* cm® for the control group. Since we are only concerned with de-
tecting significant changes in groups, we feel our stereologic parameters,
though not absolutely in agreement with manual methods, are very reliable

indicators of change.

The two methods of calculating the mean chord length from automated
analysis data were comparable, but the method that uses a distribution of
chord lengths has some important advantages. The i‘\x calculated from a
| “distribution of chord lengths is not as sensitive to extremely long chords as

is /I:C. The shifts in a distribution of chord lengths were easily detected as
| an area shift and the variance per slide was much lesé than that calculated

by linear integration methods. Thus uyx was a more sensitive statistical
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indicator of group differences than /L\c. The information provided by the
linear integration method is, however, useful for identifying groups of ani-
mals in which there are individuals with an increased number of large
chords. These individuals are the ones that should receive closest scrutiny
by the pathologist as being more likely to have focal changes which provide

the basis for evaluation of pathogenesis.

The chord distribution program has the advantages of requiring 1/2
the time for analysis and computer processing as compared to the pattern
recognition program, It requires only a few modules on the image analyzer
and provides an acceptable estimator of surface density compared to the
manual method. The architectural continuity of the distal airspaces is lost
in severe pulmonary emphysema and we feel the pattern recognition program
would not be able to accurately classify those abnormal airspaces. Archi-
tectural continuity is not a limitation for the chord distribution program. By
scanning the computer print-out sheet of either program from a slide (20
fields) it is possible to determine if the lesion is focal or diffuse. If it is
focal, i.e. only a few large values, it may not be significant enough to cause
a quantitative difference for a slide or an animal in any of our programs, but
the computer print-out sheet Will key the pathologist to the presence of a
lesion. The pathologist can use this information as a screening method to

select animals and lobes of animals for detailed microscopic evaluation.
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The control and one exposed group were quantifated using pattern
recognition. The method proved very useful in classifying the distal airways
(alveoli, alveolar sacs, and alveolar ducts-respiratory bronchiole). The
method of classifying a distal airspace was dependent on its architectural
pattern. Even though enlargement was significant in the alveolar ducts of
the NO; high group, the architectural pattern was intact enough to allow

classification by a P®/A shape factor.

The significant decreases in Vi, (35%), Nyg (19%), Ny,g (29%), and
Vyt (17%) suggest a loss of alveoli and alveolar sacs coupled with destruc-
tion' of the interalveolar s‘epta. The concomitant increases in Vy,4 (40%),
Agq (B6%), Dag (17-26%) indicate enlargement of alveolar ducts and respira-
.ory bronchioles. We assumed that the alveolar ducts and respiratory bron-
chioles did not significantly enlarge in length because we observed no signi-
ficant change in V.4, Aggs OFr Dag. Since no significant change was observed
in the remaining alveoli and alveolar sacs as evidenced by Ay, A4, Dy, and
Dyg, We believe the enlargement of alveolar ducts is best explained by a loss
of alveoli and alveolar sacs within and adjacent to alveolar ducts. Our ob-
servations using the scanning electron microscope confirmed the centri-
acinar location of the lesion. Respiratory bronchioles showed dilatation and | ‘
associated interalveolar septa an increase in the number of fenestrae and |

pores of Kohn. Second and third order respiratory bronchioles were not
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excluded from quantitation because of their ubiquitous location in the paren-
chyma, thus their dilatation was recorded with the alveoiar duct segment.

It is not difficult to conceive of adjacent alveolar damage when one cdnsiders
the extensive amount of collateral ventilation that results from the numerous
pores of Kohn in the interalveolar septa of the dog lung. Our observations on
the predominant centriacinar location of the lesion are in agreement with '
previous studies of lifetime exposures.of rats to NOz (Freeman et al, 1968;

Haydon et al., 1965).

Pattern recognition was useful in classifying airways, localizing le-
sions, and determining whether all elements of the distal airways are in-
volved and to what extent they are altered. The absolute values estimated
by pattern recognition closely approximated those values calculated for dogs
by Siegwart et al. (1971). For example we calculated a Dy = 99 X 10~* cm,
while they graphically calculated a D, = 103 X 10™* cm for dogs of the same
weight. .

The shape factors for counting the number of alveoli and alveolar sacs
plus ducts per unit volume introduced by Weibel (1963) have been questioned
in a study that compared estimates of the number of alveoli and alveolar sacs
and ducts from two-dimensional planimetric measurements and from measure-
ments of three dimensional re;onstfuctions of human lung parenchyma (Han-

son and Ampaya, 1974). They found no valid method for estimating the
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number of alveolar sacs plus ducts from a thin section, but they did not
question the estimation of Syp by the mean linear intercept method. We
concluded from their evidence and from our evaluation of the methods
tested in this study that all of our methods are useful for detecting com -
parative differences; however, the chord distribution method provides
the most sensitive test for differences among large groups of animals

with abnormally enlarged distal airspaces.

By all methods of evaluation the greatest enlargement was observed
in the NO; high and SO, groups and slightly less in I + SOy, NO high, and I
- groups. Our SEM observations of these groups confirmed the centriacinar

location of the lesion accompanied by tissue destruction,

Morphometry has not been used for the quantitation of the upper air-

ways in this study. Such an application is required to explain the decrease

- in Vyp in the NOz high group.

It has been shown that the chord sizing and pattern recognition programs
‘of automated analysis closely approximate sterological parameters derived by ‘
established manual methods. Those programs coupled with computer pro-
cessing have proven to be useful morphometric tools for statistically confirm-
-ing the presence of subtle lesions in the distal airspaces of a large nlimber of

“lungs from dogs altered by experimental conditions.
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