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FOREWORD

In 1958 the Public Health Service’s Occupa-
tional Health Program introduced the Syllabus, a
compilation of training aids, in conjunction with
courses presented by the Service to industrial hy-
giene personnel.

Training people in the profession of indus-
trial hygiene was not a new concept in 1958, The
Occupational Health Activity of the Public Health
Service was established in 1914 to protect and
preserve the health of the American worker. From
the very beginning, one of the tenets of our or-
ganization was the promotion and improvement
of industrial hygiene and industrial medicine.

In 1970 Congress passed the Occupational
Safety and Health Act. This Act specifically
instructed the National Institute for Occupational
Safety and Health (NIOSH) to *. . . 1) develop
and establish recommended occupational safety
and health standards, and 2) perform all func-
tions of the Secretary of Health, Education and
Welfare under Sections 20 (Research and Re-
lated Activities) and 21 (Training and Employee
Education) of this Act.”

This third edition, which has become an indus-
trial hygiene textbook rather than a syllabus, is
the most comprehensive to date. The subject mat-
ter is extremely broad, covering topics from math-
ematics to medicine. The first few chapters, in
addition to providing historical information, cover
such areas as mathematics, chemistry, biochemis-
try, physiology and toxicology. Other chapters deal

with specific areas of interest to those concerned
with evaluating the potentially harmful effects of
physical and chemical air contaminants. New
chapters have been added on safety, solid waste,
and control of water pollution. It is not possible
to provide sufficient information in any of the
chapters to make the reader an authority; rather,
the book is to be used in conjunction with other
training aids. References are included at the end
of each chapter for further study.

Authors of chapters in this edition were se-
lected for their expertise in the particular subject
covered. In reviewing the affiliations of the auth-
ors, it is interesting to note that there are 15
representatives from universities, 19 from indus-
try, and 12 ‘rom the consulting field, as well as
several representatives from State agencies and
technical societies.

The appreciation of the National Institute for
Occupational Safety and Health is extended to the
contractor, George D. Clayton & Associates,
Southfield, Michigan, and the contributing authors.
They have shared their expertise at a time when
overwhelming demands are being made .upon
them.

This work was performed under Contract No.
HSM-99-71-45 by George D. Clayton & Associ-
ates, Southfield, Michigan; Mr. William D, Kelley,
Acting Director of the Division of Training
(NIOSH, Cincinnati, Ohio) had direct responsi-
bility for the coordination of this manuscript.
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CHAPTER 1

INTRODUCTION
George D. Clayton

HISTORY OF INDUSTRIAL HYGIENE

Industrial hygiene is the scicnce of protecting
man'’s health through the control of the work en-
vironment. Man and his environment are indi-
visible. They react upon each other in the form
of a “give-and-take™ relationship. Frequently it is
assumed that man moves through his environment
and molds it to his desires; however, it may be
more productive to think of the environment and
man as moving through and changing each other
simultaneously,

Historically, there was very little concem for
protecting the health of the worker prior to 1900,
Man'’s life, at the dawn of civilization, was a strug-
gle for existence, and the mere job of survival was
an occupational disease. As stratification of social
classes progressed, slaves performed the common
labor; and this continued until relatively recent
times. The propensity of man towards war pro-
vided a fluid and steady slave supply. So disdainful
was the idea of manual labor, that at one period
in their culture Egyptians were prohibited by law
from performing it. With this attitude of society
in regard to the working man, it is no wonder
there were no efforts made to control the working
environment and to provide a healthful, comfort-
able place in which to work.

As early as the fourth century, B. C., lead tox-
icity in the mining industry was recognized and
recorded by Hippocrates, although no concern was
demonstrated for the subsequent protection of the
worker. Approximately 500 years later, Pliny the
Elder, a Roman scholar, made reference to the
dangers inherent in dealing with zinc and sulfur,
and described a bladder-derived protective mask
to be used by laborers subjected to large amounts
of dust or lead fumes. For the most part, however,
the Romans were much more concerned with en-
gineering and military achievements than with any
type of occupational medicine,

In the second century, Galen, a Greek phy-
sician who resided in Rome, wrote voluminous
theories on anatomy and pathology. Dogmatic in
his writing, Galen recognized the dangers of acid
mists to copper miners, but he gave no impetus
to the solution of the problem.

The advent of feudalism in the Middle Ages
did little to improve work standards; possibly the
sole advancement of the age was the provision of
assistance to ill members and their families by the
feudal “guilds.” Observation and experimentation
flourished in the great universities of the 12th and
13th centuries, but the study of occupational di-
seases was virtually ignored.

Further achievements in the field of industrial
hygiene were sadly lacking until the publication,

in 1473, of Ulrich Ellenbog’s pamphlet on occu-
pational discases and his notable hygiene instruc-
tion. Hazards associated with the mining industry
were effectively described in 1556 by Georgius
Agricola, a German scholar. His “De Re Metal-
lica™ was translated into English in 1912 by Her-
bert and Lou Henry Hoover. Agricola’s 12-sec-
tioned treatment included suggestions for mine
ventilation and protective masks for miners, a dis-
cussion of mining accidents and descriptions of
what we refer to today as “trench foot” (effects on
the extremities due to lengthy exposure to the cold
water of damp mines) and silicosis (a disease of
the lungs caused by inhalation of silica or quartz
dust).

As late as the 16th century industrial hygiene
was fraught with mysticism. For example, it was
believed that demons inhabited the mines and
could be controlled by fasting and prayer. Typical
of the Renaissance was the alchemist, Paracelsus.
For five years this Swiss doctor’s son worked in a
smelting plant and subsequently published his
observations on the hazards of that industry. The
book was laden with erroneous conclusions, such
as the attribution of miners’ “lung sickness” to a
vapor comprised of mercury, sulfur and salt;
nevertheless, his warnings about the toxicity of
certain metals and outline of mercury poisoning
were quite advanced.

Generally accepted as the first inclusive treatise
on occupational diseases was “De Morbis Arti-
ficum” by Bernardo Ramazzini, an Italian phy-
sician. Published in 1700, this book described
silicosis in pathological terms, unrefined as they
were, as observed by autopsies on miners’ bodies.
Ramazzini outlined “cautions™ which he felt would
alleviate many industrial hazards, but these were
for the most part ignored for centuries. “De
Morbis,” however, had a gargantuan effect on the
future of public hygiene. The question asked by
Ramazzini, which was later to be included in al-
most every physician’s case history of a patient,
was “Of what trade are you?”

The 18th century saw many notable physicians
scratching the surface of the industrial hygiene
problem. Sir George Baker correctly attributed
“Devonshire Colic” to lead in the cider industry
and was instrumental in its removal. Percival
Pott, in recognizing soot as one of the causes of
scrotal cancer, was a major force in the passage
of the “Chimney-Sweepers Act of 1788.” Both a
political and medical influence, Charles Thackrah
wrote a 200-page treatise dealing with occupa-
tional medicine. A farsighted scientist, Thackrah
asserted that “Each master . . . has in great meas-
ure the health and happiness of his workpeople



in his power . . . let benevolence be directed to the
prevention, rather than to the relief of the evils.”
Thomas Beddoes and Sir Humphry Davy collab-
orated in describing occupations which were prone
to cause “phthisis” (tuberculosis). Davy also
aided in the development of the miner’s safety
lamp.

In spite of these numercus advances, the 18th
century developed few rrue safeguards for work-
ers. It was not untii the English Factory Acts of
1833 were passed that government first showed
its interest in the health of the working man.
These are considered the first effective legislative
acts in the field of industry and required that some
concern be given to the working population. How-
ever, this concern was in practice directed more
toward providing compensation for accidents than
controlling the causes of these accidents. Various
European nations followed England’s lead and de-
veloped Workmen's Compensation Acts. These laws
stimulated the adoption of increased factory safety
precautions and inauguration of medical service
in industrial plants. A sense of “community re-
sponsibility” was evolving, cpitomized by the in-
terest of newspapers and magazines in the control
of the environment. For example, the London
Illustrated News, one of the most popular publi-
cations of the 19th century, affixed the blame in
a mine explosion to negligence in proper gas-
testing methods. The same article made a point
of the fact that no safety lamps had been pro-
vided. In 1878, the last of the English “factory
acts” centralized the inspection of factories by
creating a post for this purpose in London.

The United States had an early 20th century
champion of the cause of social responsibility for
workers’ health and welfare in the person of Alice
Hamilton, a physician. She presented substan-
tiated evidence of a relationship between illness
and exposure to toxins; she went further by pro-
posing concrete solutions to the problems. This
was the start of an “Occupational Medicine Ren-
aissance.” Public awareness was becoming acute
and legislation was being passed. In 1908 the
federal government passed a compensation act for
certain civil employees, and in 1911 the first state
compensation laws were passed; by 1948 all the
states had passed such legislation.

These Workmen’s Compensation Laws were
important factors in the development of industrial
hygiene in the United States, as it became more
profitable to contrel the environment than to pay
for the compensation.

The U. S. Public Health Service has been a
world leader in evaluating diseases of the working
man and development of controls, as well as fos-
tering an interest in occupational diseases by var-
ious state agencies, universities, management and
unions. The U. S. Public Health Service and the
U. S. Bureau of Mines were the first federal agen-
cies to conduct exploratory studies in the mining
and steel industries, and these were undertaken as
early as 1910. The first state industrial hygiene
programs were established in 1913 in the New
York Department of Labor and by the Ohio De-
partment of Health (see Chapter 49).

One of the earliest attempts made to link the

industrial environment with a specific disease was
the exploration of the high incidence of tubercu-
losis among garment workers. Given needed au-
thority in 1912 by Presidential action, the Public
Health Service embarked upon investigations in
many industries and backed up their findings with
concrete, workable solutions.

By 1933 federal employee health service
was offered by the Tennessee Valley Authority,
followed by the Army, Navy, Air Force and
Atomic Energy Commission less than ten years
later. The great depression of the 1930’s had
gone far to convince the federal government of
a real need for intervention m the economy and
welfare of American life. On an even larger scale,
the creation of international bodies, such as the
International Labor Organization and the World
Health Organization, has given the world common
goals for which to strive. Through studies and
consulting services these organizations share the
magnitude of the problem. They realize that
technical advances necessarily have disadvantages
as well as advantages, particularly in the field of
industrial hygiene. For example, as the develop-
ment of atomic energy progresses, a radiation
hazard exists which was heretofore unknown.

RECENT DEVELOPMENTS

Today we view occupational medicine in an
entirely new light. A tenet of our modem society
is that every worker has the right to the fulfillment
of his spiritual and material needs, while at the
same time enjoying freedom from fear of trauma
and disease. Our emphasis has shifted from cor-
rectional to preventive industrial hygiene, and
occupational medicine has now become an integral
part of medical education. The rapid advance-
ment in automation provides a tremendous chal-

lenge in the field of environmental control.
Although the United States has moved more
rapidly than any other nation in the world i
ferreting out discases of the work force and de-
veloping control measures, the ever increasing de-
sire of our society for an acceleration in elim-
ination of diseases caused by the environment, and
specifically the work environment, has demanded
a far greater effort than what has been shown in
the past. Congress has reacted to these social de-
mands by passing three major pieces of legislation:
1. The Metal and Nonmetallic Mine Safety
Act of 1966. Health and safety standards
for metal and nonmetallic mines are spelled
out in this Act. A Review Board (The
Federal Metal and Nonmetallic Mine
Safety Board of Review) is created, con-
sisting of five members, appointed by the
President, with the advice and consent of
the Senate. Groundwork is laid for the cre-
ation of advisory committees to assist the
Secretary of the Interior; these committees
are expected to include an equal number
of persons qualified by experience and
affiliation to present the viewpoint of op-
erators of such mines, and of persons sim-
ilarly qualified to present the viewpoint of
workers in these mines, as well as one or
more representatives of mine inspection or



safety agencies of the state. The Act also
provides for mandatory reporting (at least
annually) of all accidents, injuries and oc-
cupational diseases of the mines; and ex-
panded programs are developed for the
education of personnel in the recognition,
avoidance and prevention of accidents or
unsafe or unhealthful working conditions.
Finally, this Act promotes sound and
effective coordination between federal and
state governments in mine inspection pro-
cedures. Major deficiencies of this Act in-
cluded the fact that no health represent-
atives were provided on Advisory Com-
mittees, nor was there a provision for re-
search in mine safety or miner health.

. The Federal Coal Mine Health and Safety

Act of 1969. This Act atlempts to attain
the highest degree of health protection for
the miner. It delineates mandatory health
standards and provides for the creation of
an Advisory Committee to study mine
problems. Additional authority is given,
through this Act, to the federal govern-
ment to withdraw miners from any mine
which is found to be in danger, and pro-
hibits re-entry into any such mine. The
Act itself reads, to “provide, to the great-
est extent possible, that the working con-
ditions in each underground coal mine are
sufficiently free of respirable dust con-
centrations in the mine atmosphere to per-
mit each miner the opportunity to work
underground during the period of his en-
tire adult working life without incurring
any disability from pneumoconiosis or any
other occupation-related disease during or
at the end of such period.” This is ac-
complished by the control of dust stand-
ards and respiratory equipment; the de-
velopment of rules for roof support,
proper ventilation, grounding of trailing
cables, distribution of underground high-
voltage and a provision for mandatory
medical examinations for the miners at
fixed intervals,

. Occupational Safety and Health Act of
1970. The declared Congressional purpose
of the Occupational Safety and Health Act
of 1970 is to “assure so far as possible
cvery working man and woman in the na-
tion safe and healthful working conditions
and to preserve our human resources.”
Under its terms, the federal government is
authorized to develop and set mandatory
occupational safety and health standards
applicable to any business affecting inter-
state commerce. The responsibility for
promulgating and enforcing occupational
safety and health standards rests with the
Department of Labor; the Department of
Health, Education and Welfare is respon-
sible for conducting research on which new
standards can be based and for imple-
menting education and training programs
for producing an adequate supply of man-
power to carry out the purposes of the Act.

The latter’s responsibilities are carried out
by the National Institute for Occupational
Safety and Health. Among the functions
which may be carried out by the Institute
is the one which calls for prescribing of
regulations requiring employers to meas-
ure, record and make reports on the ex-
posure of employees to potentially toxic
substances or harmful physical agents
which might endanger their safety and
health. Employers required to do so may
receive full financial or other assistance for
the purpose of defraying any additional
expense to be incurred. Also authorized
are programs for medical examinations
and tests as may be necessary to determine,
for the purposes of research, the incidence
of occupational illness and the suscepti-
bility of employees to such illnesses. These
examinations may also be at govermment
expense. Another HEW function is an-
nual publication of a list of all known
toxic substances and the concentration at
which toxicity is known to occur. There
will also be published industrywide studies
on chronic or low-level exposure to a
broad variety of industrial materials, proc-
esses and stresses on the potential for ill-
ness, disease or loss of functional capacity
in aging adults; also authorized at the
written request of any employer or author-
ized representatives of employees, is de-
termination by HEW as to whether any
substance normally found in the place of
employment has potentially toxic effects.
Such determinations shall be submitted to
both the employer and the affected em-
ployee as soon as possible. Information
obtained by the Department of Health,
Education and Welfare and the Depart-
ment of Labor under the research pro-
visians of the Act is to be disseminated to
employers, employees and organizations
thereof.

Space does not permit a detailed discussion of
each of these pieces of legislation, but they are
required reading for any student interested in in-
dustrial hygiene.

SCOPE & FUNCTION OF INDUSTRIAL
HYGIENE
Definition of the Profession

Industrial hygiene is both a science and an
art. It encompasses the total realm of control,
including recognition and evaluation of those fac-
tors of environment emanating from the place of
work which may cause illness, lack of well being
or discomfort either among workers or among
the community as a whole,

Definition of the Professional

The industrial hygienist is a competent, quali-
fied individual educated in engineering, chemistry,
physics, medicine or a related biological science.
His abilities may encompass three major areas:
(1) recognition of the interrelation of environ-
ment and industry; (2) evaluation of the impair-



ment of health and well-being by work and the
work operations; and (3) the formulation of rec-
ommendations for alleviation of such problems.

Scope

The scope of industrial hygiene is threefold.
It begins with the recognition of health problems
created within the industrial atmosphere. Some of
the more frequently encountered causes of these
problems are: chemical causes (liquid, dust, fume,
mist, vapor or gas); physical energy (electromag-
netic and ionizing radiations) ; noise, vibration and
exceedingly great temperature and pressure ex-
tremes; biological (in the form of insects, mites,
molds, yeasts, fungi, bacteria and viruses) and
ergonomic (monotony, repetitive motion, anxiety
and fatigue, etc.). These stresses must all be
evaluated in terms of their danger to life and
health as well as their influence on the natural
bodily functions.

The second heading encompassed within the
scope of industrial hygiene is that of evaluation.
The *“work atmosphere” must be evaluated in
terms of long-range as well as short-range effects
on heatth. This can be accomplished by a com-
pilation of knowledge, experience and quantitative
data.

Finally, industrial hygiene includes the devel-
opment of corrective measures in order to elim-
inate existing problems. Many times these control
procedures will include: a reduction of the number
of persons exposed to a problem; the replacement
of harmful or toxic materials with less dangerous
ones; changing of work processes to eliminate or
minimize worker exposure; adoption of new ven-
tilation procedures; increasing distance and time
between exposures to radiation; introduction of
water in order to reduce dust emissions in such
fields as mining; “good housekeeping,” including
clean toilet facilities and adequate methods of dis-
posing of wastes; and the provision of proper pro-
tective working attire.

Function

A unique field, industrial hygiene employs the
chemist, phy51c15t, engineer, mathematician and
physician in order to adequately fulfill the re-
sponsibilities inherent in the profession, which
inchude:

1. Examination of the industrial environment;

2. Interpretation of the gathered data from
studies made in the industrial environment;

3. Preparation of control measures and
proper implementation of these control
measures;

4. Creation of regulatory standards for work
conditions;

5. Presentation of competent, meaningful
testimony, when called upon to do so by
boards, commissions, agencies, courts or
investigative bodies;

6. Preparation of adequate warnings and
precautions where dangers exist;

7. Education of the working community in
the field of industrial hygiene; and

8. Conduct of epidemiologic studies to un-
cover the presence of occupation-related
illness.

WHERE ARE THE NEEDS?

There are approximately 4,000 industrial hy-
gienists in the United States. These dedicated
scientists ofter undergo periods of deep frustra-
tion as they attempt to coordinate facts and arrive
at workable solutions. The realization that time
is of the essence in dealing with potential health
hazards makes the industrial hygienist keenly
aware of his great responsibilities. An alert re-
sponse by an astute industrial hygienist could save
the lives and health of many workers. A true
statesman, the good industrial hygienist learns to
temper his findings and conclusions with patience;
for be knows that oftentimes employers will not
be receptive to the tremendous cash outlays nec-
essary to implement a good industrial hygiene
program.

Currently, industrial hygienists are employed
by industry, federal, state and local governments,
universities, insurance companies and unioms.
Many large industries have staffs of ten or more
people. Other industries, depending upon their
organization, will have only one industrial hygien-
ist at the corporate office and trained technicians
in each of the company’s plants. Small industries
(less than 5000 employees) unless they have
highly specialized problems, have not found the
need to employ a full-time industrial hygienist.
These companies either use the services available
to them from government agencies or retain in-
dustrial hygiene consultants.

A number of excellent universities offer a
Master’s degree in industrial hygiene. Harvard,
the first university to confer this degree, started
their program in /918. Since they picneered such
a program 55 years ago, there are at least eight
more universities offering graduate programs in
industrial hygiene leading to a Master’s or Doc-
torate degree. Their names, as well as informa-
tion on grants and scholarships can be obtained
from the National Institute of Occupational Safety
and Health, Rockville, Maryland. With the advent
of new federal laws protecting the health of the
worker, the need for professional industrial hy-
gienists and technicians will increase dramatically
in the 1970’s. Those companies which currently
do not have need for an industrial hygienist will
hire at least one as a result of the recently enacted
legislation. Companies which had a small staff
will find it to their advantage to increase their
capabilities and provide more comprehensive ser-
vice than they did in the past.

There are only two or three cities in the United
States which currently have comprehensive indus-
trial hygiene programs. Other cities will find that
protecting the health of the worker is a solid in-
vestment and consequently will develop programs.
There are not more than ten states in the United
States providing comprehensive industrial hygiene
programs. Just as with industries, the states will
need a large number of industrial hygienists in the
1970’s to fulfill the requirements of the Occu-
pational Safety and Health Act. Additional fund-
ing by the federal government will spur the de-
velopment of such programs. Unions have begun
to realize the benefits of employing a full-time



professional industrial hygienist on their staffs.
Presently at least three industrial hygienists are
employed by unions. This trend will continue
with increased awareness of the union officials of
the benefits accruing to the workers through
sound industrial hygiene programs.

CONTENTS AND OBJECTIVES OF THE
SYLLABUS

The chapters which follow are written by per-
sons of outstanding reputation in the particular
field covered by his (her) chapter. A group of
distinguished professionals has been selected from
various types of industries, from universities, con-
sufting groups and government, from the east to
the west coast, all having the desire of providing
a manuscript sufficiently comprehensive that it will
encompass the entire environmental field, includ-
ing subjects not commonly considered part of in-
dustrial hygiene; i.e., water pollution, safety and
solid waste.

Our objectives have been:

1. To compile into one source the diversity
of expertise needed to attain competency
in the recognition, evaluation and pre-
scription of methods of control of environ-
mental problems.

2. For the use of persons having a basic sci-
ence degree who are entering the field of
industrial hygiene and environmental con-
trol, provide a manual which will furnish
them with the broad scope of knowledge
required for an intellipent approach to the
diversity of problems encountered in this
field.

3. To make available a tool which may be
used as a text in training courses or in uni-
versities to introduce graduate students to
the field of industrial hygiene and environ-
mental health,

4. To introduce persons having a specialty in
one of the facets of industrial hygiene or
environmental health to all other facets of
this profession.

It is our aim to reach the beginners in the pro-
fession, whether in government, industry, research
or universities; the graduate students entering the
profession from cognate fields and persons having
a ?pecialty who need a “refresher” in the related
fields.

The world in which we live is so complex, we
believe that any individual truly interested in one
facet of the environment should be, at the least,
somewhat knowledgeable in the various categories
of environmental control methods.






CRAPTER 2

THE SIGNIFICANCE OF THE OCCUPATIONAL ENVIRONMENT
AS A PART OF THE TOTAL ECOLOGICAL SYSTEM

Don D. Irish, Ph.D.

OCCUPATIONAL AREA IS PART OF THE
WHOLE

The occupational ecological system is a signif-
icant part of the total ecological system. Since it
can be measured, we can exert some control over
it and make contributions to the health and well-
being of the people in the occupational ecological
system. These contributions can favorably affect
the impact of the total system on our population
since a worker may spend one-fourth of his time in
the occupational area, and workers are a significant
part ot the total population.

The purpose of this chapter is to examine the
relation of the occupational environment to the
total ecological system, to observe the significance
of this relationship to the work of the industrial
hygienist, and to recognize the favorable effect that
his work in the occupational environment could
have on the total system.

Nonoccupational exposure is an exceedingly

complex and variable factor. Recognition of such
exposure is mecessary to an understanding of the
overall environmental impact on man. The man
who drove to work in heavy traffic or walked down
a busy street received much greater exposure to
carbon monoxide from automobile exhaust than
he would have in an acceptable work area. Sim-
ilarly, a worker who smokes one pack or more
of cigarettes per day will be exposed to many
times the amount of carbon monoxide that he
would be exposed to in an acceptable work en-
vironment. This smoker would also be exposed
to many times the amount of particulate matter
from his smoking than he would contact in an
acceptable work area.

There are many other nonoccupational ex-
posures but these examples serve to illustrate two
obvious areas of excessive exposure in the non-
occupational area. Such exposures cannot be ig-
nored by those responsible for the health and well-
being of people even if their responsibility is pri-
marily in the occupational area.

OCCUPATIONAL INTERACTION WITH
NONOCCUPATIONAL

In considering the occupational area one must
recognize the interaction with the nonoccupationat
area and the significance of this interaction to the
health and well-being of the individual.

We learned a long time ago that a man who
drinks a lot of alcoholic beverages is much more
susceptible to injury from exposure to carbon
tetrachloride; also, that a man with excessive
exposure to silica dust is more susceptible to

tuberculosis. Such possible interactions should be
kept in mind.

The following illustration demonstrates a dif-
ferent kind of interaction. We were studying the
blood bromide concentration of men exposed to
low concentrations of methyl bromide in their
work. The environmental exposure in their op-
erating area was carefully measured. The ex-
posure was well within acceptable limits. Clinical
studies verified this fact. It was valuable to es-
tablish a relationship between exposure and blood
bromide at exposures within acceptable limits, as
this would be useful in the future as a clinical
check on the workmen.

One day a workman from this group was
found to have a blood bromide concentration
sufficiently high to be of concern if it had come
from exposure to methyl bromide. Investigation
revealed that he had been taking inorganic bro-
mide medication which accounted for the high
blood bromide.

Workmen may be brought to the clinic for
regular preventive checkups. Biochemical meas-
urements on these workmen may be exceedingly
valuable to verify acceptable exposure, alsc to
catch any indication of fluctuations in operating
conditions and allow correction before significant
exposure can occur. This is a very useful system,
but we must be sure we have all the facts before
we conclude what caused any observable bio-
chemical changes.

THE INDIVIDUAL AS PART OF THE
ECOLOGICAL SYSTEM

Ecology is defined in Webster’s dictionary
(1971) as “The science of the totality or pattern
of relations between organisms and their environ-
ment.” 1 prefer to call ecology the science of the
interaction of everything with everything else. The
ecological system is the system within which these
interactions take place.

The ecological system is not exactly synon-
ymous with the environment. My environment in-
cludes everything around me. The ecological sys-
tem includes me. The individual person is a highty
significant factor in the control of the environment
in the interest of the health and well-being of the
person.

A freight elevator was installed with all the
usual safety devices. It was approved by state in-
spectors. A switch on the door made it necessary
to close the door before the hand switch would
operate the elevator. A tall lanky lad found that
he could get his toe to operate the switch closed
by the elevator door, and with contortion he could



still reach the operating switch. It would have
been easier to close the front door, but it was a
challenge. He was that rarity, a man with the
reach to do it. No one knows how many times
he operated the elevator this way, but one day he
left his other foot over the edge of the elevator
and seriously injured that foot when the elevator
passed the next floor. Yes, fools can be very in-
genious in overcoming “foolproof” engineering.

Misoperational problems are not limited to
mechanical injury. There was the individual who
liked a window wide open. Under certain wind
conditions the air from the window blew across
the face of a hood so as to allow volatile chemicals
to escape from the face of the hood into the work
area around the hood.

There was also the man who liked to “sniff”
perchloroethylene. He arranged his work so that
he could be “high™ on perchloroethylene a large
part of his work day.

The individual is a significant part of the oc-
cupational ecological system. His understanding
and cooperation are essential to attaining a health-
ful work environment. We hope this understand-
ing will carry over to some degree to the non-
occupational ecological system.

PEOPLE IN THE ENVIRONMENT

An important factor in the environment of an
individual is “people.” People in both the occu-
pational and the nonoccupational environments
are of significance to the health and well-being of
that individual,

One day the psychologist in our personnel de-
partment asked me if we were having any com-
plaints of noise from a certain operation. I told
him we were, but we could find no justification for
the complaints based on noise measurements made
in the area. He commented, “You won't; the
workers just don’t like the foreman.”

In another instance we found it desirable to
coordinate a careful study of the environment with
a concurrent clinical study of the workmen in the
area. One group of older, experienced workmen
refused to cooperate. They liked the foreman
and their work and were afraid we might make
some changes. With friendly understanding, the
purpose was explained and they were reassured.
You are always dealing with people in the occu-
pational environment.

Another illustration introduces a different
problem. Joe came into the clinic with a mashed
thumb. The physician tried to get an understand-
ing of the reason for the accident. He asked,
“What happened, Joe?’ “Oh, I got my thumb in
between a couple of drums.” “You have a good
record, Joe, why did this occur?” “I was thinkin™.”
“What were you thinking about, Joe?” “Oh, I was
thinkin’ about my wife’s sister.” Knowing that
health or financial problems in the family may
worry people, the physician asked, “What's wrong
with your wife’s sister?” Joe answered with ecstatic
fervor, “Doc, there just ain’t nothin® wrong with
my wife's sister.”

We should recognize that people in the non-
occupational environment may have an effect
which may result in misoperation. Such misopera-

tion can lead to exposure to chemical substances,
physical energies, or mechanical injury. This can
occur either on or off the job.

The problem of people in the environment is
not measured by any analytical instrument, though
the instrument may measure a misoperation
caused by people. The problem of people is not
controlled by preventive engineering alone, though
it can help. Effective operation reguires a good
understanding of people and the ability to get
their understanding and cooperation. This is an
obligation of the industrial hygienist, the physician
and other persons responsible for control of the
environment in the interest of the health and well-
being of the workmen.

CHEMICALS, ENERGIES AND ORGANISMS

The usuval considerations in the occupational
environment are more measurable than people.
Chemical substances are a concern of the indus-
tral hygienist. Physical energies include: ionizing
radiation, a concern of the health physicist; heat,
light and noise, a concern of the industrial hy-
gienist; and mechanical injury, a concem of the
safety engineer. Then there are biological organ-
isms (other than man) which are a concern of
the sanitary engineer.

These are part of the environment both on and
off the job. These can be controlled in the occu-
pational environment by good engineering and
good operating procedures attained with the
understanding and cooperation of the employees.
Yes, people are also very important here.

We observed that men from a specific opera-
tion were reporting to the clinic with mild com-
piaints which seemed similar to complaints that
would be expected from an over-¢xposure to a
solvent used in the operation. Careful analysis by
the industrial hygienist, in many locations and at
many different times, did not show enough solvent
in the air to cause the trouble. A continucus re-
cording analytical instrument was devised in the
research laboratory and installed in the operating
area. Through its use we found that when either
the supervisor or the industrial hygienist was not
around, the operator was inclined to leave a leak
or spill to be cleaned up by the next shift operator.
The men named this instrument the “Squealer™ as
it was telling us of their misoperation. They began
to work with an eye on the recorder. They realized
that when the “Squealer” did not squeal they felt
better. They changed the name of the instrument
to the “Stink clock.” The supervisor told us he
saved the price of the instrument by reduced sol-
vent loss, and that the overall operation by the
men greatly improved. We had their understand-
ing and their cooperation. They realized that we
were interested in their health and well-being.

During regular preventive observation of the
men in the clinic, lack of adverse effects may show
that exposures to chemical substances in the en-
vironment have not been excessive. It should not
be taken to mean that excessive exposures are
impossible or unlikely under other circumstances
of use,

For example, a supplier assured his customer
that there was no hazard from skin contact asso-



ciated with a particular material because there
had been frequent skin contacts with the material
in their own operations with no adverse effects.
They neglected to indicate how they handled the
material, or that contacts were always followed by
immediate decontamination of the skin. In use
by the customer, the material was spilled on a
man’s skin. He was several miles out in the “bush™
in northern Canada in the winter with the temper-
ature below zero Fahrenheit, and with no water
available for decontamination. The man died from
poisoning due to skin absorption of the material.
Simple experiments on animals in the toxicological
laboratory showed that the material was very toxic
when absorbed through the skin. When a supplier
indicates that no problems have been encountered
in handling a particular matedal, ask how they
handle it. Ask them what toxicological informa-
tion they have on the material.

In controlling the occupational environment in
the interest of health and well-being, established
acceptable exposure limits for a healthful environ-
ment are very useful. These acceptable exposures
are expressed as “acceptable concentrations” by
the American National Standards Institute and as
“threshold limit values™ by the American Confer-
ence of Governmental Hygienists (such standards
are discussed in detail in Chapter 8). These limits
are not exacting scientific thresholds of response.
They are the judgments of people with knowledge
and experience. The intelligent use of these limits
depends on the understanding and judgment of
the man who must control the occupational en-
vironment.

We must recognize that the industrial hygienist
usually deals with a variable exposure. Enocugh
analyses are needed to clearly define the probable
fluctuations and to establish a significant time
weighted average. Maximum concentrations must
be determined as well as duration and frequency
of peaks of exposure. The summation of this in-
formation to define the exposure situation requires
the good judgment of a knowledgeable industrial
hygienist. The application of the established ac-
ceptable limits for a healthful environment also
requires the good judgment of a knowledgeable
industrial hygenist. Acceptable limits cannot be
used effectively as just a routine check point.

Those people responsible for suggesting ac-
ceptable limits or for using acceptable limits are
part of the ecological system — the industrial hy-
gienist, the physician, the toxicologist and all the
other environmental control people. The effective-
ness of their operation can have a very significant
effect on the occupational ecological system.

When an injury does occur, clinical observa-
tion of the victim can provide very valuable in-
formation and should be reported in the literature.
As was discussed in the previous section, the ex-
posure can be variable. Most important, be sure
you know all of the chemical substances or phys-
ical energies to which the victim was exposed and,
hopefully, quantitation of exposure.

During the early development of 2,4 dichloro-
phenoxy acetic acid (2,4 D), careful toxicological
studies were made on animals in the toxicological
laboratory. It was concluded that the material at

the high dilution used in the field as a weedkiller
was not a significant hazard. After years of use
there was a report of a death in Canada from
2,4 D. The man drank a glass full of the diluted
solution from the spray tank with suicidal intent.
The physician who observed the man in the clinic
and the manager of the contract spray company
where the solution had been mixed, both con-
firmed that it was, in fact, 2,4 D. Calculating from
the toxicological information, I did not think this
was possible. An agricultural scientist was going
to visit the area where this death occurred so 1
asked him to investigate. He asked the foreman
of the spray crew, “What did you use as a weed-
killer before you used 2,4 D?” “Oh, we used
sodium arsenite.” “Then you stopped using so-
diem arsenite?” “No, we just added 2,4 D to the
sodium arsenite.”

The man who died had drunk enough sodium
arsenite to have killed ten people. When you draw
a conclusion from that first clinical case, be sure
you know all of the materials to which the victim
was exposed. This serves as a reminder that peo-
ple are involved, people between you and the
actual circumstances of the incident.

As previously stated valuable information on
the nature and amount of exposure can be ob-
tained by biochemical measurements on a person
suspected of exposure. This depends on the ab-
sorption, transport, metabolism and excretion of
the material. Blood, urine or exhaled air analysis
can give valuable clues to the nature of certain of
the materials to which the person was exposed.
The analysis used depends on the way the body
handles the material in question. Many volatile
organic materials are exhaled in the breath. In-
frared analysis can give an indication of the nature
of the material and some indication of the amount
of exposure.

To illustrate, a man came into the clinic and
reported that he had been exposed to a certain
volatile solvent. Infrared analysis of his exhaled
air showed that he had not been exposed to the
solvent he indicated but to a very different solvent.
Had the clinic proceeded on the basis of his report
of exposure, the handling of the case would have
been in error. Some biochemical measurements
can be very useful when wisely used.

COMPLEXITY OF THE WHOLE

The ecological picture as a whole is too com-
plex to understand or to control when considered
in its entirety (both occupational and nonoccu-
pational). Yet, those who are responsible for the
health and well-being of people in the system must
keep the total picture in mind.

That total picture includes the chemical sub-
stances, physical energies and biological organisms
in the occupational area which we can measure and
over which we can have some control. As pre-
viously discussed, the exposures can be variable.
Levels of concentration alone are not enough.
One must know the frequency and duration of ex-
posures. There is no simple mathematical pro-
cedure which will give a specific numerical answer.
One can determine the time weighted average and
the maximum concentration, duration and fre-



quency of peak concentrations. These are mean-
ingful if one has sufficient analytical data which
represent the actual exposure conditions. These
exposure conditions can then be related to the
acceptable limits proposed by various organiza-
tions. This comparison gives some understanding
of the significance of possible exposures in the area
studied. In addition, however, onre must keep in
mind the complexity of the whole. The final de-
cision requires judgment of the whole based on
available knowledge and experience.

Comparable factors are in the nonoccupational
area where we have little control. Hopefully, we
may have some effect by carry-over of experience
from the occupational area. In both the occupa-
tional and nonoccupational area the individual is
an important factor. The people in the environ-
ment of the individual both cn and off the job have
a significant effect.

OBTAINING UNDERSTANDING AND
COOPERATION

Obtaining the understanding and cooperation
of people in the environment of concemn is critical
to effective control of that environment. This state-
ment has been made several times in this chapter.
It was a significant factor in many of the illustra-
tions used. This is such an important part of
effective control that it justifies summation here
for emphasis. Without understanding and coop-
eration all the most careful measurements and
careful engineering of an operation may be in-
effective. We repeat — fools are most ingenious
in overcoming “foclproof” engineering.

It is simple to state “Get their understanding
and cooperation.” Getting it is not always that
simple. How does one get it? The method will
vary with the industrial hygienist and with the
people in the operation of concern. The following
methods are supgested as having been successful
under many circumstances. What you will do de-
pends on your judgment of the particular circum-
stances with which you are concerned at a partic-
vlar time and the people with whom you are
concerned.

Previous mention was made of the value of a
careful environmental survey and concurrent clin-
ical study of the men involved as a preventive
control. Before such a study is made, it is valuable
to get all the men in the operation together. A
regular safety meeting can be used; it should in-
clude all the people — supervisors as well as
laborers. Explain what is intended and why. In-
vite questions from the group. Answers and ex-
planations should be in simple, direct language
which they can understand.

During the survey of the environment, the
workers interest and understanding may be help-
ful. You can obtain a lot of information on the
operation from the individual workmen. When the
survey is complete, it should be reported to the
whole group. Tell them basically what was found,
in language they can understand. Indicate what
should be done, if anything, to assure a good work
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environment. When they understand that you have
a sincere interest in the workers’ health and well-
being, it increases their cooperation in effectively
controlling the ion.

When you are checking the environment of an
operation, talk with the individual workmen. Ask
them for information and suggestions. Including
them in control efforts will result in more effective
cooperation. Take every opportunity to inform all
the people who may be concerned with your area
of operation. Discussion at safety meetings is nse-
ful in petting information to a group. Also look
for a chance for discussion with individuals, — all
individuals — executives, supervisors, engineers,
operators, janitors.

You should also be concerned with the design
of a new production unit. Your cooperation with
the engineers in design and construction can aid
in giving consideration 1o control of the eviron-
ment. Inclusion of good environmental control
principles in the design and in the construction of
a new production unit is essential, It can save a
lot of reconstruction later. It also can make the
control of the environment in the interest of health
and well-being a much more effective operation.

When talking with groups at a safety meeting
or with individual workmen, take every oppor-
tunity to "discuss also the application of their
understanding of healthful working conditions to
their off-the-job activities. Through the under-
standing and cooperation of the employees, we
may also have a significantly favorable effect on
the nonoccupational ecological system as well as
the occupational; hopefully, some of the “under-
standing™ will be carried over by the workmen to
their off-the-job activities.

PRACTICAL CONTROL

Yes, the total picture is complex, yet there are
a lot of practical things that can be done. We can
measure the chemical substances, physical ener-
gies and biological organisms in the occupational
environment. We can control them through good
engineering and good operation. We can and
must obtain the understanding and cooperation of
the employee in order that our environmental con-
trol may be effective. We can compare our find-
ings with the acceptable limits suggested by various
groups. With an understanding of the basis of
these limits and the significance of our findings,
we can judge the effectiveness of our control. We
must recognize the possible impact of both occu-
pational and nonoccupational factors.

The most effective use of our present knowl-
edge should be made. We need to make an effort
to increase that knowledge through toxicological,
environmental and clinical research. We should
recognize the complexity of the whole ecological
system. This complexity should not discourage us
from the effective application of the good practical
knowledge which is available. With the practical
application of all the factors discussed and the
understanding and tion of the workers, our
efforts can have a very favorable effect on health
and well-being.



CHAPTER 3
REVIEW OF MATHEMATICS

Janet L. Patieeuw

INTRODUCTION

The mathematics required in the practice of
industrial hygiene is that usually included in
mathematics courses which precede the calculus
and includes an introduction to statistics. It as-
sumes, as a minimum, a previous acquaintance
with elementary algebra and plane geometry at
the high school level.

COMPUTATION

Laws of Exponents

Exponents provide a shorthand method of
writing the product of several like factors. If b
is any number and n is a positive integer, the
product of n of the quantities b is denoted by b*.
Symbolically,

b-b---b=b*,

where n is the exponent, b is the base, and b® is
read “b to the nth power.” This definition can be
extended to include exponents other than positive
integers. If n and m are positive integers, the fol-
lowing properties hold:

°=1  ifb#0
b=

b-
==V = (5)
The theorems on exponents follow easily from
the precedimg definitions:
(1) b= br=bm+"
b.’ ——3 nrn
(2) b b
(3) (b~)~=pb~-*
(4) (ab)==a"-b"
ay " a*
o () -3
Scientific Notation
Very large and very small numbers can be ex-
pressed and calculated efficiently by means of

scientific notation, a method which depends pri-
marily on the use of exponents.

A number is said to be expressed in scientific
notation when it is written as the product of an
integral power of 10 and a rational number be-
tween | and 10. For example,
253=253x 10°

1 1
0.0253=2.53x W—2'53 X 3
The procedure illustrated by these examples may
be stated as follows:

(1) Place the decimal point to the right of the

=253X1072
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first non-zero digit, thus obtaining a number be-
tween 1 and 10.

{2) Multiply this number by a power of 10
whose exponent is equal to the number of places
the decimal point was moved. The exponent is
pasitive if the decimal point was moved to the left
and negative if it was moved to the right.

By use of the laws of exponents and scientific
notation, computations involving very large or very
small numbers are simplified. For example,
378,000,000,000 x 0.000004

2000

378X 10" X4 X107
- 2% 10°
_378x4x101

- 2X10°
=3.78 X 2 X [Q1e?
=7.56 X 10°

= 756.

Significant Digits

Measurements, in contrast to discrete counts,
often result in what are called approximate num-
bers. For ¢xample, the dimensions of a table are
reported as 29.6” by 50.2”. This implies that the
measurement is accurate to the nearest tenth of
an inch and that the table is less than 50.25” and
more than 50.15” in length. Similarly, using sym-
bolic notation,

29.55" < width < 29.65".

Thus the area of the table is not 29.6X50.2=
1485.92 square inches. Instead the exact area is
between 29.55 X 50.15=1481.9325 square inches
and 29.65 x50.25=1489.9125 square inches; it
is clearly nonsense to report the area as 1485.92
with six non-zero digits when even the fourth digit
is in doubt. It thus becomes important to indicate
the digits which are “significant.”

In making measurements the number of sig-
nificant digits that can be recorded is determined
by the precision of the instruments used. It is
possible to indicate the accuracy of a measurement
by actually giving the tolerance or possible error.
For example, the length of the table could have
been recorded as 50.21 = 0.02 inches, indicating
that the actual length lies between 50.19 and 50.23
inches.

Another method of indicating accuracy is to
express all measurements in scientific notation.
The digits in the rational number are then called
significant digits. For example, 124.6 can be
written as 1.246 X 10° where 1, 2, 4 and 6 are the
significant digits. This method clarifies measure-
ments such as 24,000 by indicating whether they



are accurate to the nearest thousand, hundred or
ten units,
Summarizing the preceding, the significant
digits in a number are:
(1) Non-zero digits
(2) All zeros which are not used to place
the decimal, i.e., zcros only if they
are:
{a) between non-zero digits
(b) at the right of non-zero digits and
are, in some way, indicated as
significant
{c) at the right of non-zero digits
which occur after a decimal point.
For example,

Number Significant Digits

24.000=2.4 X 10¢ 2,4
24,000 = 2.400 X 10°* 2,4,0,0
1087 =1.087 X 10° 1,0,8,7
0.0015=1.5X 10" 1,5
0.0003=3 X 10~ 3

Computational Accuracy

In any computation involving sums and differ-
ences, the number with the least number of digits
following the decimal point determines the number
of decimal places to be used in the answer. For
example,

2883
43.46
0.1376
2926.5976 should be 2927.

Since 2883 has no digits following the decimal
place the answer must be expressed as 2927.

With products or quotients the accuracy of the
result depends on the number of significant digits
in the component measurements. Thus the number
of significant digits to be retained in the result is
the least number of significant digits in any of the
factors. For example,

8.216 X 3.71 =30.48136 should be 30.5.
Since 3.71 has only three significant digits, only
three should be retained in the result.

Note that in the use of a formula involving ab-
solute constants, these constants may be assumed to
have as many significant digits as desired; in other
words, they may be ignored in any determination
of the number of significant digits to be retained in
the result of the computation.

Rounding
In performing computations, it is recom-
mended that rounding be accomplished after the
calculation has beent performed in order to incur
the least possible error. The rules of rounding
state that in rounding off a digit:
(1) Add 1 if the succeeding digit is more
than 5
(2) Leave it unchanged if the succeeding
digit is less than 5
(3) If the succeeding digit is exactly 5
round off the number so that the final
digit is even.
In each of the following examples the number
is rounded to three digits:
(1) 45273 is rounded to 45300
(2) 45243 is rounded to 45200
(3) 45250 is rounded to 45200
(4) 45350 is rounded to 45400
(5) 45250.03 is rounded to 4530{.

Logarithms

Lengthy computations can often be greatly
simplified by the use of logarithms. The formal
definition states that if b is any positive number
different from 1, and b*=x, then the exponent y
is called the logarithm of x to the base b. In
symbols, y=log.x. For example, log, 9=2 since
32=9.

It is important to note that a logarithm is an
exponent. Since this is true the same properties
that hold for exponents also hold for logarithms.
They can be restated in the following manner:

(1) log, (x*y) =log.x +log.y
x

2) 1 —) =log,x —1

(2) log, () =logx ~logy

(3) log, (x*) = nlogx.
Common Logarithms. Logarithms which use 10 as
a base are called common or Briggsian logarithms.
Usually these are written simply as log x, without
any base indicated, meaning log,,x.

In order to find the common logarithm of a
number note first that log 1=0 and log 10=1
since 10°=1 and 10'=10. Thus the logarithm
of any number between 1 and 10 will be a value
between ¢ and 1. The values have been calculated
and are available in tabular form. A portion of
such a table is shown below.

Table 3-1

N 0 1 2 3

4

5 6 7 8 9

50
51
52
53
54

6990 6998
7076 7084
7160 7168
7243 7251
7324 7332

7007
7093
7171
7259
7340

7016
7101
7185
7267
7348

71
71

7024

10
93

7275
7356

7033
7118
7202
7284
7364

7042
7126
7210
7292
7372

7050
7135
7218
7300
7380

7059
7143
7226
7308
7388

7067
7152
7235
7316
7396

Note that the decimal points are omitted in such a
table. Hence
log 5.34=0.7275.

In order to find common logarithms of num-
bers larger than 10 or less than 1, the method of
scientific notation is used. The logarithm of such
a number can be written as the sum of an integer,
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called the characteristic, and a positive decimal
fraction between O and 1, called the mantissa.
For example,
534=5.34 X 10°=10""2"* X 102 = 105-7*%5,
Thus log 534=2.7275.
More simply, in finding the logarithm of a number
written in scientific notation, the characteristic is



the exponent of the power of 10 and the mantissa
is the entry in the table corresponding to the first
part. For example,

log 52=1.7160.

This same rule applies to numbers less than 1,
although the result can be written in many different
ways. For example,

0.00534 =5.34X 10
log 0.00534 = —3+0.7275
=10—-3+0.7275—10
=17.7275—-10
=3.7275
= —2.2725.

The final form, —2.27285, is the most inconvenient
since it does not contain a characteristic and man-
tissa.

When the fogarithm of a number is known, it

is a simple process of using the tables and working
backwards in order to find the original value,
called the antilogarithm.
Natural Logarithms. The natural or Napierian
system of logarithms employs as its base the irra-
tional number e whose decimal expansion is
2.71828 . . . . Natural logarithms are usually
denoted by 1n x or log.x.

Tables also exist for the natural logarithms of
numbers between 1 and 10. To obtain the natural
logarithms of other numbers the number must
again be written in scientific notation. Then the
properties of logarithms are applied. For example,

642 =642 X 10
In642 =In6.42+21n 10
=1.85942+2(2.3025%)
=6.46460.
Note that the number to the left of the decimal
point in a natural logarithm does not indicate the
location of the decimal point in the antilogarithm.
Logarithmic Conversions. In order to change log-
arithms with a base b into logarithms with any
other base a it is only necessary to multiply by
the constant factor log,b. That is, log,x=log.x
- log,b.
Specifically, for conversions between natural
and common logarithms,
logx=04343-Inx
In x=2.3026log x.
Computation with Logarithms. Simplification in
computation is obtained by the use of the three
basic properties of logarithms stated above. Con-
sider, for example, the heat stress equation
Eoux =1(10.3) (V)" (42-VP,).
This computation can be greatly simplified by
writing it in the form
log E,..x=log 10.3+ 0.4 log V+log (42— VP,).

GRAPHING

A graph is a pictorial representation of the
relationship between two or more quantities. By
this means a union is formed between the two ele-
mentary streams of mathematical knowledge —
algebra and geometry.
Cartesian (Rectangular) Coordinate System

The most common two-dimensional graph
makes use of linear scales for each of the quantities
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being considered. Two perpendicular lines and a
unit of length are chosen. Customarily the hori-
zontal line 1s called the x-axis and the vertical line
the y-axis. By this means a one-to-one correspon-
dence can be established between the points in a
plane and all ordered pairs of real numbers. This
is demonstrated in Figure 3-1.

Y
+3
(-2,2)
T ------- 2
! (2,1)
: b ol L. ]
i |
L l 'l 1 _:_ L x
-3 -2 - (20 2 3
T oLttty ¢
i (3,-1)
L
(-t,-2)
-3
Figure 3-1
Linear Functions

An equation in which none of the variables is
rarsed to a power is called a linear or first-degrec
equation, The graph of such a function is always a
straight line. A linear equation often appears in
what is known as slope-intercept form: y=mx
+b, where x is the independent variable; y is the
dependent variable; b is the y-intercept, the value
for y when x=0; and m is the slope, the change
in y divided by the change in x.

As an example consider the graph of the

l%x +2 shown in Figure 3-2.

Since the y-intercept is 2, the line passes through
the point (0, 2). Since the slope is —3-2, the
line falls three units vertically for every two units
that it runs horizontally.
Second and Higher Degree Equations

There are many forms of second and higher
degree equations, but few will be encountered in
industnal hygiene. One exception may be the
parabola which has the general form y=Ax*+
Bx+C. As an example, consider the equation

x!
=4x-%

equation y=

The simplest method of graphing
such a function is to form a table of values that
satisfy the equation.

Table 3-2
-1 O 1 2 3 4 5 6 7 8

—45 0356 75 8 75 6 35 0

Y]
x|



Figure 3-2

The graph of this function is illustrated in Figure
33
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Figure 3-3
Exponential Functions
An tial function is any function m

which a constant is raised to a variable power and
has the general form y=a(c**). A number of
ventilation, dilution and noise level equations are
of this type. Should such a function be graphed on
rectangular coordinate paper when, for example,
c > 1 and b is positive, the result is a curve of the
type shown in Figure 3-4.

(o0,a)

Figure 3-4

If the logarithm of both sides of the equation
y=a(c"®) is taken the result is log y=Ilog a+bx-
log c. If x and log y are taken as the variables,
this equation has the slope-intercept form of the
equation of a straight line, y=mx+b. This equa-
tion may then be plotted as a straight line on semi-
logarithmic paper, which has a linear scale on the
horizontal axis and a logarithmic scale on the ver-
tical one. As shown in Figure 3-5, the y-intercept
becomes log a while the slope is b log c.

1 =
9 -
e-l
T =
&
5 -

4 4

3+

{a,o0)

2-

Figure 3-5

Power Functions

A power function has the general form y=
ax® Graphing such a function on rectangular
coordinate paper often requires the finding of a
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great number of points. However, if the logarithm
of both sides of the equation is taken the result is
log y=log a+b log x. If log x and log y are
the independent and dependent variables respec-
tively, the form of this equation is again the slope-
intercept form of a straight line, y=mx+b. This
equation may then be plotted on logarithmic paper,
which has a logarithmic scale on both axes. The
plot will be a straight line with slope b and y-inter-
cept log a as shown in Figure 3-6.
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Figure 3-6
STATISTICS
Frequency Distributions

In any study of statistics the main concern,
either in fact or in theory, is with sets of numerical
data. The entire set is usually called the popula-
tion while some subset of it which is being con-
sidered is called a sample. One of the first steps
in analyzing a population is to arrange the mem-
bers of the sample in an array, thus exhibiting the
frequency distribution of the population.

The frequency distribution that occurs most
often in both industry and nature is the normal

p ]
(5]
4
L
2
o
twl
1 4
u
X
Figure 3-7
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distribution. This distribution can be represented
by a bell-shaped curve; that is, a symmetrical
curve with most of the values falling somewhere
near the middle of the range of values, as shown
in Figure 3-7.

Many other distributions have also been char-
acterized. In fact, studies of the distribution of
measurements of particulate air pollutants and
particle sizes indicate that a suitable frequency
function is that of the log-normal distribution. In
this distribution, the logarithms of the actual meas-
urements are approximately normally distributed.
A special type of logarithmic paper, called log-
probability paper, is used to plot this distribution.
Measures of Central Tendency

In addition to the general information provided
by a frequency distribution, there are quantitative
characterizations of a population called param-
eters. The first of these is a measure of central
tendency, a number about which the data tend to
concentrate.

If the distribution of a set of numbers is ap-
proximately normal, three measures of central
tendency are frequently used, The most important
of these is the arithmetic mean, the sum of all the
values divided by the number of values. Symboli-
cally,

n

Ix
= x,+xt---4x, _ i=1
n n

If one or more of the values appears more than
once, the calculation may be simplified by multi-
plying each of the values by the mumber of times
it appears. Then

n

L (x-f)
__i=1

E—

where f; is the frequency with which x, appears
and N is the total number of values being consid-
ered. This is the method used to calculate a time-
weighted average, such as that used in referring to
threshold limit values.

The second common measure is the median,
the middle observation when the numbers are
arranged in order of magnitude. If there are an
odd number of values, the median is uniquely de-
fined; if there are an even number, the average of
the two middle valves is used. For example, the
median of the numbers

21+24

7,11, 21,24, 31, 92 is =" or 22.5.

Another measure of central tendency is the
mode, the number in a collection which occurs
most frequently, if such a number exists. This
value is often not uniquely defined, or, if it is, may
not be representative of the sample.

If the frequency distribution is approximately
log-normal rather than normal, the most appro-
priate measure of central tendency is the geometric
mean. This is defined as the nth root of the product
of the n values. Symbolically,

x_x_

X1*Xa2*** Xp



This calculation can be greatly simplified by the
use of logarithms.
1
Since X, = (X; * X2 * ** X)%,

|
log x,=—ﬁ (log x; tlog x,+***+log x,)

)

n
and X, =antilog [%( Y logx )]
i=1
Again, if some of the values should appear more

than once, as in"a particle size distribution, the
formula becomes

_ ; 1f 2
X, = antilog ~Nt . | fy - logx, ]
l=

This computation may be carried out by the use of
¢ither common or natural logarithms.
Measures of Dispersion

A second numerical characterization of a pop-
ulation is provided by a measure of dispersion, a
number describing how the values of the collection
deviate from some central value.

If the distribution is approximately normal,
the appropriate measure of dispersion is the stan-
dard deviation. The difference between any value
in a set of data and the mean is called the deviation
from the mean. If these deviations are squared,
summed, and divided by n—|, the resulting num-
ber is the variance of the distribution. The positive
square root of the variance is the standard devia-
tion. Symbolically,

n
: log x,

=TI
oA =]

n
X

i=l

(x,—Xx)?

n—I
To simplify calculations, this may also be written
as,

n

oY
i=1

S=

n(n—1)
Again, if some of the values should appear more

than once, this frequency of appearance, f;, is
introduced into the equation. In that case

“ —_—

z (x;i—x)* f;
Vo=
s= N—1

As a computaticnal aid the standard deviation may

also be written as
n
( Z f; X )
i=1

N (N-D

The significance of the standard deviation lies
in the fact that if a distribution is approximately
normal, 68.3% of the observations will lic within
one standard deviation of the mean, 95.4% will
lie within two standard deviations of the mean, and

2

n
N z f.xf —_
i=1

-

s
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99.7% will lie within three standard deviations of
the mean. A graphic presentation of this is shown
in Figure 3-8,

————93.73% l

9545%

|-" 68.27 %‘-I
T I I _ I T T
-3 =20 -~ X lo 2o 3o
2% 6% 50% 84% 98%
Figure 3-8

When the distribution is approximately log-
normal, the standard geometric deviation is the
appropriate measure of dispersion. The equation
for this measure is

n n 2
n Y logix,— ( Y log xi)
. i=1 = _
s¢=antilog 2 (=0

Again, when some of the values appear more
than once the frequency, fi, is introduced. Then,

( ii=lfi logxi)z-

N{(N-D

The significance of the standard geometric
deviation is analogous to that of the standard devi-
ation if we recall that in a log-normal distribution
the logarithms of the values are approximately
normally distributed. Thus, 68.3% of the values
lie between x./s; and xg * sy, 95.4% lie between
X /28 and xg * 2s,, and 99.7% lie between x,'3s,
and x, + 3s,. It should be noted that these are the
principles which govern the use of log-probability
graph paper.

Testing Hypotheses

Frequently an investigator has in mind a par-
ticular hypothesis or assumption about the popu-
lation being sampled. This usually consists of as-
signing a specific value to one or more of the
parameters of the population, such an assignment
depending on past experience. Then a must
be devised whereby the hypothesis is either -ac-
cepted or rejected once the sample has been taken.
The determination of this test depends on certain
characteristics of the population which will not be
discussed here. A good statistical reference such
as those cited at the end of this chapter will pro-
vide a detailed method for selection of a test sta-
tistic, It should be understood, though, that the
failure to reject a hypothesis does not imply that it
is true; it simply means that the information is
such that we are not in a position to reject the

hypothesis.

In
N X filog2xi—
i=l

s, = antilog



Curve Fitting

In addition to characterizing a population, the
methods of statistics are often used in making pre-
dictions. This involves the consideration of rela-
tionships between two or more variables. Such a
studv usually begins with the plotting of the
points on a rectangular coordinate system, giving
a visual image of the relationship between the
variables. In the case where the values of v are
fairly well approximated by a linear function of x,
linear correlation is said to exist. A measure of the
closeness of this correlation is given by we linear
correlation coefficient

n —
_Zl x—%) " (yi—¥)
1=

r= -

n
Z (xi—x)*
1=
If this value is close to 0, there is little linear rela-
tionship between the variables; while if it is near
+ 1 or — 1, the linear relationship may be greater.
However, the extent of such a relationship depends
strongly on the sample size. Also, there may be a
high degree of correlation that is not of the linear
type and thus not indicated by the linear correla-
tion coeficient.

When a relationship is seen to exist between
two variables, it is often desirable to approximate
the function in order to predict the value of one
variable from the other. This is often accom-
plished simply by joining the data points by a
curve that appears to best approximate the rela-
tionship, as shown in Figure 3-9.

n
'Z (yi—¥y)*
i=l

50
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10 4
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Figure 3-9

An equation of this curve can then be found by
substituting points on the curve into the general
equation of the curve and solving the resulting
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equations simultaneously. A more precise method
of determining the equation is given by the method
of least squares, a procedure which minimizes the
error committed in fitting a curve of a definite type
to a set of data. A detailed description of this
method can be found in most of the references
cited at the end of this chapter.

Dimensional Analysis

Expressions of concentrations of atmospheric
contaminants in industrial hygiene are usually cor-
rected to 25°C and 760 mm Hg pressure, but the
actual conditions are frequently not sufficiently re-
moved from this standard to require temperature
and pressure corrections, When calculating con-
centrations, recall that one gram-mole is the
amount of material in grams equal to the molec-
ular weight of the material. Also, at standard tem-
perature and pressure {0°C and 760 mm Hg), one
gram-mole of any compound in the gaseous state
occupies 22.4 liters.

Terms Peculiar to Industrial Hygiene
The concentration of gases and vapors is usu-
ally expressed as parts per million parts of air,
ppm, on a volumetric basis.
parts
10¢ parts (air)
micro-liter
liter (air)
cubic meters
10® cubic meters (air)
cubic feet
107 cubic feet (air)
This is similar to the concept of percent,
. _  parts
%= 100 parts

ppm=

Since I ppm=

1 gram-mole
22.4 liters
10¢ liters
M3

The concentration of fumes, mists, dusts, and
milligrams of material per cubic meter of air,
mg M3,
(1) Given the concentration of a contaminant
m ppm, convert to mg M?*.
10° liters
Concentration=( 1 liter
% ( MW Grams ) x ( )
gram-mole
10.‘! MS
=mg
At 25°C and 760 mm Hg, one gram-mole of a
perfect gas or vapor occupies 24.45 liters. There-
Molecular Weight
24 .45

of gases and vapors on occasion, is expressed as
Examples
1 liter
10¢ liters) X (
. grams_
=M
fore, under these conditions,
(2) Derive an equation for the preparation of

mg _
M PPm X



a known concentration of a volatile liquid P  =Pressure in mm Hg
given the following: o p  =Density in grams per milliliter
Vr =Chamber volume in liters v =Volume of material to be used in
MW = Molecular weight of a substance milliliters
T =Absolute temperature C =Concentration in ppm
(vml) p gm 224 liters gm-mole T 760
C (ppm) = ml gm-m?]le _ MWgms 273 P % 10°
24 = Liter 10° parts
. 760
= v x10s,
T
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CHAPTER 4

REVIEW OF CHEMISTRY
Fred I. Grunder

INTRODUCTION

Chemistry is that branch of the physical sci-
ences which plays an extremely important role in
the characterization and quantitative measurement
of the toxic substances of interest in the field of
occupational health. A proper understanding of
the several phases of chemistry permits the oc-
cupational health specialist to use this tool effec-
tively in solving the environmental problems in
this field. A proper understanding of imorganic
chemistry is requmed for the appreciation of the
properties of the mineral and inorganic chemical
substances which are of concern to the health and
well-being of the worker exposed to these mater-
ials as airborne particulates, fumes, or mists in the
workplace. A basic grasp of organic chemistry is
important because of the great variety of toxic
organic solvent vapors and particulate compounds
encountered in industrial operations. Amnalytical
chemistry is a major tool used in occupational
studies in the evaluation of chemical hazards, in-
cluding the levels of airborne contaminants in the
working environment and the concentrations of
toxic substances, intermediates, and metabolites in
the human or animal body tissues and fluids.

GENERAL INORGANIC CHEMISTRY

It can be observed readily that the world is
composed of a tremendous variety of material
substances. Superficial inspection reveals many of
these to be composed of two or more identifiable
components. Often more deliberate study will
show the components to be made up of still other
distinguishable substances. If the examination
process is continued with ever-increasing sophisti-
cation, there will come a point where further sub-
division will no longer be possible. The materials
which cannot be divided inte simpler chemical
entities are called elements. The smallest unit
which can be recognized as a particular element
is known as an arom. Each atom of an element is
chemically identical to every other atom of the
same element, while uniquely different from those
of other elements. There are presently 105 known
elements, from which the material of the universe
is made.

Atoms are composed principally of positively-
charged protons, negatively-charged electrons and
uncharged neurrons. The protons are situated at
the center of the atom along with uncharged neu-
trons in the nucleus. The electrons are oriented
at some distance from the nucleus and impart size
and electrical balance to the atom. Each atom
has the same number of protons as electrons to
maintain electrical neutrality. The number of pro-
tons in the nucleus is the atomic number which
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uniquely defines the elemental identity of the atom.
The number of protons combined with the num-
ber of neutrons approximates the atomic weight.
The atomic weight of an atom is proportional to
its true, physical mass. Hence, 12.0 of
carbon (atomic weight=12) contain 6.023 X 10**
carbon atoms. The mass in grams of any element
which is equal to that element’s atomic weight is
called one gram-molecular weight, or one mole,
which always contains 6.023 x 10** (Avogadro’s
Number) atoms of that element. Each of the ele-
ments has a name and a symbol assigned to it.
For example, the eleventh element (atomic num-
ber 11) is called sodium which has the chemical
symbol Na.

Elements combine with one or more other ele-
ments in definite ratios to form compounds. The
smallest unit of a compound is called a molecule.
Molecules are held together by the sharing of pairs
of electrons between the atoms to form chemical
bonds. Bonds are classified according to the ex-
tent of the sharing involved. A covalent bond is
one in which the pair of electrons is shared
equally by two atoms. An example of a covalent
bond is the hydrogen molecule in which the two
identical atoms share the lone electron pair. If
the atoms involved are not from the same chem-
ical element, the chances of equal sharing are
diminished. In extreme cases, the bond is known
as ionic. Sodium chloride (NaCl) is a good ex-
ample of an icanic bond, the sodium existing essen-
tiatly as the positively—charged ion and the chlorine
as the negative chloride jon. Sharing of more than
one electron pair leads to double and triple bond-
ing. The nitrogen molecule is an example of a
higher-order bond. In this case, the two atoms
share three pairs of electrons to form a triple bond.

The chemical symbol for a compound is merely
a composite of its constituent atoms along with
numerical indications of the ratios of the combin-
ing elements to one another. For instance, the
symbol for water, H,O, represents a molecule
which contains two atoms of hydrogen and one of
oxygen. The molecular weight of a compound is
equal to the sum of the atomic weights of all the
atoms making up the molecule of that compound.
Similarly to the case for individual atoms, the
mass in grams of any compound which is equal
to that compound’s molecular weight is called one
mole which contains 6.023 x 10** molecules of
that compound.

Often it is convenient and useful to express a
molecular symbol or formula as more than just
an accounting of the atoms present. It is known,
for example, that certain groupings of atoms
appear regularly in chemistry. They are called



“groups” or “functional groups” or “radicals” and
they are treated as separaie elemental forms when
writing the formula. In organic chemistry the
methyl (CH,-) and ethy! (C,H,-) groups are
common functional substituents in class com-
pounds. Confusion is avoided in organic chem-
istry by using constitutional or structural formulas.
For example, the formula for ethyl alcohol, is
written as CH,CH,OH or C,H,OH rather than
C,H,O (a molecular formula) to emphasize the
constitutional arrangement of the atoms within the
molecule and to distinguish it from methyl ether
(CH,OCH,) which has the same molecular
formula,

Chemistry uses the element symbols to abbre-
viate complex descriptions of chemical reactions.
For instance, if a reaction is initiated between
hydrogen and oxygen in a mixture, water will be
produced. The whole reaction can be written as
the symbolic expression:

2H.+0, 7 2H,0.

The exact way in which a chemical reaction is
written expresses certain essential aspects of the
reaction. This equation identifies the reactants as
hydrogen and oxygen and shows that they com-
bine in a ratio of two molecules of H, to one of O,
to yield two molecules of H,O. A complete de-
scription of the above reaction would include a
description of the pertinent reaction conditions.
It is significant that the equation is balanced with
respect to both the numbers and the kinds of
atoms In the reactants and the products. In cor-
rect chemical equations, atoms cannot be created,
destroyed, or transmuted. In organic chemistry
(sece discussion of bonds in section on Organic
Chemistry) where the structure of molecule is
especially important reactants and products are
written structurally:

H H H H

N\ Ve | |
C=C +HBr —>H-C-C-H

/ N |

H H H Br

Chemical reactions occur because the final prod-
ucts are energetically more stable than the initial
reactants under the conditions of the reaction. The
difference in energy between reactants and prod-
ucts can commonly be observed as heat liberated,
as in the buming of wood. Consideration of the
amounts of liberated heat of reaction is important
in thermodynamics where this is shown quan-
titatively as part of the chemical equation: -
Ca0+CO, — CaCO, +42.5 kcal/mole.

The value of 42.5 kcal/mole is the amount of
energy released as heat in the reaction. It is given
the symbol AH and is defined as the hear of re-
action. In tabular form, positive values for heats
of reaction represent endothermic reactions which
absorb heat from the surroundings. The reaction
of CaO and CO, releases heat energy, indicating
that it is exothermic and that the heat of reaction
is negative (AH=-42.5 kcal/mole}. It appears
positive in the preceding equation because it is a
positive product of the reaction. Another expres-
sion for the same reaction is:
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Ca0+CO,—»CaCO,,
AH,eac =-42.5 kcal/mole.
Basically, chemists are concerned with four types
of chemical reactions, ie. combination, decom-
position, displacement, and double decomposition.
Examples of these are as follows:
Combination:
Mg +Cl,—>MgCl,
Decomposition:
heated in
2HgO—»2Hg + 0,1 (gas)
test tube

Displacement:
Fe(spatula) 4+ CuSO, (solution)—>
FeSO, (in solution) +Cu (coating on spatula)

Double Decomposition:

AgNO, (solution) +NaCl (solution}—>
AgClf (precipitate) + NaNO, (solution)

Chemical reactions go to completion when one
of these four conditions is met:

1) Increasing the concentration of one of the
reactants:

Ag* ion (in solution) +Cl™ ion (added

in excess as metallic chloride solution)

—>AgCl| (precipitate)

Silver chloride has a very low solubility
product which means that the product
(Agt) X (CI") cannot exceed its value
of 1.56 X 107* moles per liter*;

*One gram mole is the number of grams
equal to the molecular weight of a sub-
stance.

Removing one of the products as a gas:

A

CaCO, = CaO+ CO2 1
The escape of the gaseous product, car-
bon dioxide, allows quicklime to be
formed from limestone in a kiln.
Removing one of the products as a pre-
cipitate:
Pb (C.H,0,), + H,S (gas) —> PbS |

+2CH,COOH

When hydrogen sulfide is passed into a
weakly acid solution of a soluble lead salt,
the lead is converted completely to highly
msoluble lead sulfide.
Removing one of the products as a slightly
ionized substance:

NoOH + NH,CI+NaCl + NH,OH

and NH,OH=NH, + H,O
The addition of sodium hydroxide to
ammonium chloride produces slightly
ionized ammonium hydroxide which dis-
sociates into ammonia and water. As a re-
suit the reaction shifts almost entirely to
the right.

In the examples of chemical reactions given
above there are two additional basic classifica-
tions: first, reactions involving an electron transfer
and a resulting change in the oxidation state of a
substance and, secondly, reactions where there is
no oxidation-reduction process. Thus, in the burn-
ing of magnesium in chlorine gas, magnesium is
oxidized from the elemental to the divalent (4+2)

2)

3)

4)



state while chlorine is reduced from the elementat
to the negative ( — 1) state whereas in the double
decomposition reactions there is no oxidation-re-
duction process occurring, but only an exchange
of elements whose reactions go to completion for
the reasons state® previously. The following dis-
cussion treats further the matter of oxidation-
reduction, an extremely important aspect of an-
alytical chemistry processes.

In the water molecule, H,O, the hydrogen
atoms are essentially ionized by the oxygen’s
strong affinity for electrons. The resulting charge
and oxidation state for hydrogen is then +1 and
that for oxygen is —2. In the elemental form
(H, & O,) hydrogen and oxygen display no met
charge and they have an oxidation state of 0. The
reaction of hydrogen and oxygen to form water
however, involves a transfer of electrons. The
hydrogen atoms’ loss of their electrons to the
oxygen atom is called oxidation; the gain of these
electrons by the oxygen is called reduction. Re-
actions of this type are called oxidation-reduction
reactions or redox reactions. In any redox reac-
tion, the total number of electrons lost by an oxi-
dized species must exactly equal the number of
electrons gained by the reduced species. This re-
lationship enables redox reactions to be used in
quantitative analysis. The amount of a substance
in a redox reaction which will give up or receive
one mole of electrons (6.023 X 10*? electrons) is
called an equivalent.

Naturally occurring materials, irrespective of
their elemental make-up, assume three different
descriptions or states: solids, gases and liquids.
Solids have a definite shape and volume and are
held together by strong inter-molecular and inter-
atomic forces. For many substances, the forces
are strong enough to maintain the atoms in def-
inite, ordered arrays called crysrals. Solids hav-
ing little or no crystalline character are called
amorphous.

Gases, on the other hand, have weaker at-
tractive forces between individual molecules. As
a result, gases diffuse rapidly and assume the
shape of their container; their volumes are easily
affected by changes in temperature and pressure.
Because true gases (the fixed gases) are relatively
free of interactions between' individual molecules,
the behavior of a gas is dependent on only a few
general laws based upon the properties of volume,
pressure, and temperature. Under normal con-
ditions, for instance, the pressure exerted by a gas
multiplied by its volume is a constant at a fixed
temperature and a given number of molecules:

PV =constant.

A temperature rise will produce a correspond-
ing increase in pressure at constant volume and
fixed number of molecules. A temperature rise will
also produce a corresponding increase in volume
at constant pressure and number of molecules:

T./T,=P,/P, or T,/T,=V,/V,

where T, =absolute temperature (degrees
Kelvin or Rankin) of a gas whose volume
is V, and T,=absolute temperature of a
gas whose volume is V,.

At constant temperature and pressure, equal
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volumes of gases contain equal numbers of mole-
cules regardless of the nature of the gas. A volume
of 22.4 liters will contain one mole or 6.02 X 10*
molecules (or atoms of a monatomic gas) at sea-
level pressure and 0°C or 32°F. An equation for
relating the four properties of gases (P, V, num-
ber of moles, T) which is applicable over a fairly
wide range of conditions is called the ideal gas
law;
PV =nRT, where P=pressure
V =volume
n =number of moles
T = temperature in degrees
absolute
R =gas constant {deter-
mined by the units used
for the other four).
When dealing with gases, it is customary to
express volumes in terms of standard conditions
of temperature and pressure. Thus, if data are
obtained at conditions other than standard it is
necessary to correct the volumes. For this pur-
pose, an adaptation of the ideal gas law is used:

V,—(P’P,) (T. T) V

where V,=volume at standard temperature

and pressure

P, =standard pressure

T, =standard temperature in degrees
absolute

V =volume observed

P =pressure observed

T =temperature observed in degrees
absolute

The molecules of the liquid state of matter are
separated by relatively small distances such that
the attractive forces between molecules tend to
hold the molecules within a definite volume at a
fixed temperature. The repulsive forces between
molecules also exert a sufficiently strong influence,
however, that volume changes caused by increasgs
m pressure may be neglected.

One of the most useful properties of liquids is
their ability to dissolve gases, other liquids, and
solids. Solvents are covalent compounds in which
the molecules are much closer together than a
gas; therefore, the intermolecular forces are rela-
tively strong. When the molecules of a certain
covalent solute are physically and chemically sim-
ilar to those of a liquid solvent, the intermolecular
forces of each are of the same magnitede and the
solute and solvent will usually mix readily with
each other.

The amounts of dissolved solutes are com-
monly expressed in terms of concentrations in sol-
vents. The molarity of a solution is the number
of moles of solute per liter of solution, designated
by “M”. The molality is the number of moles of
solute per 1000 grams of solvent, designated by
“m”. The normality, “N”, of a solute is the num-
ber of gram-equivalent weights of solute per liter
of solution. The expression “parts per million”
represents one part by weight of solute per one
million parts by weight of solvent in liquid sys-
tems. One “ppm” is equivalent to one microgram



per milliliter or to one milligram per liter of
solution.

In aqueous solutions the concepts of acidity
and basicity are important. For most purposes an
acid can be described as a hydrogen ion (proton)
donor. Hydrochloric acid is an excellent example
of a strong acid. Similarly, a base is described as
a hydrogen ion acceptor. Sodium hydroxide is an
example of a strong base. For aprotic compounds
which have no ionizable hydrogen, an acid can be
defined as a substance (such as aluminum chlor-
ide) which accepts an electron pair from a base,
and any substance, (such as NH,) that can behave
as an electron pair donor is a base.

In aqueous systems, the acidity or basicity of
a solution is measured by pH which is defined as
the negative logarithm of the hydrogen ion con-
centration (expressed in moles per liter). It ranges
from 1 to 14, pH 14 being extremely basic (the
hydroxide ion, OH", greatly predominating), pH 1
being extremely acidic (the hydrogen ion, HY,
greatly predominating), and pH 7 being neutral
(the hydrogen ion and hydroxide ion concentra-
tions equal). ik

The basic concepts of general chemistry pre-
sented in this section are designed to provide the
non-chemist members of the industrial hygiene
profession with a general understanding of the
principles of chemistry as they relate to the appli-
cation of analytical chemistry to occupational
heaith. The reference texts cited at the end of this
chapter should be consulted periodically, as the
needs of work situations require, to obtain the
more detailed information on the aspects of in-
dividual problem areas,

ORGANIC CHEMISTRY

Organic chemistry is the study of carbon com-
pounds, excluding the limited number of those
morganic substances which contain carbon such
as carbon monoxide, carbon dioxide, carbonates
and metal carbonyls. The common elements
found in the thousands of organic compounds in-
clude carbon, hydrogen, oxygen, nitrogen, phos-
phorus, sulfur, chlorine, bromine, and iodine, in
the order of their relative occurrence. Organic
chemistry is involved in most activities of modemn
life. The basic principles of organic chemistry are
applied to the study of drugs, rubber, clothing,
plastics, explosives, fuels, paints, solvents and
numerous other essential commodities,

The carbon atom forms four covalent bonds.
These bonds may be to other carbon atoms, to
hydrogen, oxygen, one of the halogens (chlorine,
bromine, iodine, fluorine), nitrogen, sulfur or to
other atoms. The bonds may involve single elec-
tron-pairs which form single bonds, two electron-
pairs giving double bonds {_=C=C<), or three
electron-pairs forming triple bonds (—-C=C—).

More than one million organic compounds are
known. Their existence is due to the unique ca-
pacity of carbon atoms to join together forming
chains or rings. Compounds formed from hydro-
gen and carbon only are called hydrocarbons. The
aliphatic series of saturated hydrocarbons provides
the simplest example of this property.

H
H—(EJ—H methane
B
H H
H—(Il—é—H ethane
BB
HHH
H—(I'}—(I'J—('i—l-l propane
BB B
Cle,,, hexacontane

Homologous series of compounds are named ac-
cording to the number of carbon atoms in the
longest chain. The standard (International Union
of Pure and Applied Chemistry) rules for naming
carbon compounds are summarized below:
1) The longest continnous chain of carbon
atoms is named as the parent compound.
2) The carbon atoms in this chain are given
numbers starting at one end, and substi-
tte groups are given numbers correspond-
ing « their position on the chain. The
direction of the numbering s chosen to
give the smallest sum for the numbers of
the side chain constituents:

® ® ®@ ® 0©
CH,-CH,-(IIH-CIH-CH,
Cle CH;
CH,

3) If the same group appears more than once,
the prefix di-, tri-, or tetra- is used to in-
dicate how many groups there are:

CH,

CH, CH, CH, or 2,4-dimethyl-
| [ | 3-ethyl pentane
CH, - CH, - CH, - C - CH,
® @ @ & «©

is named 2-methyl-
3-ethyl pentane

4) With two identical side chain groups at
one position, numbers are given for each:

CH, or 2,2-dimethyl
| pentane
CH,-CH,-CH,-C-CH,
@l
® @ @ CH,T

5) If several different substituent groups are
present, they are assigned according to the
alphabetical arrangement of substituents
or in order of increasing size of the side
chain.

Branched chains often have names of their own.



CH
Thus, ’>CH- is an isopropyl group. For ex-
CH,

ample,

s> CHOH is called isopropanol
CH,

CH,\

cH,”

The field of organic chemistry is generally divided
into two broad classes of organic compounds,
aliphatic compounds and aromatic compounds.
Aliphatic Hydrocarbons

The saturated hydrocarbons, which contain
only single bonds, are also known as alkanes or
paraffinic hydrocarbons. The general formula for
these compounds is C,H,, . where n is an integer.
They are less reactive than the unsaturated hydro-
carbons and are insoluble in water, sodium hy-
droxide and sulfuric acid. They do, however,
undergo reaction under certain vigorous condi-
tions. When treated with either chlorine or
bromine and light or a catalyst, a halogen atom
can substitute for a hydrogen atom:

I light |
—C-H+Cl, —> -C-CI+HCl
' |

CHCH,CH, is called isopentane.

They can be heated from 400° to 600°C to pro-
mote thermal decomposition, a process called
cracking, and yield simpler alkanes, alkenes and
hydrogen.

Alkenes are unsaturated, olefinic hydrocarbons.
They contain at least one carbon-carbon double
bond. The suffix -ene is substituted for -ane in
naming them. The parent hydrocarbon chain is
chosen as the longest chain containing the double
bond. The position of the double bond is desig-
nated by the number of the first carbon atom in-
volved in the double bond. Thus, CH,CH=
CHCH, is 2-butene, and CH,=CHCH,CH, is
1-butene. The double bond is given the lowest
number, so the compound CH,-CH-CH=CH-CH,

[

CH,
is 4-methyl-2-pentene rather than 2-methyl-3-
pentene.

Characteristic reactions of this group occur at
the carbon-carbon double bond. The most char-
acteristic reaction of the alkenes is the addition
reaction. Generalized, this reaction can be rep-
resented:

N
/

| |
<+Yz—>—c-c—

| ]

YZ

Many substitution groups can be represented by
Y and Z (examples are H,, HX, X,, H,S0O,, H,O
and others where — X is used to indicate a halo-
gen such as chlorine or bromine).

The paraffin-base oils contain mainly saturated
open-chain hydrocarbons, whereas asphalt-base

c=C
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oils contain appreciable amounts of naphthenes
such as cyclopentane, cyclohexane and their alkyl
derivatives. The major fractions separated from
crude petroleum are shown in the following table:

TABLE 4-1
Major Fractions
in Crude Petroleum
Boiling Point Composition
Fraction Range, °C (A pproximate)
Gas <20 C,-C,
Petroleum Ether 20-60 CsC,
Ligroin (Light
Naphtha) 60-100 C.C,
Natural Gasoline 40-205 cC.C,+
Cycloalkanes
Kerosene 175-325 C.C.t
Aromatics
Fuel Oil 300-375 C,;Cxn
Lubricating Oil >300 C,,C,;
Asphalt or Petro-
leum Coke >300 >Cyy
Aromatic Hydrocarbons

Benzene is the simplest of the aromatic com-
pounds; it has the formula C,H, and its structure

is:
H H

c-C
He?Z . SoH,
. = P
c=C
H H

although experimental evidence indicates that all
the carbon-carbon bonds are equivalent.
The correct structure is often shown as:

Q

Where the circle indicates that the multiple
bonding is shared equally among all six carbon
atoms.

Benzene readily undergoes substitution reac-
tions, such as halogenation:

(Fe catalyst)
CH,+X, —>»CHX+HX (X=Cl, Br)

Benzene is very stable and resists addition re-
actions which would destroy the ring system.

In naming monosubstituted derivatives of
benzene, the substituent’s name is prefixed to
“benzene.” Thus:

y Cl
: is chlorobenzene is nitrobenzene

Some aromatic compounds are better known
by such common names as:

/ NO,



o o

toluene phenol

© o

benzoic
acid

For aromatic derivatives containing two ring sub-
stituents, the position on the ring is designated by
the use of the terms ortho (o), meta (m), and
para (p) as exemplified by:

Blr ]?r
O O
NBr
o-dibromobenzene m-dibromobenzene
|Br
@ p-dibromo-
[Br benzene

When the substitution groups are different, they
are named successively and the compound name
is terminated with *“‘benzene.” If one of the sub-
stitution groups provides a compound which has
a commonly accepted name (e.g., toluene or
phenol) any further derivative is named after the
last-named compound:

Br CH,
{ |
p-bromoiodo- O p-nitro-
benzene | toluene
I NO,
Btr
HO
o-bromo-
phenol

If more than two substitution groups are attached
to the ring, numbers (starting with the parent
group) are assigned to each carbon atom to indi-
cate the position of each substituent:

@
NO, AR (NO,
O\ @
No}®

2, 4, 6-trinitrotoluene (TNT)
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Halogen Derivatives of the Hydrocarbons

Halogenated hydrocarbons are obtained from
the substitution reaction of hydrocarbons with
HX or X, under varied conditions. Generalized,
the reaction with halogens is represented:

R-H+X,—R-X+HX
where R is an alkyl group and X is a halogen,
such as chlorine or bromine.

One or more halogen atoms may be attached
to a chain or ring structure; each additional atom
changes the physical and chemical properties of
the preceding com d in a series. For example,
the successive derivatives of methane are:

HC1t
CH,+CL — CH,Cl used as a local an-
+Cl, esthetic for minor
(HCl) surgical operations
— a gas
]
+Cl, asasolvent and in
(HCl) quick-drying paints
* and varnishes
CHCl, (chloroform) — a
+Cl, commercial solvent
{(HC1) and anesthetic
cql, {carbon tetrachlor-
ide) — very toxic;
an important
solvent,

Typical aromatic halogen derivatives, such as
the chlorobenzenes, are obtained by the substi-
tution reaction of the halogens with the aromatic
hydrocarbon. The halogen derivatives of benzene
are called aryl halides which are generally less re-
active than the alkyl halides. Halogenation may
proceed with the complete substitution of hydro-
gens attached to the ring carbons.

Oxygen Derivatives of the Hydrocarbons

An oxygenated carbon compound is one con-
taining oxygen in a functional group attached to a
chain or ring carbon. The alcohols have the gen-
eral formula ROH, where R is an alkyl group. If
the hydroxyl group (-OH) is attached directly
to an aromatic ring, it is referred to as phenol,
cresol, xylenol, or naphthol. Alcohols are often
prepared by conversion of an alkene by adding
sulfuric acid to the double bond and hydrolysis of
the resulting alkylsulfuric acid:

H.SO, H.,O
CH,=CH, — CH,CH,0S0,0H —

CH,CH,OH ethyl alcohol.

The characteristic reactions of alcohols involve
either the replacement of the OH hydrogen or of
the entire hydroxyl group.
ROH+HX—*RH+H,0 X=Cl Br, 1
ROH+M—>ROM++1/2H,
M= metal such as Na, Mg, Al



Some of the common alcohols are:
methyl alcohol (methanol}) CH,OH
ethyl aleohol (ethanel) CH,CH,OH
CH
isopropyl alcohol (isopropanol) _>CHOH

3
Ethers have the general formula R-O-R’. Their
names are derived from those of “R” groups fol-
lowed by the word “ether.” Thus, CH,OC,H, is

methyl ethyl ether and

O—:
Diethyl ether is the most common member of this

is diphenyl ether.

class of compounds. It is used as a solvent and an
anesthetic. Ethers are often prepared by dehydra-
tion of alcohols:

H,S0,
2ROH—> R-OR'+H,0
heat
Ethers, as compared with alcohols are fairly inert.
Aldehydes and ketones are carbonyl com-

pounds having one and two alkyl groups respec-
tively joined to the carbonyl function:

O O
R—C</ rc?

H R
aldehyde ketone

(R and R’ may be either aromatic or aliphatic)
These compounds can be prepared by oxida-
tion of alcohols:

Cu, heat
or H
RCH,OH—K,Cr,0.—> R-C
0
Cu, heat
or O
RCHOHR' —K,Cr,O0}—> R.C
R’

O

1

The carbonyl group (-C-) is primarily responsible
for the characteristic reactions of these compounds
which can be oxidized to carboxylic acids or re-
duced to alcohols. They also undergo addition re-
actions involving the carbon-oxygen bond such as
the analytically important one with sodium bi-
sulfite:

R H H

/ |

ﬁ* + Na+HSO,” —> R—(!Z-SO,‘Na+
I

o

OH
Some common aldehydes are:
HCHO Formaldehyde
CH,CHO Acetaldehyde

CH,=CHCHO Acrolein
HC=0

| Benzaldehyde
A few common ketones are:
CH.
: > C=0 Acetone

H.C
H.C O

; \C¢ Met_hyl Ethyl Ketone
0

_ C N
© @ Benzophenone

Carboxylic acids contain a carboxyl group

/0
(-C\ } and are acidic in nature. The general
OH

formula for monocarboxyl acids is RCOOH where
R may be aromatic or aliphatic. These acids can
be obtained by the oxidation of primary alcohols,
aldehydes or alkyl benzenes.
KMnO,
RCH,OH —> RCOCH

KMnO

R COOH
/ /
O =0
or
K.Cr,O,

In the reactions that occur, the hydroxyl is usually
the reacted group. A typical reaction is one of

the type:
R-C/O +Z—> R-Cf
“NOH NZ
where Z may be Cl, OR’, NH,, etc.
Some of the common acids are:
HCOOH Formic acid

CH,COOH  Acetic acid
COOH

o

Benzoic acid



Isomers are defined as compounds having the
same molecular formula but a different structure.
There are essentially two major types of isomer-
ism: structural isomerism and optical isomerism.
Examples of structural isomers include the pen-
tanes, all of which have the empirical formula
C,H,, but different physical and chemical prop-
erties:

CH,-CH,-CH,-CH,-CH,
n-pentane
CH C?I'
’>CHCH,CH, CH,-(!Z-CH,
) CH,
iso-pentane neopentane

A more striking example of structural isomerism
is the compound C,H,O. This can be the molec-
ular formula for methyl ether CH,OCH, or ethyl
alecochol CH,CH,OH, two compounds showing
marked differences in physical and chemical
properties.

Optical isomers invelve a central atom to
which a number of different groups are attached.
Two optical isomers are molecules which are
identical except for the spatial orientation of the
groups attached to the central, asymmetric atom.
They are mirror-images of one another. The most
readily observed difference between the two is the
difference in the rotation of the plane of polariza-
tion if a beam of plane-polarized light is allowed
to pass through a solution of the compound. This
type of isomerism is useful in identifying certain
biochemical reaction products.

ANALYTICAL CHEMISTRY

The analytical methods used in industrial
hygiene may be divided into classical chemical
methods and instrumental methods. Such a dis-
tinction is based more on the historical develop-
ment of analytical chemistry than on any clear
differences between the two methods, as both the
strictly chemical and the instrumental methods
usually are completed with a physical measure-
ment, such as spectrophotometry. It is possible to
further separate the classical chemical methods as
volumetric or gravimetric.

Classical Chemical Methods of Analysis

A volumerric analysis is one which is com-
pleted by measuring the volume of a liquid re-
agent of known concentration required to react
completely with a substance whose concentration
is being determined. The chemical reaction must
be such that the amount of the known reactant
can be related exactly to the amount of the anal-
ysis substance present. A reaction, to be useful
for volumetric analysis, must be rapid, complete
and have a sharp endpoint. Two basic types of
reactions may be considered as representative of
volumetric analyses.

Acidimetry and alkaliniry reactions involve the
nentralization of acids and bases. A titrimetric
procedure is used to determine the amount of a
standard solution of a reagent (i.e., one of pre-
cisely-known concentration) required to react
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completely with a specific chemical substance in a
prepared solution of a sample.

Titrations dependent uvpon neutralization re-
actions must be complete at a definite endpoint
based on an abrupt change in pH which occurs
at the equivalence point. An example of a neu-
tralization reaction in an aqueous system is the
following:

NaOH+HCI—>NaCl+H,0

When the hydrogen ion (H+) and hydroxide ion
(OH"™) concentrations are equal, the solution is
said to be neutral (pH 7.0 aqueous solution).
However, the actual pH at the equivalence point
of an acid-base titration is not necessarily equal
to 7.0, since it depends on the degree of ionization
and hydrolysis of the products of the reaction.

The majority of titrimetric procedures use an
indicator to determine the endpoint accurately.
An indicator is generally a complex organic com-
pound having a weakly acidic or basic character
capable of a sharp transformation in color over a
definite, but narrow, pH range. Several factors
play a role in determining the pH interval over
which a given indicator exhibits a color change:

1) Temperature,

2} Electrolyte concentration (total jonic
strength),

3) Effect or organic solvent systems.

Two sources of error that may occur when de-
termining the end-point of a titration using visual
mdicators are:

1) The indicator does not change color at or
near the hydrogen ion concentration that
prevails at the equivalence point;

2) Very weak acids (or bases) cannot be
titrated with satisfactory results.

The first of these sources of error can easily be
corrected by using a blank. The second, however,
cannot be remedied because of the difficulty in
deciding exactly where the color change occurs.

The other type of chemical reaction suitable
for titrimetry is called oxidation-reduction or
“redox.” The ions of a large number of elements
can exist in different oxidation states. Suitable
oxidizing or reducing agents can cause a redox
reaction with such ions. Many of these reactions
satisfy the requirements of volumetric analysis.

One of the most widely used oxidizing agents
is potassium permanganate {KMnQ,). It has an
intense purple color which can serve as its own
indicator for the endpoint. The reagent will oxi-
dize metallic ions from low to high oxidation states
and negative ions such as chloride to chlorine at
the zero or ground state. Its use in some reactions
is restricted due to the multiplicity of possible
reactions that may occur in the presence of more
than one oxidizable substance,

Potassium dichromate (K,Cr.O.) is another
important oxidant. It is not as powerful as po-
tassium permanganate and some of its reactions
proceed slowly. However, the solid reagent can
be obtained in high purity and stable, reliable
solutions may be prepared conveniently. Dichro-
mate solutions are most useful for titrations car-
ried out in 1 to 2 normal acid or alkaline solutions.



A substance which is useful both as an oxidiz-
ing and as a reducing agent is iodine, generally
used in the form of the triodide ion, I,”, which is
formed by the reaction of iodine, I,, with the
iodide ion I". The indirect or iodometric methods
involve the treatment of a solution with an ex-
cess of iodine and then measuring the amount of
iodine used. Starch is an indicator for iodimetry
and iodometry. lodometry is used regularly for the
determination of aldehydes and hydrogen sulfide
collected in sampling reagents of sodium bisulfite
or ammoniacal cadmium sulfate, respectively.

Gravimetric analyses constitute another im-
portant group of analytical methods for determin-
ing substances quantitatively. A gravimetric
method is one in which the analysis is completed
by making a weight determination. A gravimetric
procedure requires that the analytical substance
must be separated quantitatively from other chem-
ical entities in the sample. Numerous technigues
are available for this separation. These include
precipitation, solvent extraction, volatilization,
complexation and electrochemical separations.

Precipitation methods are the most common
gravimetric procedures. However, all precipitates
are not suitable for gravimetric analysis. The
precipitate must have a sufficiently low solubility
to insure that the solubility losses do not affect
the results of the analysis seriously. Further, it
must be possible to isolate the precipitate quan-
titatively from the liquid by simple, rapid filtra-
tion and to free it readily of contaminants by a
simple treatment. The exact chemical composi-
tion of the precipitate must be definite to allow
calculation of the component of interest. Ideally,
the precipitate should not be hygroscopic and
should have a large molecular weight relative to
the analytical constituent contained therein.

Solid-liquid solvent extractions involve both
simple removal of impurities by dissolving them
from the desired precipitate and the reaction of
the solvent with a component to make it either
soluble or insoluble. Soxhlet extractions are pood
examples of the latter technique. Organic solvents
find considerable application to this type of ex-
traction.

Liquid-liquid extractions make use of two
mutually immiscible liquids to redistribute the de-
sired solute on the basis of differences in solubility.
The extraction of a metallic salt from an acid
solution into an organic solvent is one example.

Solid-gas extractions are used to remove a
desired gas from a mixture of gases. Adsorption
of volatile organic compounds from the air by
activated carbon is an example of solid-gas ex-
traction.

Another useful technique in gravimetric anal-
ysis involves the use of volatilization methods.
Simple examples include the determination of
water by loss on ignition and the decomposition,
evolution and subsequent weighing of carbon di-
oxide. Volatilization methods can be classified
either as evaporation and/or sublimation or as
distillation and aeration procedures. The dryimg
of a sample to remove water and the separation
of aluminum chloride are accomplished by evap-
oration and sublimation techniques, respectively.
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In the case of liguid mixtures of organic sub-
stances, the individual components may be sep-
arated effectively by distillation at atmospherc
pressure or under vacuum. The determination of
carbonate by the generation and removal of car-
bon dioxide followed by subsequent weighing is
an example of a gravimetric aeration technique.

Elemental substances may be separated from
other substances and metallic constituents depos-
ited quantitatively by electro-chemical separations.
In electrolytic methods, a pure deposit that ad-
heres firmly to the electrode is required. Temper-
ature, the presence of complexes and the evolo-
tion of hydrogen affect the quality of a deposit.
Deposits obtained from complex jons im solution
tend to be dense and adherent. Heating and stir-
ring the solution during electrolysis speeds up
deposition as a result of higher current densities.
When the material has been completely deposited,
it may be dried and weighed.

Instramental Methods of Analysis

The final measurement in an analytical de-
termination has been greatly facilitated in recent
years by the use of highly sophisticated instru-
mentation. The industna! hygienist should never
lose sight, however, of the preparatory work nec-
essary before the final measurement can be made.
Instrumentation iz available for the qualitative and
quantitative analysis of both inorganic and organic
compounds.

The basic feature of ultraviolet and visible
spectrophotometry is the selective absorption by
aqueous and other solutions of definite wave-
lengths of light in the ultraviolet and visible re-
gions of the electromagnetic spectrum. The funda-
mental law governing ultraviolet-visible absorption
photometry is Beer's Law which relates the ab-
sorption of light linearly to concentration:

A=kC

“A” is the absorbance of the solution, “C” is
the concentration and “k™ is a constant whose
value depends upon the wavelength of the radi-
ation, the nature of the absorbing system, and the
optical path length or cell thickness. Absorption
data for spectra are usually recorded in terms of
absorption versus wavelength. Wavelengths used
for analysis are those at which the substance ab-
sorbs strongly. Ultraviolet and visible spectro-
photometry is used in occupational health lab-
oratories for the determination of inorganic sub-
stances and numerous organic contaminants of
air, urinary metabolites and such blood compo-
nents as carboxyhemoglobin and circulating heavy
metals.

Infrared spectrophotomerry makes analytical
use of the molecular vibrations and rotations in
chemical substances exposed to radiation from the
infrared region of the spectrum. The atoms within
a molecule vibrate and rotate at definite frequen-
cies which are characteristic of that molecule. A
sample placed in a beam of radiation in a dis-
persive infrared spectrophotometer absorbs energy
at certain definite frequencies characteristic of the
molecular components in the sample cell and will
transmit the other frequencies. The absorption
(or transmittance) within a specific frequency



range may be correlated with the specific motions
of the functional chemical groups of a molecule
to identify their presence or absence.

No two compounds with different molecular
structures can have identical infrared spectra.
Hence, the infrared absorption spectrum is a char-
acteristic physical property (it is often termed a
“fingerprint”) of a compound, and it is a powerful
tool in both qualitative and quantitative analyses,
particularly for organic compounds as well as for
certain inorganic structures, notably CO, SiQ, and
NO bonds. Quantitative analysis may be per-
formed on a sample by selection of a specific
absorption band whose response varies directly
with the concentration of a given chemical species.

X-ray diffraction and fluorescent methods are
based upon physical properties related to the
atomic numbers of the constituent atoms in chem-
ical compounds and not on any chemical prop-
erties of these substances.

When monochromatic x radiation strikes a
crystalline material, the planes of the atoms in the
material diffract the x ray beam at angles which
depend upon the interplanar spacings in the crystal
lattice. An appropriate x-ray spectrometer is used
to scan and measure the wavelength and intensity
of the diffracted rays. The resultng x-ray diffrac-
tion pattern is characteristic of the components
of a sample, and crystalline materials, such as
quartz (a form of free silica) or asbestos can be
identified readily in mixtures of compounds. The
sample patterns are compared with those of
standards to identify and measure quantitatively
the crystaliine components of a sample.

X ray fluorescence is produced by an ¢lement
which is irradiated by an intense beam of x rays.
This fluorescence is observed as secondary x rays
whose wavelengths are characteristic of that ele-
ment. An x-ray spectrometer can be used to dis-
perse the emitted secondary x rays and clements
identified in the resulting spectrogram. Analytical
curves are prepared from standard series of the
pure compounds and the elemental constituents
determined quantitatively. Errors of less than five
percent are common with this method. The sensi-
tivity (limit of detection) will vary from a few
parts per million by weight to one percent depend-
mg on the element and the matrix material.

Emission spectroscopy and atomic absorption
spectrophotometry are complementary techniques
for the determination of atoms, ions, and a few
molecular substances. The region of the electro-
magnetic spectrum involved includes the near in-
frared, the visible and the ultraviolet. The methods
for analysis make practical use of this radiation for
both qualitative and quantitative determinations.

Flame emission and emission spectrographic
techniques are based upon the excitation of atomic
and ionic species to higher energy levels from
which states they emit characteristic wavelengths
of light as they return to their individual ground
states. In flame emission, the sample solution is
aspirated into a flame and certain wavelengths are
monitored to detect characteristic emissions. An
emission ph uses electrical energy to
excite the atomic (or molecular) species in a solid
or liquid sample. The complete emission spectrum
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is dispersed with a diffraction grating or a prism.
The spectra are detected by phototubes or are
recorded on a photographic emulsion supported
on a plate or film. The recorded spectrograms are
examined in a comparator-densitometer using
qualitative and quantitative standards of reference.
Flame emission spectroscopy is also used for quan-
titative analysis since the amount of light emitted
at a characteristic wavelength is proportional to
the concentration of element.

Atomic absorption spectrophotometry makes
use of the property that the atomic vapors of an
element will absorb that element’s characteristic
radiation in proportion to its concentration in a
flame. The sample is aspirated in solution form
into a flame as in flame emission spectroscopy.
The operating principle is based upon the decrease
in the intensity of a monochromatic beam of light
from a hollow cathode lamp or other source con-
sisting of the same elemental substance. Atomic
absorption is nsed mostly for guantitative analyses
and, as with flame emission and arc and spark
emission spectroscopy, it is valuable for the de-
termination of metallic and metal-like elements in
any type of sample which can be solubilized.

The term gas or vapor phase chromatography
includes all chromatographic separation techniques
using a gas as the mobile phase. Gas-liquid
chromatography (GLC) makes use of a liquid
distributed over the surface of a solid support
as the stationary phase in the form of a column
and a gas (helinm, argon, nitrogen or hydrogen)
as the mobile phase, The injected sample is
vaporized and transported onto the column with
one of the common carrier gases. The stationary
phase adsorbs the sample components but pot the
carrier gas. Different compounds m the sample
are retained to varied degrees by the stationary
phase; hence, they pass through the column at
different rates. The mobile carrier gas phase,
which flows continually through the column, car-
ries the different sample components through the
column to appear in turn at a detecting device
used in establishing the retention times of the
individual compounds and in providing a signal
for amplification to a recorder or integrator for a
quantitative analysis. The output is recorded as a
series of peaks on a strip chart recorder or fed
to an electronic integrator for direct readout. The
elution time is a function of the component, the
particular stationary phase and the column tem-
perature.

When the separate sample components have
been identified, standardization of the GLC
method is performed with a series of gas or vapor
standards under ‘identical chromatographic condi-
tions. Measurement of peak areas, preferably by
electronic integrators, provides the basis of quan-
titative analysis. This instrumental technique is
extremely useful for the determination of organic
contaminants in ambient and industrial atmos-
pheres.

A wide variety of electrochemical methods de-
pend on the phenomena that occur within an
electrochemical cell. One electrochemical method
that is used for specific analyses is polarography
or voltametry it which the current passing through



a solution is measured as a function of the applied
voltage. Essentially every element and many or-
ganic functional groups may be responsive to

phic analysis. The polarographic be-
havior of any substance is unique for a given set
of experimental conditions. If an unknown sub-
stance c¢an undergo either cathodic reduction or
anodic oxidation, qualitative and quantitative
analysis is possible. Polarographic recordings,
called polarograms, are obtained by measuring the
current and the applied voltage between a special
type of polarized microelectrode and a non-polar-
ized reference cell. Typical applications of polaro-
graphy include the analysis of samples for lead,
cadmium, zinc or mercaptans.

A second electrochemical technique useful in
many applications is based upon the use of ion-
selective electrodes. These electrodes are used
for the measurement of several cations (positive
ions) and anions {negative ions) in solution in-
cluding K+, Nat+, Agt, H,O+, CI, F-and NO,~.

Three types of electrodes in common use are
glass, liquid and solid state membrane electrodes.
Glass membrane electrodes depend on the pres-
ence of certain compounds in glass to render them
useful for the determination of certain ions. Omne
of the properties of the glass electrode is its highly
selective response to hydrogen ions when used as
a pH electrode. Other glass membrane electrodes
are available for the determination of ions such
as sodium, potassium and calcium. Liquid mem-
brane electrodes respond to a potential established
across the interface between the solution to be
analyzed and an immiscible liquid that bonds
selectively with the specific ion. This type of elec-
trode has been developed for the perchlorate and
nitrate jons. Solid state membrane electrodes
have the opposite property of glass (i.e., useful
for measuring anions); have been developed re-
cently and their operation depends upon the prin-
ciple of selective precipitation. Thus, the fluoride
ion electrode consists of a single crystal membrane
of lanthanum fluoride supported between a refer-
ence solution and the sample solution. Specific ion
electrodes are so closely related to pH electrodes
that they tend to be affected by acidity or basicity
changes; however, these effects can be overcome
by buffering an unknown sample to a pH near the
neutral point. The sensitivity of these electrodes
depends upon each particular type.

Only a few of the analytical methods available
to occupational health have been discussed. Sub-
sequent chapters will elaborate on analytical prin-
ciples and techniques in greater detail, particularly
with regard to applications in occupatmnal health.
In addition, the list of recommended texts for ad-
ditional reading should be consulted regularly.
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INTRODUCTION

In some respects the life process resembles a
gyroscope. It is in metastable equilibrium requir-
ing a continuous energy input to function in a
structure carefully designed and built to accommo-
date the system. Yet, despite the intrinsic delicacy
of its operation, it is remarkably able to cope with
and recover from stresses that would cause altera-
tions in its equilibrium. Living systems are in-
credibly complex and require an exquisite inte-
gration of processes to fulfill the requirements of
energy production, structural formation and main-
tenance and homeostasis — the maintenance of the
status quo. Biochemistry provides the scientific
discipline to accommodate much of our present
knowledge of life. It is convenient to review the
subject from the viewpoint of the divisions that
have been enumerated. To show how normal bio-
chemical processes may be affected by chemical
agents, examples of biochemical pathology will be
cited, as well as clinical applications of biochem-
istry in the detection of occupational disease.
Energy Production

The fundamental reaction by which energy s
produced in the body may be written:

30, - 2(-CH.-) =2C0, + 2H.O + energy
{Equation 1)

This is an oxidative process by which oxygen has
been added to the fuel source, (<CH.-) to produce
the waste materials carbon dioxide, water and
encrgy. As in other e¢nergy transformations, the
total amount of energy available is independent
of the path by which the change occurs. It de-
pends only upon the difference between the free
energy of formation of the reactants on the left
and the products on the right.

Although the chemical change in the energy-
producing system can be written as depicted, the
actual source of the available energy originates
the relative positions of electrons in the orbital
structures of the atoms involved in the reactions.
At one end of the spectrum of ¢lectron movement
we recognize that an atom may release an electron
altogether. The change

Fet+ & Fet++ { electron

represents such an oxidation of Fet+ to Fet++
with release of an electron. Since such a process
can occur only with the simultaneous acceptance
of the electron by another moiety, an oxidation is
coupled by a reduction. In biclogical systems, for
example, the oxidative loss of the electron from
the Fe+* structure is frequently coupled with ac-
ceptance by oxygen according to the reaction

electron + 1.2 0, + HF* = OH~
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In this case the oxygen atom has been reduced by
acceptance of the electron. The total process
Fet+ 4+ 1/20, + Ht = Fet++ + OH™ 4
encrgy
represents a transformation from reactants on the
left to products on the right at a lower energy level.
The statement of the reaction involved in the
major biological source of energy (equation 1)
represents a less extreme movement of electrons
than that described for the iron atom. In essence
the formulation suggests that the movement of an
electron pair from 1ts essentially equidistant point
between the carbon and hydrogen atoms in the
structure H

—C—
H
closer to the oxygen atoms in the product structures

:6:: C ::0: and :6: H

H

involves a decrease in the energy levels of the
reactants and products. The available liberated
energy can be usefully trapped by the organism.
The energy-trapping mechanism must be one
which provides the potential for the conversion of
the chemical-bond energy of oxidation to heat,
electrical, mechanical or new formulations of
chemical bond energy by means of specialized
‘ransducers.

To fulfill its function in living systems the
overall reaction of energy production implies the
availability of oxygen, the fuel substrate (-CH,-},
the removal of waste products {CO,, H,0, and
other materials) and a system for control of energy
made available by oxidation. These conditions
may not prevail due to injuries related to the in-
Justrial environment. Silicosis may impair oxygen
transport from lung to blood; carbon monoxide
may combine with hemoglobin to prevent it from
carrying oxygen. The cells may not have access
to substrate when the cell membrane is poisoned:
thus glucose cannot move into the cell due to in-
activation of the phosphorylating enzymes. Waste
products cannot be removed when kidney func-
tion is damaged by toxic agents such as mercury,
uranium, and phenolic substances.

Oxygen Metabolism .

Life ceases within minutes when the contin-
uous supply of oxygen is interrupted. A responsive
integrated physical, mechanical, hydraulic and



chemical system provides this essential element.
The diffusion of oxygen from the air inspired in
the lungs to the tissues, where it is utilized, is
facilitated by a sequential decrease in its partial
pressure. The pO, of approximately 158 mm in
the inspired air decreases to about 103 mm in the
alveolar spaces of the lung, 100 mm in the arterial
blood, and 37 mm in the peripheral venous blood
subsequent to tissue utilization. The mechanical
system of the muscle-controlled collapsible lung
provides for the volume flow of oxygen containing
air. The hydraulic arrangement of the heart pump
and blood vessels allows for the fluid movement
of the blood which serves as the oxygen transport
medium. In the blood the biconcave doughnut-
shaped erythrocyte (red cell) serves as a package
for the oxygen transporting protein hemoglobin.
This cellular bundle has manifest advantages in
protecting and controlling the delivery system.
Hemoglobin

From the viewpoint of the biochemist, the
protein hemoglobin provides an intriguing example
of the evolution of a molecular structure adapted
to a specific function,

The total molecule, with a molecular weight
of approximately 64,000 is made up of four sub-
units of about 16,000. Each subunit has two
essential components. One is a polypeptide chain
of somewhat more than 140 linearly condensed
amino acids. Associated with each polypeptide
chain is a planar iron-porphyrin complex, heme,
which serves as the oxygen binding moiety.
The heme structure fits into a cavity of the poly-
peptide. In simplified diagramatic outline, the

hemoglobin structure can be visualized as illus-
trated in Figure 5-1. In order to most effectively
fulfill its biological oxygen transport function with-
in the red cell package, the molecule of hemo-

Perutz MF: The hemogiobin molecule, Scientific Amer-
ican, Nov. 1964.

Figure 5-1. Hemoglobin Structure
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globin has been carcfully designed. It is globular
in shape so that it provides maximum volume in
the least space. High solubility of the protein
maintained by a large number of charged groups
on the surface of the molecule. These tend to
attract and hold polar water molecules close to the
protein. The hydrophilic shell helps to keep hemo-
globin in the aqueous phase.

During a normal lifetime, a human will pro-
duce five different types of polypeptides which will
pair to form four different kinds of hemoglobin.
Alpha and epsilon polypeptides appear first in
ambryonic life followed by alpha and gamma
chains in the foetus. With birth, the gamma chain
preduction ceases, to be replaced by the combina-
tion of alpha and beta chains of hemoglobin A,
the major component of adult hemoglobin. Start-
ing with birth, small quantities of a second hemo-
globin, A,, made up of alpha and delta chains are
to be found in the erythrocyte. The ultimate ar-
rangement in space of the polypeptide chains is
dependent upon the sequence of the polymeriza-
tion of the alpha amino acids of which they are
composed. In the typical amino acid structure:

R

l
+H,N-C-COO~

F
H

the R group can represent a variety of possible
substituent groups. When it is a hydrogen atom,
the total structure would be
H
l
+H,N-C-C0QO", the amino acid glycine.
l
H

An uncharged hydrophobic lipid group such as:
CH,
| /.CH_,
—CH gives the total structure:
C{{,
H,C—-CH

|
+ H_N—CH COQO™, the amino acid valine.
When the substituent groups are ionizable, as in
glutamic acid:

+00C-CH,CH,CH-COO~
NH,+
+H,NC lysine.
+H,N(CH.),-CH-COO~

NH,+

The polymer resulting from linkage of the amino
acids through alpha amino and carboxyl ends
will have points of charge extending from the
chain of this primary backbone structure:



R R

| |
- - - NH-CH-CONH-CH-CO- - -

The subsequent arrangement in space of the pep-
tide chain depends upon interactions between
groupings. The bonding of a hydrogen atom of the
peptide linkage between nitrogen and a reactive
peptide oxygene atom, (a “hydrogen bond”):

R
\ NH----0=C
H—C | _H

r ol
C~ _ IR
// \\\--.

O —~NH

can lead to coiling of the chain in the shape of an
alpha helix. This has the overall appearance of a
straight cylinder with the peptide backbone wound
in a spiral. In addition to the hydrogen bonds,
the availability of appropriately placed opposnely
charged, “R”, side chain groupings can assist in
the maitenance of a specific three-dimensional
conformation of the structure.

COO~---NH,+

Sharp bends in the chain are made possible by the
linkage of the cyclic amino acid proline

CH,-CH, O
N
\ /

NH

More definite intrachain linkage is achieved, for
example, by covalent bonding of sulfur atoms
from reactive cysteine amino acids:

et

In the case of the hemoglobin polypeptides
made up of approximately 140 amino acid resi-
dues, a significant contribution to the structure
arises from the interaction of the uncharged hydro-
phobic R side groupings. These interact by Van
der Waals surface forces to provide an essentially
uncharged internal cavity from which water mole-
cules are excluded and into which a “heme”
oxygen binding structure carefully fits.

Hemoglobin ts packaged in the
with a variety of enzymes and other substances
which play a supporting role in its function and
survival. The red blood cell, in humans, has lost
its original nucleus; has no mitochondria — those
“powerhouses™ of the tissue cells—yet uses energy.
It has a limited capacity for synthesis, and wear
and tear will limit its life span. The term “the
rancid red cel,” applied to aging cells, seems
appropriate; although it functions in oxygen
transport, too much oxygen can injure the cell
The anti-oxidant, Vitamin E, is one of its safe-
guards. Normally, alpha tocopherol, the principal
E Vitamin is adeqaate as supplied in the usual
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diet, but special conditions such as high oxygen
pressure warrant supplementation. Hence the
astronauts’ diet includes a proprietary orange drink
with a high content of this vitamin.

Orxides of nitrogen as well as more complicated
nitrogen com ds — amines, nitro compounds,
the sulfa drugs — either directly or through their
metabolites can oxidize the iron of hemoglobin to
the ferric state. In most people, fortunately, the
enzymes of the cell can regenerate hemoglobin by
reducing the ferric iron. However, there exists a
substantial population in which this process func-
tions poorly. Infants do not have fully developed
methemoglobin reducing systems. Drinking water
standards for nitrate nitrogen take cognizance of
this. There are persons who by reason of genetic
defects are imordinately susceptible to methemo-
globinemia from coatact with a variety of common
drugs and chemicals such as naphthalene, sulfas,

anti-malarials, nitro and amino compounds. The
frequency of such individuals is relatively high
(ca. 10%) among American Negroes}. Its signif-
icance in industrial hygiene and its relation to
glucose-6-phosphate dehydrogenase deficiency has
been noted in the literature. A smaller frequency
of the population are known to exhibit hemoglobin
variants — sickle cell, type M, Portland, etc.
These variants arise from substitution of different
amino acids in the molecule. The variant hemo-
globins lack durability. Chemical stress may cause
ureparable damage, with anemia resulting. Lists
of substances known to induce methemoglobinemia
and hemolytic anemia appear in the references.

Other Proteins

As in the case of hemoglobin, the three-dimen-
sional structure of the vast array of proteins found
in the body is determined by the sequence of the
amino acids of their primary structure. The extent
of their helical structure, charge interaction, cross-
linking and other secondary and tertiary structural
characteristics flow from this factor. In general,
the proteins dissolved in the body fluids are glo-
bular in shape. A notable exception is the plasma
protein fibrinogen which is long and narrow. As
m the case of hemoglobin, its structure is in keep-
ing with its function in blood clotting. The straw-
shaped fibrinogen molecule readily forms a mat to
trap the formed elements of the blood to form a
clot at the bleeding point.

Other proteins of the blood plasma include
albumin, the major constituent of the plasma pro-
teins. Albumin provides a regulatory influence on
the fluid balance of the blood through its osmotic
effect. The globulin proteins of the plasma in gen-
eral provide the potential for immunologic de-
fenses. Upon exposure of the organism to anti-
genic foreign proteins or small molecules linked
to protein (haptens) the immune defenses of the
body produce a protective protein antibody able
to react and neutralize the antigen. The globulin
fraction of plasma proteins, especially the gamma
globulins, provide this defensive capability. Struc-
tural proteins, such as collagen in connective
tissue, are generally long and linear. Collagen is
a triple-stranded counter-twisted triple helix. Ker-
atin of skin, hair and mails is constructed of single
peptide chains of alpha helices counter-twisted



into bundles of triple chains. This structure pro-
vides both strength and flexibility.

A deficiency of the serum protein, «-1 anti-
trypsin, has been found in some persons with
chronic respiratory disease. The deficiency has
been correlated with emphysema and a genetic de-
pendence established. Experimental evidence indi-
cates proteolytic enzymes released from injured
cells may exacerbate the damage unless suppressed
by antitrypsin. Studies of coal miners have yielded
controversial conclusions. The frequency of anti-
trypsin deficiency, which is highest among persons
of North European ancesfry, makes it a factor to
consider in investigations of emphysema and res-
piratory diseases. The measurement of serum anti-

in is routinely carried out in many clinical
laboratories, although usually in relation to other
diseases.
Enzymes

Enzymes, the catalysts of the body, are also
proteins. As for other proteins their three dimen-
sional structure or conformation is the conse-
quence of the sequence of the amino acids in their
primary structure. The ordered geometry of the
enzymes in space provides specific sites at which
the substrate molecules vpon which they act may
become fixed. As a consequence of the localiza-
tion of the substrate at the active site of the
enzyme the energy required to inmitiate a subse-
quent reaction is decreased. This decrease in
activation energy means that a larger fraction
of the molecules will have sufficient energy for
reaction even at body temperature, as compared
to relatively extreme conditions of pH and temper-
ature required for similar reactions in vitro. The
reaction rate will consequently increase. Enzymes
thus increase the speed of the reaction. Nearly any
influence which changes the shape of the enzyme
molecule will influence its ability to function as a
catalyst. Modifications in the hydrogen ion con-
centration (pH) of the environment will influence
the charge distribution of the enzyme surface and
may thus alter the shape of the enzyme or modify
the ability of charged substrates to approach and
be affixed to the active site. Characteristically
enzymes are found to be most effective at an op-
timal pH. Other influences such as the concen-
tration of charged particles in the medium may
also influence the enzyme surfaces. Thus the
ionic strength of the solution is significant. The
ambient temperature is important because with in-
creasing temperature the substrate molecules have
increasing energy. More of the molecules are
capable of reacting and the rate of the reaction in-
creases. On the other hand the enzyme protein also
is susceptible to the influence of an increase in
temperature and may be inactivated (denatured)
with loss of catalytic capacity. The positive and
negative effects balance at a point of optimal
temperature. For many enzymes this is body
temperature.

The catalytic role of enzymes is critical in the
performance of metabolism. Factors which in-
fluence their rate of reactivity markedly alter body
function. The availability of substrate molecules
is clearly a limiting consideration. When substrate
molecules are present in such high concentration
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that they continuously occupy all the active cata-
Iytic sites of the enzyme the reactions may proceed
at maximal velocity (Vees). On the other hand,
the removal of substrate by alternative com-
petitive pathways of reaction, or the presence of
molecules in the medium which compete for the
active catalytic site may slow a given enzymatic
reaction in a sequence of reactions to the point
at which it becomes the rate limiting in an
overall metabolic process. Other forms of inhibi-
tion are known. When, for example, a component
of the medium other than the substrate can attach
to the enzyme surface in such a way as to alter
the configuration of the active site, it may simul-
taneously decrease the catalytic activity of the
enzyme. This “allosteric inhibition” provides a
mechanism for the control of enzyme activity and
with it a method of process control in the cell
An additional control mechanism involves the
accurnulation of the products of a given reaction
or sequence of enzymatic reactions. Since many
systems operate at jnitial and final energy levels
which are not widely separated, the pileup of
product may be sufficient to slow or halt the
progress of the reaction. This feedback inhibition
can be cxerted at a single enzymatic step or in a
chain of reactions.

The structure of an enzyme and hence its
catalytic activity may be maodified by other -

fluences. In the body these proteins are subjected

to a continuous process of breakdown. This may
occur by oxidation and hydrolytic scission (pro-
teolysis) of the peptide chains.

External influences such as the presence of
toxic metals in the body can interact with active
catalytic enzyme sites or react elsewhere with the
molecule to render it ineffective. Interruption of
the function of a critical enzyme can have over-
whelming toxic effects for the organism.

A classic example of this, and of so-called
“letha! synthesis,” occurs when fluoracetate is
metabolized in the citric acid cycle (Figure 5-2):
fluocitrate is formed, which bonds irreversibly to
the enzyme aconitase, rendering the system in-
operable,

While many enzymes function as a single pro-
tein entity, a number require the presence of other
co-factors and activators. The vitamins, especialty
those of the B-vitamin group, are in this category.
Thiamine, biotin and lipoic acid are co-enzymes
frequently associated with enzymes required for
the addition and removal of carbon dioxide from
substrates. Nicotinamide, riboflavin, and ascorbic
acid have roles in energy transfer associated with
oxidation/reduction reactions. Pantothenic acid
is an essential component of the enzyme complex,
coenzyme A, involved in the metabolism of acetyl
groups. Vitamin B-12, cyancobalamin, has the
trace metal cobalt as an integral portion of its
structure and is a component of the enzyme system
which is concerned with the metabolic handling
of a one-carbon unit. Folic acid, another member
of the B-vitamin family, has a related function.

In the absence of an adequate nutritional sup-
ply of the vitamins, the function of the enzymes
of which they are components is severely com-
promised. The resulting metabolic malfunction
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finds expression many ways. Tiredness, lack of
energy, anemia, loss of weight, loss of appetite
and a host of subclinical and, in the acute stages,
overt clinical manifestations can occur.

Cobalt has been mentioned as a component
of the total enzyme systems involved in the meta-
bolism of single carbon upits. Other metals fulfill
related functions as enzyme co-factors. Calcium
and magnesium have prominent roles in hydrolytic
reactions. Copper, iron and molybdepum serve for
the purpos;s dori)gxidaﬁon/reduction systems, Zinc
occurs in hy en transport enzyme systems, in
the hydration of carbon dioxide to formyscarbonic
acid and, as does manganese, in enzymes involved
in the cleavage of peptide bonds. With the excep-
tion of calcium and iron, nutritional deficiencies
are rare for these trace elements. It is generally
the fact that the intestine provides a barrier to
the excess accumulation of the metals. On the
other hand the nutritional intake of iron and cal-
cium may be marginal for some postions of the
population. Women during the childbearing years
are subjected to continuous iron loss in menstrual
bleeding. Their nutritional replacement of this loss
is frequently insufficient to maintain homeostasis.
At times of rapid skeletal growth in children,
during periods of lactation and in older age for
both women and men the usual intake of calcum
may also be margina! or insufficient.

Types of Enzymes. In the course of the previous
discussion some examples have been cited of the
types of reactions catalyzed by enzymes. A syste-
matic grouping on this basis would include the
1) oxidoreduciases, enzymes concerned in oxida-
tion/reduction reactions 2) the transferases, en-
zymes which bring about the movement of a mo-
lecular grouping from a substrate to a recipient
3) the hydrolases, which are involved in cleavage
of bonds by the addition of the elements of water
4} the lyases, a group of enzymes whose function
is the cleavage of a segment of a molecule 5) the
isomerases, which catalyze the rearrangement of
the molecular framework and 6) the ligases, which
bring about the combination of molecular struc-
tures by covalent linkage.

The isolation of enzymes of distinctive struc-
ture but which perform the same catalytic function
is a subject of considerable imterest. These iso-
enzymes by virtue of their variable cellular distri-
bution and modified responsiveness to controlling
mechanisms, are able to provide enhanced moduo-
lation of the complex integration of the reactions
which occur in metabolism. The fact that organs
of the body and consequently the tissues and cells
of which they are composed may have specialized
functions is a matter of considerable import for
the diagnosis of disease. When liver tissue is de-
stroyed as in acute hepatitis, the breakdown of the
liver celis releases cellular enzymes to the plasma.
By measuring the plasma enzyme activity of the
liver transferases such as glutamic-pyruvic trans-
amipase and the liver dehydrogenases such as
lactic dehydrogenase, it becomes possible for the
physician to obtain a biochemical index of the
cellular destruction. Muscle tissue damage, as in
acute myocardiai infarction or in the wasting
diseases of muscular dystrophy can be monitored
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by the activity level of the phosphate group trans-
fer enzyme, creatine phosphokinase, Differentia-
tion between damage to the liver or the heart can
be made blgcnth‘:le igegrﬁﬁwtiou i plasma of the
respective c dehydrogenase isoe .

Because of their essential mﬁfﬁf the en-
Zymes are vulnerable points of attack by external
influences. Toxic agents from the environment as
well as drugs used for diagnosis and therapy can
induce marked changes in the entire organssm by
alteration of the rates of enzyme reactivity,

Measurement of the activity of the enzyme
cholinesterase has been very useful in surveillance
of exposure to anti-cholinesterase insecticides. The
enzymes in the blood, like that in the nervous
tissue, split acetyl choline into acetic acid and the
base, choline, but other substrates may be used in
following the reaction. Depression of enzyme ac-
tivity below normal is an indicator of response to
the agent,

In other cases serum enxymes may be im-
creased, rather than depressed, as a result of toxic
injury to cells or organs. There are five isoen-
zymes of lactic dehydrogenase occurring in serum.
These may be separated by electrophoresis, using
standard clinical laboratory equipment. They are
designated by number according to their rate of
migration, and their proportions reflect, in large
degree, their tissue of origin. The heart con-
tributes much of LDH isoenzyme No. 1, the liver
mostly LDH isoenzyme No. 5. Recent work on
animals, and a few cases of mercury exposure of
workmen suggests that an increase of LDH iso-
enzyme No. 5 over normal proportions may serve
as an indicator of liver injury from exposure (o
inorganic mercury.

Protein Symthesis

Under normal conditions the continuous break-
down of protein is matched by protein biosyn-
thesis. The individual stays in nitrogen balance in
that nitrogen constituents provided m the diet are
matched by mitrogen excretion in feces and urine.
During periods of growth the increase in cell mass
requires that protein synthesis be accelerated.
Mote nitrogen is retained than is excreted. The
individual is in a state of positive nitrogen balance.

Whether for replacement or for growth the
continuous need for proten synthesis is met by an
exquisitely coordinated mechanism in the cell. The
problems to be solved are formidable, The flow
of requisite structural components, the amino
acids, must be maintained and controlled in the
cell environment. The transfer of the amino acids
from the plasma across the cell wall requires a
specific transport mechanism and a supply of
energy. Once within the cell the amino acids need
to be selected and arranged in the proper sequence
50 that when firal linkage takes place between
their adjacent amino and carboxyl groups, the re-
sulting polypeptide chain will have the exact se-
quence requisite for its biologic and biochemical
function. To provide an inkiing as to the dimen-
sions of the problem, consider that thousands of
proteins of specific structure may be required, that
variation ip sequence of amino acids may result
in uncountable structural modification, and that



the initiation and termination of the synthetic
events must be completely controlled if the cell

is to avoid death by atrophy or by the uncon-

The remarkable capability of living things to
transmit hereditary information residis iagsthe
unique structure of the nucleic acids. Their build-

trolled overgrowth of cancer.

The somewhat more than two dozen individual
amino acids required for protein synthesis have
their original source in the dietary intake. When in-
gested in the form of food proteins, they are cleaved
in the intestine by the proiecolytic enzymes of the
pancreas, {trypsin, chymotrypsin and an array of
peptidases) to the constituent amino acids which
are then actively absorbed across the intestinal
wall into the plasma. While the processes of meta-
bolic transformation can convert most of the
aminc acids from one structural form to another,
a number can be provided only from food sources.
These “essemtial amino acids” include valine,
methionine, threonine, leucine, isoleucine, phen-
ylalanine, tryptophan and lysine. For adequate
nutrition a protein intake of between 1 to 2.5
£ 'kg/day from a variety of foods including meat,
eges, mitk and plant sources is considered reg-
uisite. The fower value provides for normal tissue
replacement in the adult while the higher value is
needed for the rapidly growing infant.

Following absorption from the intestine, the
amino acids circulate in the plasma for utilization
directly in cellular protein synthesis or metabolic
conversion. The uptake of amino acids by the cell
involves their specific “active transport,” an energy
requiring process, across the cell membrane. While
the detailed mechanism of membrane transport is
not clarified, it is established that in some instances
the process js controlled by an initial attachment
of hormones to specific receptor sites on the cell
membrane. This triggers the subsequent events
which bring about the cellular synthesis of proteins.
Bloeprints for Proteins

Protein synthesis starts with the stimulation of
the cell nucleus to read an appropriate portion of
its stored genetic information in its macromolec-
ular double-stranded desoxyribonucleic acid
(DNA) and produce from this template a mes-
senger ribonucieic acid (mRNA) which will serve
as the information source for protein synthesis in
the cell cytoplasm. The mRNA moves from the
nucleus to the cytoplasm and affixes to the ribo-
somes located in the fine structure of the cell sap.
At this point the amino acids of the cytoplasm are
selectively activated using available energy from
the “high energy™ chemical bond of adenosine
triphosphate (ATP) to attach to a carnier transfer
ribonucleic acid (tRNAJ}. The activated amino
acid is then delivered to the ribosome where it is
attached to the template of the messenger RNA.
Depending upon the nature of the code of the
RNA the various activated amino acids are tied
to the ends of the growing peptide chain to form
the linear peptide. The tRNA, having delivered
its specific amino acid, returns to the cytoplasm
for reloading of an amino acid. The processes
which signal the start of protein synthesis and its
completion at the end of the peptide chain are not
clearly understood as yet for *mammalian cell
systems. It appears though that a regulatory code
provides for the start and stop signal of protein
biosynthesis.
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ing blocks are the nucleotides composed of the

sequence: base-sugar-phosphate. The bases are
derived from the purine and pyrimidine classes
of compound by minor functional group modifi-
cations (Figure 5-3). The sugars in the nucleo-
tides are either of the ribose or 2-desoxyribose
structure with the nucleotide assembly linked by
way of a phosphate ester. Not only does the
nucleotide serve as a common structural unit in
the nucleic acid but also in an 1solated unit as a
co-factor of many enzyme systems to be later dis-
cussed. The linkage of nucleotides to form a strand
of nucleic acid is through the combination of a
phosphate of one nucieotide to the sugar of a
second. In this way the nucleotide bases extend
horizontally from the linear chain in the same way
that the rungs of a ladder are tied to the frame. In
actuality two chains of nucleotides associate with
the bases in apposition and are linked through
hydrogen bonds. The total system would be ap-
proximated by visualizing the rungs of the ladder
to be cut in the center of each but held together
so that they still had a ladder appearance. A
further complication is that the ladder instead of
being in one plane is twisted in a right-handed
helix. In order for this structure to serve as an
information mechanism it unfolds so that a single
strand of nucleotides is exposed to the environ-
ment. Synthesis of a new strand now takes place
by the linear alignment of complementary bases
to those of the onginal strand. The lineup of bases
in the newly formed nucleic acid (mRNA and
IRNA) provides for the specific ability of the
new structure to selectively pick a given amino
acid from the environment for protein synthesis on
the ribosomal surface. Protein synthesis can be
influenced by environmental factors. Inhalation of
vanadium pentoxide alters the content of the
amino acid cystine in the hair of rats and the
fingernails of workmen. The fungs of coal miners
with emphysema contain more of the fibrous tissue
protein, collagen, than do normal lungs or ab-
normal, but not emphysematous, lungs. Protein
synthesis can be altered or stopped by exposure
of man to environmental factors and this can re-
sult in enzyme induction or repression, misdirected
or uncontrolled protein synthesis. These changes
then manifest themselves as clinical changes,
lesions or death.

Hormones

Hormones are defined as a class of endogenous
compound effective in low concentration in con-
trolting or modifying metabolic processes at a dis-
tant receptor. Their activity may be exerted on a
target cell to induce metabolic change directly, or
they may serve to cause the production of a second
hormone which in turn controls cellular function,
or a given hormone may have both types of end
result. The hormones originating in the pituitary
gland in response to *“releasing factors™ have gen-
erally been divided into two groups depending
upon their anatomical source. Hormones of the
anterior lobe include the gonadal active follicle
stimulating hormone (F.S.H.), the luteinizing hor-
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mone (L.H.), and prolactin whose major effects
act directly upon their specific target cells. In
addition, the anterior pituitary also produces other
protein hormones which may also have more gen-
eral metabolic effects. Thyroid stimulating hor-
mone acts directly upon the thyroid gland to
induce the capture of plasma iodide by the gland,
its incorporation into a protein thyrogiobulin,
scission of the protein to yield a second amino
acid hormone thyoxine which circulates in the
plasma partly bound to a carrier protein, thyroid
binding hormone. Thyroxine acts as a potent regu-
lator of cellular metabolism inducing a marked
increase in the rate of oxygen utilization simul-
taneously with a sharp increase in cellular me-
tabolism. The growrh hormone of the anterior
pituitary is especially effective in inducing protein
synthesis in early development. Increase mn cell
mass, development of the long bones and accel-
erated utilization of carbohydrate are among its
noteworthy effects. The primary effect of the
adrenocorticotropic stimulating hormone (ACTH)
is to induce the synthesis of the steroid hormones
of the adrenal cortex. Two hormones of the pos-
terior pituitary have regulatory functions. Oxytocin
and vasopressin are peptides of eight amino acids
cach. The major effect of the former is to cause
contraction of smooth muscles. Vasopressin has a
significant action on the kidney inducing salt and
water retention.

Although several dozen intermediates and ster-
oid metabolites have been isolated from the
adrenal cortex, two compounds represent the
major hormonal products of the gland, Cortisol
(hydrocortisone) 15 elaborated upon the stimulus
of ACTH by a biosynthetic pathway which starts
with the two-carbon acetate unit. Successive com-
binations of three such units lead to a six-carbon
intermediate which is then degraded to the five-
carbon isoprenoid structure. Condensation of
three five-carbon units leads to the C-15 farnesol
moiety which in turn doubles to form the 10-
carbon linear squalene structure. It is of interest
that these intermediates in the pathway of mamma-
lian bigsynthesis also occur in the plant worid and
lead to the familiar essential oils. Cyclization of
squalene produces the condensed four-ring struc-
ture of the steroid nucleus and degradation of the
side chain produces the C-27 sterol, cholesterol.
When the nutritional circumstances of the indi-
vidual provide a greater supply of C-2 acetate
units than can be utilized for energy or biosyn-
thetic turnover the excess is converted into fats,
inctuding cholesterol. The combination of exces-
sive lipid intake, especially saturated fats, and a
sedentary and stressful life style is associated with
high concentrations of cholesterol in the plasma
and with atherosclerotic plaque deposition in the
vascular system. Individuals in this category are
high risk possibilities for coronary disease.

Although not universally accepted, some evi-
dence suggests that carbon monoxide and carbon
disulfide may elevate cholesterol and promote
plaque formation, Vanadium compounds have
been found to inhibit cholesterol synthesis in ani-
mals and man; however, after some time the orig-
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inal effectiveness disa . The additional meta-
bolic degradation of cholesterol in the adrenal
gland produces cortisol. This steroid hormone
provides the stimulus for a biochemical response
to stress. It induces conversion of amino acids to
glucose and stimulates the adipose storage areas
of lipids to release fatty acid for transport to_the
liver for utilization as an energy source. The
second major steroid hormone of the adrenal
cortex is aldosterone. The role of this hormone
is to assist in the control of the excretion of salt
and water. When the adrenal is destroyed as in
Addison’s disease, the accelerated loss of salt and
water can have rapidly fatal consequences. Other
steroid hormones include progesterone produced
by the corpus luteum and the placenta in preg-
nancy to maintain the uterine cellular structure,
estradiol formed in the ovary and responsible for
the development of secondary female sexual char-
acteristics and testosterone, the sex hormone in the
testes ible for analogous ses in the
male. Mention should be made of the important
hormone epinephrine of the adrenal medulia. It
is another means for biologic response to stress
in that its production and distribution in response
to a neural signal causes constriction of the blood
vessels with ncrease in blood flow, release of
glucose from the liver to the plasma and fatty acid
from the lipid stores. All these responses provide
an added capability to meet emergency contin-
gencies. Several other glands provide significant
factors for metabolic control. The pancreas is
the source of the protein hormones, insulin and
glucagon, which exert a direct control over the
glucose level of the blood. Insulin is released from
the pancreas upon elevation of blood sugar after
a meal or for other yeasons. By incompletely
understood mechanisms the hormone accelerates
the transfer of the sugar from the circulation to
the cells where it may be stored as the polymer
glycogen until required. Glucagon on the other
hand, is elaborated when blood sugar levels fall
below the normal range. Its major biochemical
effect is to cause breakdown of glycogen and re-
lease of glucose to the circulation. Parathyroid
hormone formed in the parathyroid gland and
thyrocalcitonin a product of the thyroid gland are
involved in the maintenance of calcium homeo-
stasis, In response to a decrease in the normal cir-
culating level of calcium, the refeased parathyroid
hormone preduces a sequence of biochemical re-
sponses whose net result is to elevate the con-
centration of plasma calcivm. Hormone induced
breakdown of bone cells provides calcjum and
simultaneously phosphate which is cleared by the
kidney by hormone induced phosphaturia. Sec-
ondary conservation of calcium occurs at the
kidney simultaneously with increased absorption
at the intestine, An elevation of plasma calcium
is followed by increased secretion of thyrocakci-
tonin producing enhanced deposition of the ele-
ment on the skeletal surface and fall in circulating
calcium levels. The biochemical balancing of the
two hormones provides a fine adjustment for
homeostasis of plasma calcium which is basically
maintained by interaction of plasma calcium with
the mineral reserves of the bone. For these hor-



mones and most others described above recent
investigations have established a common se-
quence of events leading to their biochemical
consequences. At the target cell hormone specific
receptor sites on the cell membrane are stimulated
to activate the membrane enzyme adenyl cyclase.
In turn the enzyme converts adenosine triphos-
phate (ATP) to cyclic adenosine monophosphate
{cAMP) which in the intercellular milieu initiates
the cellular events characteristic of the hormonal
response. The formulation of this “second mes-
senger” concept has provided a framework for
further study of the intriguing question of the
mechanism of the profound effects of trace
amounts of hormonal substances. In essence the
overall picture is one of an amplification system
in which a trigger mechanismn provokes a signif-
icantly enhanced response. An interesting correl-
ative change that occurs with the membrane fixa-
tion of most hormones is the release and cellular
uptake of calcium ion. This event has been in-
voked to explain the electrical changes observed
in the membrane upon hormonal stimulus.
Hormone production or function is known to
be altered by some metals and organic compounds,
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Lead interferes with thyroid hormone production;
the synthesis of epinephrines depends on adequacy
o: copper for an amine oxidase. It has been re-
ported that a deficiency of norepinephrine was
associated with treatment for alcoholism with
antabuse; this compound is known to bind to
copper. Chrominm has been found to be an
essential element, notably for its role in glucose
metabolism. It is apparently an adjunct to insulin.
Some elderly diabetics have been benefited by ad-
ministration of chromium.

The Heme Porphyrin Strocture

While the globin protein serves as the struc-
tural framework, it is the fron-porphyrin combina-
tion which is responsible for the molecular trans-
port of oxygen. At the time of synthesis of hemo-
globin in the young red cell all components, the
globin protein, the porphyrin structure and the
iron atom must be at the right place at the right
time.

The biosynthesis of the porphyrin molecule
starts with the amino acid glycine which couples
with activated succinic acid in the presence of an
enzyme catalyst to yield, after elimination of CO,,
delta aminolevulinic acid:
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Two molecules of deita aminolevulinic acid
join asymetrically to form porphobilinogen in the
presence of an enzyme catalyst:

N

2

and four molecules of porphobilinogen link in
linear fashion and then ring close to form the im-
portant intermediate structure uroporphyrinogen.
By selective loss of carbon dioxide and hydrogen
atoms, this is converted to the essential structure
protoporphyrin IX (Figure 5-4).

Insertion of the iron atom completes the as-
sembly of the heme structure for junction with the
globin to form hemoglobin.

Porphyrin Chemistry
Certain aspects of the heme structure are of
special significance to its oxygen transport func-
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tion. The planar structure of the molecule permits
it to slip readily into the cavity of the globin pro-
tein. It is held there by several forces, The anionic
charges of the porphyrin carboxyl side chains are
linked to points of positive charge in the globin
protein. The conjugated double bonds of the por-
phyrin confer aromatic character upon the struc-
ture with consequent availability of pi electrons.
These interact with analogous aromatic structures
strategically located in the cavity wall. The iron
atom, linked by coordinate bonding to four mitro-
gen atoms of the porphyrin has two coordinating
bonds available for additional linkage. Ope is
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Figure 5-4. Structure of Protoporphyrin IX

utilized for linkage to a histidine amino acid of
the globin structure and the sixth linkage is avail-
able for the reversible binding of oxygen.

In addition to the heme structure of hemo-
globin, porphyrins are essential in the processes
of energy production. In the cytochrome mole-
cules, they perform the task of electron transport
from one energy level to another. Subtle changes in
the structure, as by conversion of the -CH=CH,

H
!

side chains to —C— CH, and alterations in the
OH

structure of the combining protein serve to con-
vert the molecule from its role of oxygen to elec-
tron transport.

Breakdown of the porphyrin structure mvolves
cleavage of the ring to form a linear tetrapyrrole
followed by scission of the tetrapyrrole to a di-
pyrrole structure. The accompanying color changes
of the molecules provide the green pigment of
bile and then the clay brown pigment of feces.
When liver damage oc obstruction inhibits the
catabolism or excretion of the bile pigments, they
appear in the blood and skin as the yellow color
of jaundice.

Abnormalities of porphyrin metabolismn are
common to a number of industrial health prob-
lems. Delta aminolevulinic acid accumulates in

urine in lead poisoning and special chromatog-
raphy columns are commercially available for
assaying its urine content. Lead also increases
the urinary coproporphyrin; this substance was
once regarded as criterion for lead poisoning. As
noted, accumulation of porphyrin waste products
may cause porphyria or bilirubinemia unless the
liver functions to convert them into less toxic,
excretable compounds. The mduction of liver
enzymes, by DDT, to enhance bilirubin detoxica-
tion, has been noted.
Metabolism of Lipids
While carbohydrate and lipid can largely re-
place each other in the human diet some lipid ap-
essential to supply not only dietary palat-
ability but also the highly unsaturated fatty acids
that can not be produced by metabolic intercon-
versions. The high caloric valuc of lipids also
makes this class of nutrient a valuable energy
storage reservoir. Upon ingestion the lipids along
with other dictary nutrients are emulsified in the
stomach and pass to the upper intestine where the
bile acids, originating in the liver by catabolism
of cholesterol, assist in the stabilization of the
dispersed nutrients. The dietary lipids are then
cleaved by the pancreatic lipases to yield fatty
acids as well as mono and diglyceride scission
products of the nutrient triglycerides. In the
mucosal cells of the intestine a separation and re-
shuffling of the lipid constituents takes place.
Short chain fatty acids proceed by way of the
portal circulation to the liver while the longer
chain fatty acids are resynthesized into triglyc-
erides. Dietary cholesterol is esterified to a great
extent with unsaturated fatty acids during intes-
tinal cellular transport. The lipids which move into
the lymphatic circulation after absorption do so
in the form of small droplets called chylomicrons.
These are stabilized by a coating of protein which
inhibits their tendency toward agglomeration. The
lymphatic drainage is discharged into the circula-
tion at the thoracic duct. Lipids are then picked
up by adipose tissues or are metabolized by the
liver. The course of lipid metabolism in the liver
or peripherzal tissues involves a process of sequen-
tial degradation by which the fatty acid chains are
reduced two carbons at a time to yield acetyl
coenzyme A. This common catabolic end point
serves as the primary fuel source of the cell. The
mechanism by which the catabolic sequence occurs
is of some interest. In the first step the fatty acids
are activated by the use of ATP bond emergy to
form their acyl thiol coenzyme A esters. In this
form they are dehydrogenated to yield the alpha-
beta unsaturated compounds {Reaction 1).

O RCH,—CH,C0CoA—R-—CH=CH-COTCoA

and the reduced flavin nucleotide. The latter com-
pound feeds into the mitochondrial electron trans-
port system for capture of the available energy in
the form of thé ATP high energy bond.

In a second step a hydrolase enzyme adds a
molecule of water across the double bond to pro-
duce a beta hydroxyl acyl derivative (Reaction
).

() R-CH=CH-COCoA+HOH —R—-CH-CH,—COCoA.
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In the third step the hydroxyl group is oxidized co-factor to produce the corresponding keto acid
by a dehydrogenase enzyme with a nicotinamide  (Reaction III}.

I
() R-C—CH,—CO—COA“R—?—-CH,—CO'-COA.
|
OH O
The reduced nicotinamide co-factor proceeds to In a final step of the process the fatty acid is
surrender the hydrogen to mitochondrial oxidation  cleaved to yield a molecule with two less carbon
for additional energy capture as the ATP bond. atoms with the simultaneous formation of an

acetyl coenzyme A compound.

R—C—CH,—CO—CoA — R-C ~ CoA + CH,-CO —~ CoA.

| il
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The acetyl coenzyme A produced in this reaction  accounts for the fact that nutritional excesses can
feeds into the tricarboxylic acid (TCA) cycle. convert dietary constituents to fat. Acetyl co-
The residual fatty acid derivative is ready for enzyme A by mediation of a biotin cofactor
further degradation by another two carbon units. enzyme temporarily adds a molecule of carbon

The reverse process of fatty acid synthesis c]li\c;)xide to form malonyl coenzyme A. (Reaction

vy CH, CO~CoA+CO,~ HOOC—CH,—CO~ CoA.

This in turn adds a second acetyl coenzyme A The analgesic effects of aspirin are ascribed to
unit, loses carbon dioxide and ends as a C4 keto  its ishibition of prostaglandin synthesis.
acid, CH,-CO-CH,CO CoA. By reversal of pre-  Metabolism of Carbohydrates

vious reactions, essentially, the body produces a Dietary s ;

> e ugars and starches provide most of
C-4 fatty acid, butyric acid, CH,-CH, — CH, — ¢ carbohydrate in human nutrition. The starch
CO CoA. Repetition of the procedure results in - pyacromolecule is hydrolyzed in the intestine by
chain elongation to form the longer chain acids. e pancreatic enzyme amylase. After cleavage to
It is interesting 1o note that the process of fatly  ojycoce this monosacchoride and others present in

acid anabolism is not identical with the catabolic the food are absorbed across the mucosal surface
route. This difference provides the organism with ¢ . intestine. For the most part the hexose

the advantage of multiple points of metabolic con-

. : : : gars such as galactose and fructose are con-
trol. The final step in the synthesis of triglyceride  yerieq 1o glucose either during absorption or sub-
is the addition of the activated fatty acid to phos- sequently in the liver. After transport through the
phorylated glyceride to form the final product. In  1145) biood from intestine to liver the glucose is
addition to the storage of lipids in adipose tissue  ojther utilized in the liver as an energy source
the materials of this category have an essential polymerized for storage as glycogen or proceeds
structural role in cell membranes. The generalized through the peripheral circulation as part of the
structure of these compounds consist of a digly-  gjycose supply to the tissues. Two major pathways
ceride coupled through a phosphoric ester to a  cparaceerize the catabolism of glucose. The first
mtrogcnous constituent. In the _formuh R—PO:— is the process of glyco]ysis by which gluoosc is
CH, CH, NH,* as for cephalin for example, the  ,nverted anacrobically to pyruvic acid or further
structure has a highly hydrophobic fatty diglyc- ¢ 1actic acid. The second alternative sequence, the
cride, R, head with a charged jonic polar nitro-  pepyoce phosphate shunt, is an aerobic degradation

genous tail. The net result is that the molecule : certain speciali
orients itself in an aqueous medium with the polar :fwg;“:ﬁf‘e ﬁfg::l;iss;.bserves alized

group in the water phase and the lipid structure Glycolysi ; fes

- . N i ycolysis starts with the energy requiring
oricnted in the opposite direction. When com-  ohophorylation of glucose to yield its 6-phos-
bined with cholesterol and proteins these phos- phate. Rearrangement of the molecule by en-
pholipids provide the structure of the cell mem- v naric isomerization yields fructose 6-phosphate
brane which allows for remarkable specificity and  Ghich is further phosphorylated to produce fruc-
sclectivity for the passage of small molecules. (o5 1 6.diphosphate. This latter reaction is also
Modification in structure by substitution on the  epqosencus in its requirement for an energy
nitrogen atom provides for the multiplicity of the ;e After phosphorylation at the ends of the
class of phosphatides. Attachment of the carbo-  mpglecule, scission takes place in the center to pro-

hydrate inositol yields the i"“’i‘_id”' i duce two phosphorylated C-3 units, phosphogly-
Substitution of the glyceride fatty acid by  ceric aldehyde and phosphodihydroxyacétone. En-
aldehydes yields the family of plasmalegens. zymatic isomerization converts the latter to the

The prostaglandins are an interesting family former compound. In essence, then, one six-
of lipid substances. Although fatty acids, chem- carbon sugar is converted to two three-carbon
ically, they are tissue and cell hormones func-  sugars. In the next stage of glycolysis the aldehyde
tionally. group is converted to an acid with some of the
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released energy trapped in the form of the reduced
nicotinamide co-factor. In turn, the reduced co-
factor feeds into mitochondrial oxidation to pro-
vide usable energy in the form of the high energy
ATP bond. The glycolytic process continues with
shift of the phosphate from its position at the end
to the center of the molecule. The 2-phosphogly-
ceric acid loses a molecule of water to produce
the enol phosphate which in turn relinquishes the
phosphate to produce pyruvic acid. Under the
usual conditions of oxygenation the pyruvic acid
is oxidatively decarboxylated to yield carbon di-
oxide and acetyl coenzyme A. During vigorous
muscular exercise the pyruvic acid is reduced to
lactic acid which is released to the plasma for re-
tum to the liver. The glycolytic sequence thus
starts with a six-carbon sugar, glucose, traps some
of the decrease in free energy in the form of meta-
bolically useful reduced co-factor or in the bond
energy of ATP and provides four of its six carbons
as acetyl coenzyme A for further metabolism.
The second major pathway for. metabolism of
glucose is oxidative, requiring oxygen for the first
step. An enzyme, glucose-6-phosphate dehydro-
genase, utilizing nicotinamide-adenine dinucleotide
phosphate, (NADP}), as a co-factor converts the
glucose-6-phosphate substrate to the correspond-
ing acid. The resulting decrease in free energy
from the starting matenial to the reaction products
is partly held in the form of the reduced nucleotide
to be utilized elsewhere in the body for anabolic
purposes, for example, the reductive steps involved
in lipid biosynthesis depend on the availability of
NADPH. Decarboxylaticn of the gluconic acid
produces a five carbon pentose sugar. In an intri-
cate series of recombinations and scissions the
five-carbon pentose is eventually degraded to car-
bon dioxide. In contrast to muscle tissue which
metabolizes glucose almost entirely by the Embden-
Myerhof glycolytic path, the oxidative sequence
of the pentose shunt occurs in other cells, espec-
ially liver and erythrocytes, as an alternative al-
though less significant mode of carbohydrate

breakdown. The significance of this pathway is
that it offers a means for the body to provide the
pentoses needed for nucleic acids, yields NADPH
needed for a number of anabolic tasks, and offers
an alternate means for interconversion of carbo-
hydrates as well as the breakdown of glucose. The
reversal of carbohydrate breakdown can occur
from any metabolite which is convertible to py-
ruvic acid. Such possible sources include the
lipids and the proteins. Thus most foodstuffs can
ultimately yield storage carbohydrate in the form
of liver and muscle glycogen. At some points in
the glycolytic and glycogen synthesizing pathways
the reaction energetics s highly unfavorable for
anabolism. At such points alternative steps cir-
cumvent this problem. For reversal of glycolysis
one such step is the conversion of pyruvic acid to
phosphoenolpyruvate. The problem has been
solved by addition of carbon dioxide to pyruvate,
to form oxalacetate followed by conversion of the
ketoacid to phosphoenolpyruvate in a coupled re-
action. While the breakdown of glycogen to glu-
cose-1-phosphate s catalyzed by the complex
group of phosphorylase enzymes the synthesis of
the storage polymer follows an alternative path-
way. Glucose-6-phosphate is coupled to the nu-
cleotide uridine which serves as a carrier of the
saccharide in the form of uridine diphosphate
glucose (UDPG). In this form the glucose is avail-
able as well for interconversion to other sugars
such as galactose and the amino sugars. The latter
form a significant component of the mucopoly-
saccharides, a complex structural polymer espec-
ially of connective tissues.
Protein Metaboli

Amino acids derived from proteins can enter
into the mainstream of energy production by elim-
ination of the nitrogen of the ammo group and
oxidative conversion of the product to a fatty acid
derivative. These reactions, which occur primarily
in the liver, may be depicted in the following
stages:

R-CH-COOH — R-C-COOH — R-C-COOH + NH, — R-COCH + CO,

| i
NH, NH
The ammonia produced in the sequence is com-
bined with carbon dioxide to yield the excreted
waste product urea, NH,CONH, (Cf. Figure 5-5).
For the adult on a usual mixed diet approximately
20-30 g/day of urea will be formed and excreted
through the kidney into the urine. Uric acid is the
end product of purine metabolism in man.

Metabolism of Acetyl Coenzyme A

The conversion of proteins, carbohydrates and
lipids to the two-carbon acetyl unit in the form of
its coenzyme A combination makes this a focal
point of energy metabolism. By means of the tri-
carboxylic acid (TCA) cycle, the two carbons
of the acetyl group are converted to carbon di-
oxide. The difference in the free energy levels
of the acetyl group and its product carbon dioxide
is held temporarily by the conversion of the oxi-
dized form of the nicotinamide co-factor (NAD+)
to the reduced state, NADH. The steps involved

o
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in the TCA cycle consist of a series of enzymatic
condensations, redox reactions, and decarboxyl-
ations summarized in Figure 5-2. The net result
of the total process is the elimination of the acetyl
group in the form of CO, and the formation of
reduced co-factors for emergy trapping in mito-
chondrial oxidation.
Mitochondrial Oxidative Phosphorylation

Part of the energy released by catabolism is
made available to the body in the form of heat.
For all other purposes, however, it must be har-
nessed in a way which will permit its utilization
in subsequent coupled energy requiring reac-
tions. This s achieved in the process of mito-
chondrial oxidative phosphorylation. The oxida-
tion process is controlled by subdivision of energy
release into incremental steps. At appropriate
points in the reaction chain, energy available from
oxidative change is used to couple inorganic phos-



gether with its electron has been illustrated (Fig-
ure 5-2). The acceptance of the hydrogen atom
and electron by NAD+ represents the reduction
of the cofactor coupled with the oxidation of the
substrate. This change may be viewed in simplistic
terms as a transfer of the potential energy of the
donor to the recipient, NADH. The electrode po-
tential of the NAD+/NADH + H+* system is
about -0.32 volts as it operates in the cell.

Step 2:

In the second step of mitochondrial oxidation
the coupled reaction occurs by which the reduced
nicotinamide co-factor, NADH, transfers its hy-
drogen and associated electron to a riboflavin co-

Citrulline aspartate
'l'CO2 \\Nﬂs
+NH3 \

Oymithine

succmate

{minor
process)
- '.
Arginine Fumarate

Dawkins MSR, Rees KR: A Biochemical Approach io
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Figure 5-5. Urea Cycle

phate to adenosine diphosphate (ADP) to form
the important energy storage form adenosine tri-
phosphate (ATP). The reaction: ADP+Pi—
ATP requires approximately 8000 Cal/mol to
form the phosphate anhydride bond. Conversely
when the ATP molecule is coupled in an appro-
priate enzyme system with an energy uiring
reaction it is able 1o make available the 8000 Cal/
mol of its “high energy” phosphate bond. In an
appropriate system this energy can be utilized for
new chemical bonding, electrical, or mechanical
energy.
Steps in Mitochondrial Oxidative Phosphorylation

The free energy change (-AF’) represented by
the change from reactants to products, can be
measured in calories or recalculated in terms of
the change in electrode potentials, (E,’), expressed
in volts since the two terms are related by the
expression: AF="AF’.nF where n represents
the number of electrons {or hydrogen atoms) in-
volved and F is the Faraday (96,487 coulombs).
From this relation it can be calculated that a
difference of 1 volt between the E’, values when
n=2 represents a change of 46,166 gram-calor-
ies. For mitochondrial oxidative phosphorylation
the initial redox step at a value of E,=-032
for the system NAD+/NADH+H+ ends with
the reaction 1/2 O,/H,O at a value for E’, of
+0.82. The difference between these E’, values
provides a measure of the total potcntla] energy
available to the system. In order to capture and
utilize this energy, mitochondrial oxidative phos-
phorylation takes place in discrete steps with a
cascading change in the energetic levels of the
system,
Step 1: NAD+/NADH 4- H+

In the previously described reactions of the
TCA cycle the abstraction of a hydrogen atom to-

factor, flavin adenine dinucleotide (FAD). The
overall paired reactions may be written as follows:

a) NADH+H+ —~NAD+ 2H-

b) FAD+2H-— FADH,
Since the flavoprotein oxidized/reduced couple
has an E’, value of -0.06 volts the reaction rep-
resents a difference of -0.26 volts. This change is
more than sufficient to provide enough energy to
convert adenosine diphosphate and inorganic
phosphate to adenosine triphosphate, ADP 4 P, —
ATP since the energy requirement is about 8000
Cal, equivalent to 0.15 volts. Thus at this step
of oxidative phosphorylation the respiratory chain
is able to capture some of the released energy in
the form of the reusable high energy bond of ATP.
Step 3:

In the next step of electron transport the re-
duced flavin nucleotide transfers the hydrogens
and associated elecirons to the quinoid structure,
coenzyme Q. The encrgy change implicit in the
process is only 0.06 volts, imsufficient for the for-
mation of a high energy phospbate bond.

Flavoprotein H, — Flavoprotein  2H-
Coenzyme Q + 2H- — Coenzyme QH,
Step 4:

From reduced coenzyme Q the electrons are
transferred to the iron porphyrin system cyto-
chrome b while the released protons appear in the
medium.

QH, — Q 4 2 electroas + 2H+

2 cytochrome b (valence + 3) —

2 cytochrome b (valence 4 2)
The change in E’, of approximately 0.26 volts is
sufficient to allow for the formation of an addi-
tional high energy ATP bond.
Step 5:

Movement of the electrons from cytochrome b
to the iron porphyrin cytochrome C, mvolves a
change in energy level of only 0.03 volts insuffi-
cient for the formation of an ATP molecule.

Step 6:

The final sequence of mitochondrial oxidation
involving the electron from cytochrome
¢ to cytochrome a, cytochrome a, and finally to
oxygen with simultaneous uptake of protons from
the medium to form water, is accompanied by a
modification in E’, of a total of 0.73 volts. While
this overall change would accommodate the for-
mation of three ATP bonds in fact only one is
formed.



The overall process of mitochondrial oxidative
phosphorylation, starting with the substrate MH,
energy source and ending in the transfer of the hy-
drogen with its electron to form water, provides
three ATP high energy bonds of a total seven
that are theoretically possible. This is nonethe-
less a rather efficient mechanism for an ecnergy
transducer. One would compare this efficiency of
about 43% with conventional systems such as the
internal combustion engine or steam turbine and
decide that it was rather good.

In summary, the process of epergy formation
starts with potential substrates from any of the
major classes of nutrient proteins, carbohydrates,
and lipids. By use of enzyme catalysts, a series of
vitamin co-factors, and mineral elements in a syn-
chronized interlocking crganized chain, the poten-
tial energy implicit in the enzyme substrates is
efficiently captured in the form of the chemical
bond energy of the ATP molecule for use in energy
requiring coupled reactions.

Uncoupling of Oxidative Phosphorylation

Some drugs and toxic agents have the capacity
to interfere with the linkage of the energy captur-
ing step of ATP bond formation and the process
of electron transport in the mitochondrial electron
transport systern. As a result the engine con-
tinues to run, gencrates heat, but makes no prog-
ress. The transmission has been “uncoupled” from
the wheels. As one may anticipate, substrates
such as fats are consumed, but ATP bond energy
for anabolic purposes is lacking. “Uncouplers”
such as dinitropheno! were consequently used for
weight reduction many years ago, but have been
discarded because of their associated toxicity.
Sweating may occur when the uncoupled energy
is released, as observed in pentachlorphenol
poisoning.
Removal of Wastes

The direct waste products of metabolism are
water, carbonr dioxide, nitrogen in the form of
ammonia and a variety of minor specialized or-
ganic catabolites. The excretion of salts is par-
tiafly regulatory and partially a waste disposal
process. The continued processing of all these
materials is essential for the functioning of the
organism. Water, the major constituent of the
body, requires continued input for replacement of
the insensible loss of perspiration, in the moisture
of the outgoing breath and as a solvent to remove
solid wastes by solution in the urine. Control of
fluid adjustment by the kidney is achieved by a
feedback mechanism triggered by the osmotic
pressure of the blood as it flows over the osmor-
ceptors of the kidney and by the sodium content
of the blood as it flows through the adrenal cortex.
The multiple controlling systems, especially the
hormones (particularly aldosterone) of the adrenal
cortex and the posterior pituitary hormone vaso-
pleres]sin, integrate the water balance at the kidney

vel.

The combustion of foods to yield carbon di-
oxide throws a continuous acid load upon the
body. Carbon dioxide, a gas under ambient con-
ditions, is in equilibrium with water to form car-
bonic acid by the reaction:
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CO, 4+ H, 0= H,CO,

This reaction proceeds slowly under usual condi-
tions but is tremendously speeded in the body by
the zinc enzyme of the red cell, carbonic anhy-
drase. Since the acidity of the blood is carefully
maintained at approximately a pH of 7.4, the
carbonic acid generated by metabolism is rapidly
neutralized to yield the bicarbonate anion, HCO,,
which returns to the plasma from the erythrocyte.
The hydreogen ion from this reaction is neutralized
by the buffers of the blood, notably oxyhemo-
globin HbO,~, which simultaneously loses oxygen
at the tissues and provides for the neutralization of
the proton. The reaction HbO,— + H+ — HHb +
O, thus simultaneously unloads exygen at the tissues
and provides for the neutralization of hydrogen ion
arising from the carbonic acid of metabolism. The
process is reversed at the lungs. The oxygenation
of hemoglobin forms the stronger acid oxyhemo-
globin which in turn liberates a proton for re-
combination with bicarbonate to form carbonic
acid which in turn is converted to CO, by eryth-
rocyte carbonic anhydrase to produce the CO,
exhaled in the expired air. This mechanism for
the elimination of carbon dioxide is one of rapid
adjustment. The partial pressure (pCO,) of the
blood is constantly monitored by neural receptors
which bring about changes in respiration to ac-
commodate to the need for release of metabolic
carbon dioxide. One is aware of the slowed
breathing of sleep when metabolism is decreased.
At such a time the demand for oxygen intake and
carbon dioxide elimination is minimal compared to
the accelerated breathing during vigorous exercise.

The rapid adjustment of the lungs to acid load
is supported by the slower fine modulation at the
kidney. One of the major excretory components
of the urine is its phosphates. It will be recalled
that phosphoric acid has three ionizable groups
which function at various points in the acidity
scale. The anion pair H,PO, ~/HPO,= is one
which is operative in the maximal acidity range
of urine which is roughly from about pH 4.6 to
pH close to 8.0. Variations in acid load in the
body can be compensated by a mechanism which
results in the shift in the phosphate buffer pair by
neutralization of the hydrogen ion of the acid.
The reaction HPO,= -+ H+ & H,PO,— proceeds
to the right and provides a means for the excretion
of the acid load in the urine.

The elimination of the nitrogen load of meta-
bolism is essentially by means of its conversion in
the liver to urea and excretion of this product in
the urine as has been previously discusc:d. It is
clear that damage to the liver will inhibit the de-
toxification of ammonia through its conversion to
urea. Not only does this detoxification mechanism
fail with liver damage but so also are other meta-
bolic detoxifications inhibited. Failure of kidney
function by damage or disease is equally serious.
The accumulation of nitrogenous waste products,
azotemia, is usually monitored by measurement
of the urea content of the blood. Continued eleva-
tion of blood urea offers a poor prognosis of
recovery.,



BIOCHEMICAL MONITORING

To this point, the authors have presented a
body of factual information on the subject of bio-
chemistry. Hopefully, the reader seeks to find
how this may be applied to the problems for which
he requires solutions.

The first fact that may be obvious from the
material presented is that all men are created
equal — but different! While genetic categories
may be separated, within groups each individual
has his own biochemical pattern. This suggests
it might be desirable to have a biochemical profile
of a worker available for comparison with his
subsequent work and medical history. The de-
velopment of automated procedures in clinical
chemistry makes this feasible. An application of
biochemical profiling to an industrial health prob-
lem is cited in the reading list. Researchers inter-
ested in finding sensitive indicators of injury to
toxic agents ‘may be intrigued by the pattern de-
picted in Figure 5-6. This combines data from
serum, tissue from lung and adrenals, and leu-
cocyte assays into one picture. Adrenal stress is
evident from the eclevation of adrenal succinic
dehydrogenase: the leucocyte enzymes appear to
respond opposite, and to a greater degree, than
serum enzymes. One might be led to suspect that
leucocyte enzymes may provide a better index of
response fo injurious exposure than do serum
enzymes. Only adequate research will either cor-
roborate or discredit such suspicions. The tech-
niques of leucocyte separation and assays are de-
scribed in the literature cited.

General monitoring by profiling such as these
cases may be useful, but always requires interpre-
tation; a worker may have an alcoholic weck-
end, or a current infection, and confuse the inter-
pretation.

Monitoring of workers for exposure to metals
has been facilitated by the development of the
convenient and sensitive methods of atomic ab-
sorption spectroscopy.

Assay of cholinesterase activity of blood has
been mentioned as useful in monitoring exposure
to anti-cholinesterase insecticides. Another type
of monitoring involves analysis of urine for the
metabolite of the agent to be controlled: for ex-
ample, measurement of urinary pheno! content to
evaluate degree of exposure to benzene.

With the prospect that regulatory agencies are
aiming at setting biological standards for many or-
ganic, as well as inorganic substances, the subject
of the next section becomes especially relevant.

DETOXIFICATION PROCESSES

The ability of the body to neutralize potentially
damaging materials is remarkable. Heavy metals
such as lead are shunted into the skeletal system
where they are effectively buried in the bone. This
protective process fails when the breakdown of
bone, as in fever, may cause a release of the metal
m quantity greater than can be handled by the
normal slow and low level elimmation in the urine
and feces. In these circumstances, or when the in-
coming load is greater than can be effectively han-

died, the toxic symptoms of lead poisoning result.
In his modification of the environment man has also
introduced new factors in the problem. The radio-
isotopic elements uranium, strontium and pluton-
ium also are buried in the bone for purposes of
detoxication. These elements, however, retain their
intrinsic toxicity associated with their continuing
radiation. The net long term result is the radiation
damage of the surrounding cells and the develop-
ment of cancer.

Organic compounds are converted, if ible,
to forms which can be excreted by the boog)fr are
non-toxic. The liver oxidases have a remarkable
capability to add an -OH group to otherwise
poorly reactive compounds. Aromatic materials
such as benzene are converted to phenols. Ali-
phatic and h clic compounds are hydroxy-
lated to form alcohol derivatives. This mechanism
provides a handle by which the organism is further
able to convert the compounds to a water soluble
product which can be excreted in the wrine,
Phenols, for example, can then be conjugated with
sulfuric acid to form an ethereal sulfate, ROSO,H,
derivative. Sulfate derivatives of this kind are
readily excreted in the urine. An alternative con-
jugation is by way of the sugar acids resulting in
the formation of a soluble derivative of the form
RO(CHOH)., COOH. Conjugation with amino
acids, especially glycine or cysteine, also results in
the formation of soluble products that can be
cleared through the kidney and e¢liminated in the
urine. Where the toxic agent is susceptible to
hydrolytic cleavage, the appropriate enzymes may
break them down to their non-toxic component
structures. A variety of estecrases and proteolytic
enzymes are available for the cleavage of amide,
peptide and ester bonds. One of the more serious
groups of environmental and industrial toxicants
ts the family of amines, R-NH,. The oxidation of
these compounds to aldehydes and acids and their
conjugation to more hydrophilic derivatives are
frequent modes of their detoxication (Table 5-1).
The converse process of reduction, especially of
industrial nitro derivatives, R-NO,, provides a
mechanism for conversion te more tractable prod-
ucts for elimination.

Despite these ingenious metabolic mechanisms
for detoxication, it is clear that the continued
pollution of our environment is proceeding with
materials in quality and quantity beyond our capac-
ity to handle. Some evidence is available of some
increased body burdens of lead and of an accum-
ulation of organic insecticides in our tissues until
the last several years. The remarkable biochem-
ical homeostatic mechanisms need help from the
technical, politica!l and social efforts which are
essential for solution of our critical environment
problems.
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Courtesy Dr. Larry K. Lowry, Toxicology Section, NIOSH.
Figure 5-6. Profile, Germ Free, Coal Exposed, Control
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Biochemical Profile of Rats (Germ Free)
Exposed to Coal Dust. Control Values as
Reference.
Abbreviations:

LDH — Lactic Dehydrogenase

HBDH - Hydroxy Butyrate Dehydrogenase

G-6 PD — Glucose-6-Phosphate Dehydrogenase

APT — Alkaline Phosphatase

SDH — Succinic Dehydrogenase

AT — Serum Anti-trypsin
TIBC — Total Iron Binding Capacity of Serum
/ — Slant Lime Indicates Ratio Value




TABLE. 5-1 Major Types of Detoxication
Foreign Detoxication
Type substance product examples
Methylation Inorg. Compounds of As, Te (CHS)ZS"
-CH; N-CH,
Ring N compounds O
(l)l-l
Certain complex aromatic OCH3
phenols
CHOH-CH,NHCH,
Acetylation Aromatic Amines NHCOCH3
CH4CO- O

Amino Acids

{Known exceptions:
aromatic amine carcinogens,
also aliphatic amines),

R('i‘HCOOII

NHCOCH
e.g., Benzidené - hydroxvlated
aliphatic amines - aldehvdes.

Ethereal sulfate Phenols 0503H
-0SO4H {Cyclohexanol glucuronide)
Acetyl Aromatic Hydrccarbons S—CHZCHCOOH
Mercapturic acid Halogenated Aromatic HC's
- $ L]
SCHZCHCOOH Polycycelic HC's NHCOCHB
NHCOCH3 B~
Sulfonated esters Czl-l:.,:':‘sos-(',l'l3 C2H5 acetyl cysteyl-
Nitroparaffins lC4H 9.\?02) C4H9-acety1 cysteyl-
Thiocyanate Cyanide, inorganic
Organic Cyanides RCKS
{Nitriles)
Clycine Aromatic Acids
Aromatic-aliphatic acids CONHCHZCOOH
-NHCH,COOH Furane carboxylic acids
Thiophene " "
Polycyclic " "
(Bile acids}
Glucuronate Aliphatic (1°, 2°, 3°) OCgH o0
and Aromatic Hydroxyl {Ether}
C=0
Aromatic Carboxyl T~
0C6H906
(Ester)

Glucose Hydrazone

Hydrazine
" derivatives ?

NHZN = CHC5I1805

Courtesy Dr. H. E. Stokinger, Toxicology Section, NIOSH.
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CHAPTER 6
REVIEW OF PHYSIOLOGY
James L. Whittenberger, M.D.

INTRODUCTION

Physiology is the basic biomedical science
which deals with function in living organisms.
Since form and function cannot be studied apart
from each other, anatomy and physiology were
undoubtedly two of the earliest biomedical sciences
to be developed. As rapid expansion of natural
sciences occurred, particularly in the first half of
the twentieth century, specialization and fragmen-
tation has led to splitting off of several fields from
the parent discipline of physiology — including
biochemistry, biophysics, and more recently, mo-
lecular and cell biology. For the purposes of this
Syllabus, we shall assume that physiology is con-
cerned with the full range of function, from the
activities of a living cell to the performance of the
whole organism.

A major concern of physiology is the role of
environmental factors in influencing function. A
fundamental principle of mammalian physiology
is that basic intracellular processes can proceed
only if the fluid environment surrounding each cell
is maintained in a nearly constant state with re-
spect to temperature, oxygen supply, acidity and
nuirients. A major role of most systems of the
body -~ respiratory, circulatory, alimentary and
excretory for example — is to maintain near-
constancy of the so-called internal environment of
the body. By contrast, the external environment
is variable over wide limits — in temperature,
humidity, ionizing and nonionizing radiation en-
ergy, barometric pressure, and presence of noxious
gases and particles. Interaction between the or-
ganism and the external environment is continuous
and calls upon various protective and adaptive
responses of the organism. In ordinary life and in
the usual working environment these adjustments
are automatic and unconscious; they put no par-
ticular strain on the organism and are a part of
healthy existence.

A primary objective of industrial hygiene engi-
neering is to control the occupational environment
so that workers will not be exposed to extremes of
heat and noise, or to unsafe levels of noxious
gases, dusts and fumes. The degree of control
needed depends on the type and extent of biologic
response that might be induced. Since it is not
economical to control the environment completely,
it is important to know the nature and extent of
biologic response in order to make rational deci-
sions about the extent of control necded in relation
to other measures that can be used to protect the
health of the workers. For example, it may not be
feasible (too costly) to control the heat in the
particular environment; however, a biological re-
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sponse to heat (that is, a heat stress study curve)
can be used to determine a safe level (using tem-
perature and time) of e to heat and when
the worker should be given a rest period.

The kinds of biologic response to occupational
environmental stresses range from harmless physi-
ologic responses {such as respiratory and circula-
tory adjustments to physical exercise) through a
variety of toxicologic manifestations which may
include acute diseases such as chemical pneu-
monias and chronic diseases such as silicosis, or
cancer of various organ systems. Thus the re-
sponses to environment involve toxicology, pathol-
ogy and other medical specialties besides physiol-
ogy; but these sciences cannot be understood with-
out a basic knowledge of physiology and bic-
chemistry.

BASIC CELL FUNCTIONS

The basic unit of all living organisms is an
individual cell. Certain principles are common to
almost all cells and represent minimal require-
ments for maintaining the integrity of the cell.
Thus a human liver cell and a free-living ameba
do not differ much in their means of exchanging
materials with the immediate environment, obtain-
ing energy from nutrients, synthesizing profeins,
and reproducing themselves,

The difference among cells in the different
tissues of the body usually represents a specializa-
tion of some one function of the functions common
to all cells. Thus the excitability of nerve cells
represents a specialization of electrical phenomena
common to the membranes of almost all cells; the
transport of food molecules across intestinal cells
is a specialization of transport mechanisms that
are very similar in all cells.

Types of Molecules

Water forms the medium in which all living
processes occur, and life as we know it is incon-
ceivable in the absence of water. Sixty percent of
the body weight is water, and 80% of the weight
of a cell is water. Because so many different mole-
cules can dissolve in water, it is an ideal medium
for chemical reactions. Water participates in prac-
tically every process in the organism and without
this medium we could not have a circulatory
system.

Despite the importance of water, the chem-
istry of living systems is centered about the chem-
istry of carbon which makes up 45 percent of the
dry weight of the body. Carbon atoms can form
four separate bonds with other atoms, in particular
with other carbon atoms, making possible the
formation of large molecules with a variety of



structures. In combination with hydrogen, oxy-
gen, nitrogen, and occasionally sulfur and phos-
phorus, carbon compounds make up the major
classes of organic molecules in the body — pro-
teins, lipids, carbohydrates and nucleic acids. Pro-
teins constitute about 17% of the body weight —
they make up much of the structure of the body
as connective tissues and muscle. They catalyze
most of the chemical reactions in cells and serve
many specific functions, for example, as hor-
mones, carriers of oxygen and carbon dioxide
(hemoglobin), and as the principa! mechanism of
immunity (antibody formation).

Lipids make up about 15% of body weight
and because of their relative insolubility in water
perform a very important role in the permeability
of cell membranes. One class of lipids includes
the steroid hormones. Carbohydrates constitute
only about 1% of body weight, but supply most
of the energy needs of the body. Nucleic acids
are even smaller in amount, but include the largest
and most specialized molecules in the body — the
deoxyribonucleic acid (DNA) molecules which
are the blueprints of genetic information in the
cell pucleus, and the ribonucleic acid (RNA)
molecules which transcribe and carry the infor-
mation in forms that can be used to synthesize
proteins in the cytoplasm.

Energy and Cellular Metabolism

Metabolism refers to the sum of chemical re-
actions taking place in a living cell or organism;
it includes both the process of fragmentation of
large molecules into smaller ones and the synthesis
of large molecules from raw materials in the cell.
Both processes go on simultaneously in different
parts of the cell, with hundreds of chemical reac-
tions taking place in an orderly fashion.

That such reactions can take place at normal
body temperature is due to the presence of special
protein molecules which act as catalysts. Although

are not destroyed by the reactions they
catalyze, like all biologic molecules they are in a
state of dynamic equilibrium between the rate of
breakdown and the rate of synthesis. The cell’s
ability to control these rates is one mechanism for
control of the rates of metabolism within cells.
Some enzymes are highly specific, acting on only
one type of substrate molecule; others interact
with a range of substrate molecules which have a
particular type of chemical bond or grouping
which is specific for the enzyme. Over 900 differ-
ent enzymes have been identified and there are
undoubtedly many more to be discovered.

THE INTERNAL ENVIRONMENT

Like a free-living single-celled organism in the
sea, every cell in the body is bathed in an aqueous
medium — the extra-cellular fluid — which in
salt composition is not dissimilar to that of the
sea (at the salt concentrations which probably
obtained when terrestrial life evolved from the
sea). The extracellular fluid provides ready access
to nutrients and oxygen, serves the needs for
waste disposal and stabilizes conditions outside
the cell membrane.

The extracellular fluid — the internal envir-
onment of the body — consists of two compart-
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ments. Eighty percent of it surrounds the cells
within tissues in all parts of the body; the re-
mainder is within the vascular system — the liquid
part of the blood — the plasma. Since the blood
15 pumped to all parts of the body, where cells are
close to capillaries, there is rapid exchange be-
tween plasma and extracellular fluid. Conse-
quently, the compesition of the two fluid com-
partments is very similar, except for the presence
of proteins in the plasma. The proteins do not
normally pass through the capillary wall and they
serve a very useful role in controlling fluid ex-
change in the capillaries.
Homeostasis

This important concept, first enunciated by
Claude Bernard, refers to the relative fixity of
the internal environment and the role of many
organs and systems in stabilizing the internal en-
vironment. The temperature, the concentrations
of oxygen, carbon dioxide, nutrients, and inor-
ganic ions — all must remain relatively unchanged
in the extracellular fluid. Virtually every system
of the body contributes to this stability — the
liver adds or subtracts molecules as needed, the
lungs delicately adjust the oxygen and carbon di-
oxide in the blood, the kidneys excrete or absorb
the right amount of water and salts, and so on.
The activities of tissnes and organs are regulated
and integrated with each other so that any change
in the internal environment automatically initiates
a reaction to minimize the change. Thus stability
is achieved in the presence of wide fluctuations in
activity of the total organism and wide ranges of
external environmenta! conditions.

NEURAL CONTROL MECHANISMS

The development of the human nervous sys-
tem is one of the most remarkable of evolutionary
achievements. The nervous system is a major
interface between the organism and the environ-
ment; it serves in many of the mechanisms that
maintain homeostasis; it controls posture and body
movements; it is the seat of subjective experience,
memory, language, and the thought processes that
characterize human activity.

The fundamental unit of the nervous system
is the neuron, which consists of cell body, den-
drites, and the axone, which may be several feet
in length. Only about 10% of the cells in the
nervous systermn are neurons, the remainder serv-
ing mainly as supporting elements.

The connections between nerve cells, called
synapses, play a key role in the transmission of
impulses in the nervous system; one cell may be
directly connected with as many as 15,000 other
cells by means of synapses. The basic mechanism
of impulse transmission is the action current which
results from depolarization of the cell membrane
under the influence of chemical or mechanical
events. The threshold for depolarization differs in
different parts of the neurons and is influenced by
the local environment of the cell; this is also true
of the synapse. Nerve stiu:ulation or alteration of
local jons may be excitatory (lowering threshold
for depolarization and action potential genera-
tion), or inhibitory (raising the threshold).



Presumably the mechanism whereby impulses
are transmitted through synapses involves the re-
lease of a chemical at a cell terminal, with rapid
diffusion to a reactive site on the second cell.
With few exceptions (acetyl choline in the para-
sympathetic system and norepinephrine in the
sympathetic system), the identity of these trans-
mitters is unknown.

There are three functional classes of neurons:
1) afferent neurons which frequently are con-
nected to sensory receptors (touch, taste, smell,
sight, etc.) and which transmit information in the
form of coded action potentials from the peripheral
to the central nervous system; 2) efferent neurons,
which transmit action potentials from centers in
the spinal cord and brain to skeletal muscle,
smooth muscle, or secretory cells in the periphery;
and 3) interneurons, which make up 97% of the
total and which provide the vast number of inter-
connections in the central nervous system.

The sensory receptors are of special interest
in environmental health for their responsiveness
or lack of responsiveness to different kinds of
energy in the environment. For example, ex-
tremely sensitive receptors in the eye respond to
electromagnetic energy in the narrow visible spec-
trum, but the eye has no receptors which respond
to long wave frequencies or to ionizing radiation.
The auditory system is highly developed to trans-
late sound energy into nerve action potentials, and
smell receptors respond to as little as 4 to 8 mole-
cules of a substance. Other receptors respond
selectively to mechanical stresses and to changes
in chemical energy. Although receptors in general
are adapted to respond to a particular kind of
energy, they usually can be activated by other
forms applied in sufficient strength. For example,
the visual receptors normally respond to light but
they can be activated by intense mechanical stim-
uli, such as a blow on the eyeball.

The Reflex Are

The reflex arc illustrates many of the com-
ponents of nervous control. The five components
are a receptor, an afferent nervous pathway to
carry action potentials to the central nervous
system, an integrating cegter in the spinal cord
or brain, an efferent pathway to carry action
potentials from the central nervous system, and
the effector which is activated.

The receptor detects an environmental change
(temperature, pressure, etc.), perhaps by a change
of permeability, and alters its signals to the affer-
ent nerve. The integrating center receives input
from many receptors and from other parts of the
nervous system. The net result of these inputs is
an “order” which is transmitted by the efferent
pathway to a muscle or gland. If the initial stim-
ulus is cold exposure, the integrating center would
be in the brain, and the effector response would be
an increase in skeletal muscle tone and constric-
tion of skin blood vessels which would conserve
heat by diminishing blood flow. Such responses
are automatic and usually not consciously per-
ceived.

Divisions of the Nervous System
Overall the nervous system is divided into
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central and peripheral portions, the central inciud-
ing both the brain in its several parts within the
cranium, and the spinal cord within the vertebral
column. Another way of dividing the system is
into afferent and efferent components; the afferent
includes the pathways from the specialized re-
ceptors and from other sensory nerve endings in
tissue; the efferent system leaves the brain and
spinal cord to transmit impulses to skeletal mus-
cle, cardiac muscle, smooth muscle, and glands.
Autonomic Nervous System

The efferent system to skeletal muscle is the
somatic nervous system; the other part of the
efferent system is known as the autonomic nervous
system. It deserves special attention because of
its role in maintaining homeostasis. It provides
dual innervation to the heart, the smooth muscle
of lungs, blood vessels, intestinal tract, and other
organs, and to secrctory glands. The dual systems
differ physiologically and anatomically and are
called the sympathetic and parasympathetic sys-
tems. Whatever one division does to an effector
organ, the other usually does the opposite; thus
action potentials over the sympathetic nerves to
the heart increase the heart rate, while action
poteatials over the parasympathetic fibers decrease
it Dual innervation with nerves inducing op-
posite effects provides a fine degree of control
over an effector organ.

In general the sympathetic system helps the
body cope with challenges from the outside en-
vironment (increasing flow to exercising muscles,
constricting other vessels to sustain blood pres-
sure, increasing metabolism, etc.) whereas the
parasympathetic system is more active in diges-
tion and other resting activities. Activation of the
sympathetic system is likely to have widespread
effects in the body, partly because the adrenal
medulla is concurrently stimulated to secrete epin-
ephrine (adrenalin) into the blood.

HORMONAL CONTROL MECHANISMS

A second communications and control system
is provided by the glands of internal secretion,
which secrete specific chemicals into the blood-
stream which then circulates them throughout the
body, where they may affect a small number of
target cells or in some instances a large number
of cells. An example of the former is the effect
of thyrotropic hormone from the anterior pituitary,
affecting only the cells of the thyroid gland. An
example of widespread effect is that of insulin,
which increases the entry of glucose into most
cells of the body, except in the brain.

Except for maintenance of reproductive ac-
tivities, the body is capable of functioning without
the endocrine glands, including even the anterior
pitnitary — the so-called master gland. However,
the level of function in the absence of hormones is
very deficient. Metabolic activities are depressed
and resistance to infection and other stresses is
much below normal; in addition there are other
abnormalities that relate to specific hormones.

A general principle pertaining to hormones is
that they are always present in the blood, at con-
centrations that depend on 1) the rate of produc-
tion in specific cells, 2) the amount of storage in



those cells, 3} the rate of release into the blood
and 4) the rate of removal from the blood by
absorption in a target organ, inactivation, or excre-
tion. The control systems may act on ome or
more of these factors.

Until recent years, the endocrine systems were
studied independent of the central nervous sys
tem, although it was recognized that the anterior
pituitary was anatomically closely related to the
base of the brain (the hypothalamus), and that
emotional states could influence the function of
the thyroid, the adrenal, and the reproductive
glands of internal secretion. Now close functional,
as well as anatomic, relationships between the two

communication systems of the body are well
established.

In a sense the central nervous system “leads”
the major components of the endocrine system
by the secretion of “releasing factors™ in the hy-
pothalamus. These control the production and
secretion of six separate hormones of the anterior
pmutary
The thyrotropic hormone regulates the

production of thyroid hormone in the cells
of the thyroid;
The adrenocorticotropic hormone (ACTH)
regulates the production of cortisol in the
adrenal cortex;
The luteotropic hormone controls the pro-
duction of progesterone;
The follicle-stimulating hormone controls
the maturation and release of ova from the
ovary;
The lactogenic hormone (prolactin) con-
trols the production of milk by cells in the
breast; and
The so-called growth hormone, which has
multiple metabolic effects.

In addition to these effects mediated by the
anterior pituitary, the hypothalamus secretes two
other hormones formerly thought to be produced
by the posterior pituitary — the anti-diuretic hor-
mone which regulates the reabsorption of water
in the kidney, and the hormone oxytocin, which
stimulates contraction of the gravid uterus.

In addition to its central role in regulating the
above hormones, the hypothalamus controls the
autonomic nervous system, which in turn controls
the secretion of epinephrine. There are a few
hormones, such as insulin and aldosterone which
are not regulated by the hypothalamus or pituitary.

Part of the control of hormone production
is the negative feedback effect of the hormone
produced by the target organ. Thus thyrotropic
hormone from the pituitary stimulates the thyroid
ceils to produce thyroid hormone, but thyroid
hormone, either produced by the organism or ad-
ministered as a drug, depresses the output of “re-
leasing factor” from the hypothalamus and in
turn the output of thyrotropic hormone by the
anterior pituitary.

Some of the mechanisms by which hormones
act are known; others are not known. They do
not create new functions of cells, but are usually
found to alter rates at which existing processes
proceed by increasing the activity of a critical en-
zyme (by increasing its production or by activating
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a stored form) or by altering the rate of mem-
brane transport. For example, one of the actions
of insulin is to increase the rate of entry of glucose
into cells. Actions of hormones on cells often
involve interactions with other hormones; for ex-
ample, epinephrine causes release of fatty acids
from adipose cells only when thyroid hormone is
present.

The role of hormones, especially those pro-
duced by the adrenal cortex, 1s important in the
recognition of the responses of the body 1o any
kind of stress, be it exposure to toxic chemicals,
extremes of heat and cold, heavy exercise, and
other stresses. Some effects of a toxic chemical
may be direct effects on specific cells while the
remaining effects are secondary to increased pro-
duction of cortisol. Since adrenal cortical hor-
mones play important roles in the inflammatory
process, in immune responses, and in diverse me-
tabolic processes, it is clear that a knowledge of
hormones is essential to understanding the mecha-
nisms of response to stress,

RESPIRATORY SYSTEM

In common understanding, the respiratory sys-
tem includes only the lungs and conducting air-
ways. Logically, the term should include the cir-
culatory system as well, since the two systems are
jointly responsible for meeting the respiratory
needs of the body, providing as they do the mech-
anism whereby the countless biflions of cells are
kept in minute to minute contact with the external
environment for access to oxygen and for elimina-
tion of carbon dioxide.

The basic role of the lungs and related com-
ponents of the system is to provide the essential
conditions under which rapid exchange of oxygen
and carbon dioxide can take place between the
atmosphere and the blood coming to the pul-
monary capillaries. A large surface is needed
and this is provided by the estimated area of 70
square meters for an adult male’s alveolar surface,
where pulmonary capillary blood is in close jux-
taposition to the alveolar gas. The rate at which
oxygen must be taken into the body (and propor-
tional amounts of carbon dioxide released) varies
from about 200 ml/min at rest to 30 times that
amount during exhausting exercise. If this wide
range of need is to be met without significant
change in the internal environment, there must be
corresponding changes in the rates at which pul-
monary capillary blood is replaced and alveolar
gas is exchanged with ambient air; these changes
are accomplished by integrated responses of the
cardiovascular system so that ventilation and per-
fusion of the alveolar surface is always closely
matched in healthy individuals.

Airways

The conducting portion of the respiratory sys-
tem appears well-designed as a low resistance
pathway for uniform distribution of gases to the
alveolar surface, with numerous characteristics
which “condition™ the air and protect the lungs
from at least the largest of infectious or noxious
particles in the atmosphere. Some of the protec-
tive aspects are as follows:

The convoluted, moist, and richly vascular



mucosa of the nose protects nose-breathers from
inhaling particles larger than 5 or 10 microns in
diameter; soluble gases are largely removed by
absorption, and the inspired air is warmed and
moistened (or cooled under hot, dry conditions).
In addition, the sense of smell receptors in the
upper reaches of the nose may serve a protective
role.

The tracheobronchial system is lined with cilia
which constantly force toward the larynx a “car-
pet” of mucus which is secreted by mucosal
glands. The mucus carries with it the microorgan-
isms and particles which have impinged upon it, as
well as macrophages which move out of the alve-
oli, often with a burden of material scavenged from
the alveolar surface. When the mucus reaches the
pharynx it is uwsually swallowed, but may be ex-
pectorated. These “pulmonary clearance” mech-
anisms play an important role in preventing pul-
monary effects from inhalation of dusts, fumes,
and other materials of concern in occupational
exposure. The cough mechanism is a coordinated
pattern of mechanical events that tends to expel
foreign materials from the tracheobronchial tree.

Other pulmonary responses occur in response
to environmental exposures, but are less clearly
protective. Most important of these is the bronch-
ospasm which characterizes the response to many
irritant gases. The partial or complete closure of
bronchioles certainly impedes access to the alveoli,
but it does so at the cost of greatly increased
breathing effort and impeded gas exchange in se-
vere cases. An asthma-like response is a normal
reaction to many inhaled irritants; it also may
represent hypersensitivity of such severity that
further occupational exposure must be prevented.
Pulmonary Ventilation

Under precise nervous and chemical control,
the respiratory muscles intermittently expand the
thorax in such manner that the lungs are con-
tinually changing volume. The elastic properties
of the lung tend always to empty the lung, but the
thorax exerts an opposite effect, except when lung
and thorax volumes are large. Consequently, the
lung retains a substantial amount of gas even
when all respiratory muscles are at rest. In quiet
breathing inspiratory muscles contract to enlarge
the thorax and lungs; expiration is largely passive.
Both frequency of cycling and the volume cycled
(tidal ventilation) are variable; respiratory move-
ments can thereby alter the minute volume (tidal
volume times frequency per minute) from about
6 liters at rest to over 100 liters during heavy ex-
ercise. The ventilation rate is adjusted to main-
tain the alveolar partial pressure of oxygen and
carbon dioxide approximately constant. The in-
creases of ventilation with increasing levels of
physical activity are very important in maintaining
the homeostasis of the body; such increases may
be critical in determining the amount of exposure
to noxious or potentially noxious gases or particles
in the atmosphere.

Of each breath, at rest, approximately one-
third does not exchange significantly with alveolar
gas because about that amount of space is ac-
counted for by the conducting airways and the
volume of alveoli not perfused by blood. This

55

“dead-space” is normally about 180 ml in adult
males and can be substantially increased in certain
types of breathing appliances such as gas masks.
Small increases in dead-space can be compensated
by increased depth of breathing, but excessive
dead-space can interfere with the adequacy of
respiration.
Work of

Normally the work of respiratory muscles in
ventilating the lungs accounts for a very small
part of the total oxygen demand of the body —
normally Jess than 3% . This is not the case when
resistance to gas flow in the air passage is increased
by bronchospasm or excess of secretions, or when
the lung is diseased, as in pneumoconiosis, pul-
monary fibrosis, and other occupational or non-
occupational lung disease. In such conditions the
increase of respiratory work may put a real bur-
den on the whole cardiorespiratory system. Other
conditions can also greatly increase the work of
breathing, for example, the resistance of breath-
ing through a gas mask, or having to breathe
through a tracheostomy tube that is too small.

Ordinarily the respiratory muscles themselves
are capable of performing the extra work required
in the conditions mentioned above. This would
not be the case when respiratory muscles are weak-
ened by diseases such as myasthenia gravis or po-
liomyelitis, or by exposure to chemicals such as
organophosphate pesticides.
Flow of Respiratory Gases

The ventilatory and gas exchange functions of
the lungs are linked to the gas exchange needs of
the body not only by the mass transpert role of
the circulatory system but by the peculiar respira-
tory functions of the blood. I oxygen could be
transported only by physical solution in the blood,
the kinds of organisms we know could not have
evolved. The secret to efficient transport of oxy-
gen (and to a large extent carbon dioxide also) is
the red pigment hemoglobin, which combines
loosely with oxygen, picking up a full load at the
partial pressure of oxygen in the lungs and re-
leasing a large part of the load at the partial pres-
sures pertaining around the capillaries of tissues.
Normal blood, by means of its hemoglobin-packed
red cells, contains about 20 ml of oxygen per 100
ml blood at the alveolar oxygen pressure of ap-
proximately 100 mm Hg, compared to only 0.3
ml per 100 ml blood in physical solution. Under
these conditions the hemoglobin is nearly satu-
rated with oxygen. Since the hemoglobin is half-
saturated at approximately 25 mm Hg, the blood
can give up half its load of oxygen without low-
ering the pericapillary oxygen pressure to levels
that would fail to provide adequate diffusion from
interstitial tissue into cells.
Conirol of Respiration

The precise regulation of breathing to main-
tain alveolar oxygen and carbon dioxide levels
essentially constant in the face of wide changes
in body metabolism has always fascinated respi-
ratory physiologists. Several factors are known,
some closely interrelated {oxygen, carbon dioxide,
and hydrogen ion concentration), but no theory
fully explains the most remarkable adaptation of



respiration — the hyperventilation which occurs
in proportion to the level of exercise.

Some of the control factors have special im-
portance in certain occupational situations. Excess
of carbon dioxide (as in contaminated atmos-
pheres or rebreathing of expired air) is a powerful
stimulant, causing 5-to 10-fold increase of ventila-
tion at 5-7% (O, breathing. The mechanism
may be a direct CO, effect on respiratory nerve
cells or an indirect effect of increased hydrogen
ion concentration in the cerebro-spinal fluid bath-
ing the nerve cells.

In oxygen-deficient atmospheres the respira-
tory stimulation due to hypoxia is evident, the
mechanism involving activation of specific recep-
tor cells in the vicinity of the carotid arteries and
the aortic arch. The strength of this stimulus was
misjudged for a long time because of the inter-
relationships of O, and CO, effects. Just as high
CO, is a powerful stimulant, the loss of CO, is a
potent depressant. Thus the increase of ventila-
tion due to hypoxia eliminates CO, out of propor-
tion to metabolic production; the level of CO,
pressure falls; blood becomes relatively alkaline;
and the respiratory drive is inhibited. If there is
time for acid-base adjustments to low CO,, as in
acclimatization to high altitude, the depressing ef-
fect of low CO, disappears and the stimulating
effect of hypoxia becomes more evident, with ben-
eficial consequences to the organism in terms of
higher partial pressures of oxygen throughout the

THE CIRCULATORY SYSTEM

The heart and blood vessels, with the blood
contained therein, are the efficient internal trans-
portation system of the body. The system is dual,
the right side of the heart pumping blood only to
the lungs while the left side pumps the freshly
aerated blood to the rest of the body. The nor-
mal adult has about five and a half liters of blood;
each side of the heart pumps at a rate of about
five liters per minute at rest and can increase the
output about five-fold during heavy exercise.

Changes of cardiac output involve both fre-
quency of contraction and volume expelled with
each stroke. The automatic rhythmicity of the
electrical generator of the heart is subject to both
nervous and chemical influences. Efferent auto-
nomic nerves from the cardiac control centers in
the brainstem can strongly slow or speed up the
cardiac beat; epinephrine and drugs can also af-
fect the rate of firing or the speed of transmission
through the conducting system.

The stroke output is affected by both intrinsic
and extrinsic factors. A fundamental property of
heart muscle is that the greater the stretch during
relaxation, the greater the energy of the subse-
quent contraction; thus a speeding up of return of
blood for the veins will tend to increase the dias-
tolic filling (increasing the stretch of heart muscle
fibers) and automatically increase the force pro-
pelling the increased quantity of blood into the
arterial system. In addition, the “tone™” and force
of heart muscle contraction can be influenced by
chemicals such as epinephrine and norepinephrine.
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The Systemic Arterial System

The arterial system which connects the left
cardiac ventricle with capillary beds throughout
the body has two basic characteristics: 1) the
thick elastic walls of the aorta and other large
arteries which enable the system to accept pulses
of blood from the contracting ventricles and hold
the blood in a high pressure reservoir while it flows
off more or less steadily through the peripheral
arterioles, and 2) the arterioles themselves, which
because of their overall high resistance to flow
tend to keep arterial pressure up during cardiac
diastole and which, equally importantly, are sub-
ject to local control, so that tissues and organs
have perfusion rates adjusted to their metabolic

The arterial system contains about 15% of
the total blood volume, at pressures which range
in a young adult from about 110 mm Hg at the
end of cardiac systole to about 70 mm at the end
of diastole. This pressure is normally adequate to
serve the blood flow needs of all tissues, including
the brain when the body is upright. This is not
true when there are sudden losses of blood volume
(hemorrhage), failures of cardiac output (func-
tional or organic in nature), or when arteriolar
tone is sufficiently diminished (as after prolonged
bed rest, immobility from other causes, heat ex-
haustion, and fainting due to various causes).

The local control of arteriolar tone (determin-
ing resistance to flow) seems designed largely to
protect the brain and heart. During muscular ex-
ercise the smooth muscle in arterioles supplying
active muscles relaxes allowing greater flow to the
muscles; simultaneously there is contraction of
smooth muscle in arterioles of other tissues, vir-
tually shutting off flow to organs whose function
can be temporarily suspended, such as the diges-
tive organs. Vasoconstriction of this sort mever
affects flow to the brain or the heart.

In addition to nervous control of local blood
flow, other factors can markedly affect arteriolar
resistance and hence flow; these include local
metabolites such as CO,, heat, and chemicals like
histamine and epinephrine.

Capillary-Tissue Exchange

When blood passes through the arterioles of
the systemic circulation, the relatively high re-
sistance is associated with a fall in pressure to
about 35 mm Hg at the arterial end of the capil-
lary. The number of capillaries is vast, the aggre-
gate cross-sectional area of capillaries being esti-
mated at 600 times the cross-sectional area of the
aorta. This “widening of the stream™ into a so-
called capillary lake is associated with a greatly
decreased flowrate, down to about 0.07 cm/sec.
The large capillary area, slow flow, and pressure
gradient from capillary to tissue provide ideal
conditions for movement of nutrients and oxygen
into the extracellular space.

The system also evolved in a way to facilitate
return of substances to the capillary lumen. One
mechanism relates to net fluid movement at oppo-
site ends of the capillary. Where pressure is abuot
35 mm Hg the hydrostatic pressure forces fluid
and its contained electrolytes and nutrients out into



the tissue space. The capillary wall is essentially
impermeable to protein molecules, so the proteins
continue to exert an osmotic force tending to at-
tract fluid into the vessel. At the venous end of
the capillary the filtration pressure has fallen to
15 mm Hg, considerably smaller than the osmotic
pressure exerted by the proteins. Therefore net
fluid movement is out of the capillary at one end
and into the capillary at the other end, the rates
tending nearly to balance each other.

A second mechanism, which facilitates gas
transfer, is the role of hemoglobin in transporting
carbon dioxide. When hemoglobin enters the cap-
illary and gives up part of its load of oxygen it
becomes less acid, because oxyhemoglobin is more
acid than reduced hemoglobin. This permits hem-
oglobin to act as a buffer, to absorb some of the
carbon dioxide which is higher in the tissue than
in the blood.

The Veins

The venous system is the larger caliber, low
resistance collecting system that connects the sys-
temic capillary beds to the right side of the heart.
About 50% of the total blood is at any time in
the veins. Although veins are much thinner than
arteries, they are elastic and they do contain
smooth muscle. Consequently they are not just a
passive collecting system; under nervous influence
the overall tone of the system can increase, reduc-
ing volume and temporarily increasing venous re-
turn to the heart. This serves as a sort of “instant
transfusion™ to counter the effects of sudden loss
of blood.

The Lymphatics

The lymphatics are a semi-independent sys-
tem of thin-walled wvessels that converge into
trunks that empty into the large veins in the ab-
domen or thorax. Lymphatic capillaries start in
tissue spaces, where they pick up protein and
excess fluid filtered from regular capillaries. They
serve a specific transport function for fat drop-
lets absorbed by cells of the intestinal mucosa. The
lymphatic systems also plays a role in defense
against infectious or noxious materials, since most
lymphatic vessels have lymph nodes interposed
between tissue spaces and the venous system.

The Pulmonary Circulation

The pulmonary circulation carries the same
flow of blood as the systemic circulation but is
otherwise quite different. The pulmonary vascu-
lar pressures are in general much lower than sys-
temic vascular pressures. Vasoconstriction and
consequent local shunting are present in the pul-
monary circulation, but much less developed than
in the systemic circulation. Diseases of the pul-
monary circulation are usually secondary to ex-
tensive disease of pulmonary tissue, as in emphy-
sema, fibrosis, and occupational lung diseases.
Integration of Cardiovascular Fanction

As with other biologic systems, the heart and
blood vessels are under nervous and chemical
control which tends to stabilize the internal envir-
onment. One of the requirements for maintenance
of adequate blood flow throughout the body is a
sufficient head of arterial pressure. It is, therefore,
not surprising to find that any stress tending to
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lower arterial pressure (such as hemorrhage, loss
of fluids from the body due to severe vomiting or
diarrhea, traumatic shock, heat exhaustion) will
trigger mechanisms designed to restore bloed pres-
sure. These include general arteriolar constriction
{except cerebral and coronary arteries), increase
in heart rate, and movement of fluid from extra-
cellular space into the blood vessels. The inte-
grated nature of cardiovascular responses to stress
often makes it possible to use a simple measure-
ment such as pulse rate to assess the degree of
stress (more accurately the degree of response to
stress). Thus pulse rate can be used to measure
fairly reliably the intensity of exercise or heat
stress (assuming given levels of physical fitness or
acclimatization to heat).

REGULATION OF WATER
AND ELECTROLYTES

As emphasized earlier, the proper functioning
of cells in the mammalian body requires near-
constancy of the internal environment — the tem-
perature, oxygen supply, nutrient supply, hydrogen
ion concentration, and appropriate concentrations
of water, sodium, potassium, calcium, magnesium,
and other substances. To some extent this con-
stancy can be maintained by intermal shifts of
elements — from storage reservoirs, or by move-
ment from one compartment to another, as might
occur with movement from blood plasma to ex-
tracellular fluid to intracellular fluid and the re-
verse. The real problem is to maintain constancy
under the usual conditions of variations of intake
and output of a substance. This involves the con-
cept of balance — how is output of water (or
sodium, or calcium) controlled so that the “right”
amount is retained when intake is varied?

The balance for water, as an example, in-
volves a daily intake of about 2.5 liters in a
normal adult under average conditions: 1 liter
from food, 0.3 L from metabolic conversions, and
1.2 L from drinking water or beverages. An equal
amount is lost each day — by urination 1.5 L, by
evaporation from lungs and skin 0.9 L, and the
remainder by sweating or in feces.

The major role in regulating body water, elec-
trolytes and other substances is performed by the
kidneys. These small organs, weighing less than
1% of total body weight, receive nearly one-
guarter of the output of the heart in serving this
regulatory role.

The kidney serves its unique function by a
combination of three processes. Each microscopic
unit of the kidney (or nephron) includes a capil-
lary tuft (glomerulus) which filters plasma into a
surrounding space (Bowman’s capsule), which is
the beginning of a tubule. The tubule processes
the glomerular filtrate in complex ways before
joining other tubules which ultimately constitute
the system for carrying urine to the exterior of
the body.

The glomerular filtrate contains all the com-
ponrents of plasma except proteins, which are gen-
erally too large to pass through capillary walls and
capsule membranes. The amount of filtrate is
large — about 180 liters per day for both kid-
neys — and if most of it were not reabsorbed the



body would be in a precarious position in a matter
of minutes. A simple calculation will show that
the entire plasma volume passes through the glo-
meruli some 60 times a day. Fortunately the
“wanted” substances are reabsorbed to a high de-
gree, if not totally. Ninety-nine percent of the
water is reabsorbed by the tubules, together with
99.5% of the sodium and 100% of the glucose,
compared to about 50% for urea, a waste prod-
uct. The reabsorption involves both active and
passive transport. Sodium i reabsorbed by an
energy-consuming process which requires the
presence of aldosterone, an adrenal cortical hor-
mone. Water reabsorption to some extent follows
sodium reabsorption, but is also very much in-
fluenced by the anti-diuretic bormone produced
in the hypothalamus. Glucose is actively reab-
sorbed by a process which normally returns all the
filtered glucose to peritubular capillaries, but the
process can be overloaded if blood glucose is ele-
vated above a certain limit. The excess of sugar
filtered into the glomeruli then escapes into the
urine, as is frequently the case in diabetes.

The third rena! mechanism is of particular im-
portance in toxicology, because many foreign
substances are eliminated in the urine by secre-
tion from tubular cells. Like twbular reabsorption,
tubular secretion involves both active and passive
transport. Of the many substances secreted, only
a few, such as hydrogen ion and potassium, are
normally found in the body. How mechanisms
evolved for transporting the large numbers of
foreign substances is a mystery.

Analysis of the balance of water and many
jons, combined with study of the ways these sub-
stances are handled by the kidpey, shows that
the concentrations of most of the ions which de-
termine the properties of the extracellular fluid are
regulated primarily by the kidneys. Thus the kid-
neys are not “glorified garbage disposal”™ units for
climination of nitrogenous wastes so much as they
are guardians of the minute to minute composition
of all the body fluids and electrolytes.

THE DIGESTIVE SYSTEM

The function of this system is to accept raw
materials in the form of food stuffs, minerals,
vitamins and liquids in the external environment,
to prepare such materials for absorption, and to
absorb them into capillaries or lymphatics for
distribution to the body. The system also has a
limited role in excreting materials from the body.

Since the digestive tract is largely a tube open
at both ends, in a real sense the contents of the
gastro-intestinal tract remain exterior to the body.
In order to gain access to the body, ingested ma-
terials must run a gamut of extreme acidity in the
stomach and a series of enzymatic attacks starting
in the mouth and extending to the large intestine.
Some large molecules such as cellulose remain
unaltered and are excreted in the feces. Other
large molecules which could not otherwise pass
through membranes are broken down into constit-
uent amino acids or monosaccharides which are
readily absorbed.

Almost all digestion and absorption of food
and water takes place in the small intestine. The
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volume of fluid absorbed is far greater than that
taken in as food and beverages. The latter aver-
age about 800 gm of food and 1200 ml of water/
day in adults. To this is added 1.5 L of saliva in
the mouth, about 2 L of acidic gastric secretions, 2
L of pancreatic and biliary secretions and 1.5 L
of intestinal secretions; this adds up to about 8.5
L absorbed per day, with only 0.5 L passing into
the large intestine.

Most of the carbohydrate ingested is in the
form of starch. The starch is split to disaccharides
by the amylases from saliva and from the pan-
creas. Further splitting into monosaccharides is
brought about by enzymes in the small intestinal
mucosa, after which the sugar molecules are ac-
tively transported into the blood.

Proteins are broken down first into peptides,
then into free amino acids which are actively trans-
ported across intestinal cells. In adults very little
protein is absorbed as such, but in the newborn
child proteolytic enzymes are absent; thus a new-
born child can absorb protective antibodies from
its mother’s milk,

Most digestion of fat occurs in the small in-
testine from the combined actions of pancreatic
lipase and bile salts secreted by the liver. The lat-
ter act primarily as emulsifying agents. Fatty acids
are resynthesized to triglycerides in the intestinal
cells, whence they are secreted into the lymphatics
as small lipid droplets,

The large intestine has relatively little capacity
to absorb or secrete. Water and sodium continue
to be absorbed from contents of the large intes-
tine. The remaining contents are largely desqua-
mated epithelial cefls from the small intestine, bac-
teria, and the indigestible residue of food. Con-
trary to popular opinion, there is no absorption
of toxic matertals from unexpelled contents of the
large intestine.

REGULATION OF ENERGY BALANCE

The energy released in the breakdown of or-
ganic molecules in the body performs biologic
work (muscle contraction, synthesis of new mole-
cules, or active transport} or appears as heat in
the cells. The biologic work done by skeletal
muscles in moving external objects (or raising the
body to a height by walking uphill} is considered
external work. The internal work done by skeletal
muscles, by heart muscle and by other tissues ap-
pears ultimately as heat. Thus all energy utilized
in the body is converted to heat, except during
growth and during periods of net fat synthesis.
when energy is being stored.

The metabolic rate is the total energy ex-
penditure, measured in kilocalories, per unit time.
During fasting conditions, when there can be no
net energy storage, the rate of metabolism can
be measured either directly or indirectly. The
direct method is simple in theory but difficult in
practice — it consists of measurement of total
heat produced per unit time when the individual
is enclosed in a whole-body calorimeter. The easier
method is to measure the rate of oxygen utilization,
assuming that fats, carbohydrates, and proteins are
being utilized in a constant ratio, and that the
oxygen-heat equivalents are the same for the three



classes of compounds. These assumptions are suf-
ficiently accurate for most purposes, one liter of
oxygen being required for the combustion of ap-
proximately 4.8 kilocal. of fat, protein, or carbo-
hydrates.

The oxygen utilization of a healthy adult under
standard conditions of rest, 12 hours fasting and
a relaxing environment corresponds to a heat pro-
duction of 40 kilocal. per hour per square meter
of surface area — about equal to the beat pro-
duction of a 100 watt light bulb. Metabolic rate
is higher in the young than in adults and is lower
in females than in males of equal weight. In late
adulthood the resting metabolic rate declines, for
reasons which are not ¢lear. The ingestion of
food increases metabolic rate by 10 to 20%, due
to a specific action of protein and not due to in-
creased activity of the digestive processes.

The above factors influence the standard mc-
tabolic rate by amounts which are trivial comparea
to the effects of physical activity. Since hard physi-
cal work can increase metabolic rate by about
fifteen-fold it is most important that the average
level of physical activity be considered in estimat-
ing the energy requirements of the body.

Two hormones also have a very significant
effect on metabolic rate: epinephrine release, as
occurs during emotional or physical stress, may
cause a rapid increase of oxygen utilization by as
much as 30% ; thyroxin administration, or release
of the hormone from the thyroid, causes a slower
but very prolonged increase of oxygen utilization
which affects all ceils of the body except those of
the brain.

Control of Food Intake

Normal adults live for long periods with an
essentially constant body weight. This must mean
that food intake exactly balances the internal heat
produced and the extermal work done. There is
no net storage or loss of energy from fat sources.
A number of theories have been developed to ex-
plain this adjustment — the levels of blood sugar
or fat storage affecting appetite centers in the
hypothalamus, and other possibilities. The role of
specific afferent inputs to the hypothalamic centers
has not been well-defined. Clearly there are in-
fluences from higher brain centers as well. One
of the most intriguing relationships is that be-
tween levels of physical activity and food intake.
It is generally known that high levels of physical
activity are accompanied by increased appetite
and increased food intake to keep body weight
constant. A few studies have suggested that this
refationship does not hold below certain levels of
activity that in a sense are “optimal”; below these
levels an inverse relation holds — the more sed-
entary an individual becomes the more likely he
is to overeat.

Obesity

When the mechanisms which govern the bal-
ance between energy intake and energy expendi-
ture are malfunctioning, the most likely result is
“overeating” and obesity. This is often called
America’s No, 1 health problem because obesity
is so prevalent and mortality rates are about 50%
higher in the overweight than in those of standard
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weight. If obesity, because of the obvious im-
portance of social and economic factors in its
etiology, is considered an environmental health
problem, it must share with cigarette smoking a
ranking as two of the most important environ-
mental health problems in this country.

As in many other diseases and conditions pre-
disposing to disease, there are undoubtedly mult-
ple factors in the etiology of obesity. Experimental
obesity has been produced in rats by injuries to
the hypothalamus. Obesity is associated with cer-
tain endocrine disorders. There are undoubtedly
many “‘constitutional” factors which influence the
metabolism and storage of foodstuffs and which
presumably make one person more “susceptible”
to obesity than another. Ultimately, however, the
defect is failure of food-intake control mechanisms
to adjust to energy expenditure over a long enough
period of time for obesity to develop. Often the
predominant cause seems to be psychological or
psycho-social,

Regulation of Body Temperature

With the evolution of mechanisms for main-
tenance of a constant body temperature, the mam-
mals and birds achieved freedom from the marked
extremes of temperature that characterize the at-
mosphere near the surface of the earth. The nearly
constant temperature, around 90-103° F in mam-
mals and around 108° in birds, greatly facilitates
the action of enzymes in the chemical processes
which go on continuously in cells.

The body temperature is in fact variable over
a substantial range — from about 96° F in early
mormmning after sleep to as much as 104° (rectally)
during heavy exercise. Such excesses of temper-
ature quickly return to about 98° when exercise
is over. In fever the temperature may be equally
high or higher, but in this case the hcat control
mechanism (“thermostat™) is set at a higher level.
Under extreme heat stress, the control mechanisms
may fail and the temperature reach 107° or
higher. At such temperature the brain is severely
affected and death may ensue (heat stroke).

The usually quoted body temperature of 97.6-
98.6° F is about the diurnal range of normal oral
temperature. Deep body temperatures are a de-
gree or so higher and skin temperatures are sev-
eral degrees lower.

The body temperature is a measure of the
balance between heat gain (metabolism, incident
radiation from warm bodies) and heat loss. With
changes in heat gain or heat loss, adaptive changes
take place to keep body temperature essentially
constant. In cold exposure, heat gain could the-
oretically be increased by secretion of epinephrine
and thyroid hormone; this rarely if ever occurs.
Heat gain is in fact increased by increases in
skeletal muscle tone, involuntary shivering, and
voluntary muscular activity. Heat loss is curtailed
by vasoconstriction of blood vessels supplying the
skin and by various behavioral adjustments such
as changing body contours to reduce surface area,
increasing insulation by use of clothing, and seck-
ing shelter.

More important environmental exposures in
industry are heat stresses from excessive tempera-



ture and humidity and from radiant heat Ioad.
These exposures, and the physiologic and behav-
ioral responses thereto, will be considered in a
separate chapter.

DEFENSE MECHANISMS
AGAINST INFECTION

At least as important as physical and chemical
factors in the eavironment are the hosts of micro-
biologic agents in the environment. Two classes
of microorganisms are of particular concern to
man — the bacteria and viruses. Most bacteria
are complete cells, capable of reproducing them-
selves. The viruses, essentially nucleic acid cores
in a protein coat, lack the enzyme machinery for
energy production and the ribosomes necessary
for protein synthesis. They can survive only in-
side other cells, whose metabolic mechanisms they
utilize.

The first line of defense against microorganisms
is the complex of anatomic and microchemical
barriers provided by external and internal body
surfaces. The skin, with its thick layers of cells
and secretions, is almost impervious to microor-
ganisms. The mucous membranes contain secre-
tions which inhibit bacterial growth and they us-
ually flow toward the exterior, as in the case of
tracheobronchial mucus.

When microorganisms gain access to the body,
they may multiply and produce toxins, producing
the signs and symptoms of an infection. The
mechanisms for controlling growth or killing mi-
croorganisms and for neutralizing toxins involve
the formation of antibodies, the action of comple-
ment, and the activities of phagocytic cells. These
phenomena are interrelated.

Most of the phagocytic cells are either in the
bloed stream (white blood cells) or are closely
associated with the vascular and lymphatic sys-
tems, including lining cells of bone marrow, liver,
spleen and other lymphoid tissue. Despite the
great importance of these cells, there is little
knowledge of the mechanisms controlling their
production. Most bacterial infections result in
prempt increases of circulating granulocytic cells;
viral infections tend to increase lymphacytes, but
decrease other white blood cells.

Antibodies are specialized plasma proteins
capable of combining chemically with the specific
antigens which induced their formation. Most
antigens have molecular weights greater than
10,000; however, smaller molecules may act as
antigens after attaching themselves to proteins of
the host cells. The antigens involved in infection
are usually bacterial toxins or proteins of the

microorganism’s surface. Components of almost
any foreign cell can act as antigens,

The plasma proteins known as complement
are normally present in plasma and are not in-
duced by antigens. The complement assists in
killing bacteria, after an antibody has combined
with its specific antigen in the wall of a bacterium.
The complement apparently kills the bacterium
after damaging the wall at the site of the antigen-
antibody complex. Complement and antibodies
also predispose bacteria to phagocytosis by phago-
cytes in the vicinity.

In addition to antibody formation and phago-
cytosis, a third defense mechanism plays a signi-
ficant role in resistance to viral infections. This
is the formation of the protein interferon in re-
sponse to a viral infection of a particular cell.
Unlike antibodies, interferon is mot specific; all
viruses stimulate production of the same inter-
feron, and interferon inhibits the growth and mul-
tiplication of many different viruses. At present
there is no way of using this information to im-
prove treatment of virus infection.

Allergy

Allergy is an acquired hypersensitivity to a
particular substance — an antigen-antibody re-
action that results in cell damage. The term s
usually reserved for the response to nonmicrobial
antigens. The addition of complement to the anti-
gen-antibody complex probably triggers cell dam-
age and inflammatory response. The puzzling fea-
ture is why the response is so inappropriate to the
antigen stimulus. Symptoms are often localized
to the surface exposed, for example the respiratory
response to aero-allergens such as ragweed pollen.
Generalized allergic responses may also occur with
widespread liberation of histamine to produce
hives, extensive skin eruption, bronchospasm,
rapid heart rate and hypotension. In extreme ex-
amples, death can occur, as for example, from the
sting of a single bee.
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CHAPTER 7
INDUSTRIAL TOXICOLOGY
Mary O. Amdur, Ph.D.

INTRODUCTION

Toxkology is the study of the nature and
action of poisons. The term is derived from a
Greek word referring to the poison in which ar-
rows were dipped. Mythology, legend and history
indicate the growth of toxicological knowledge.
The early emphasis was on ways to poison people.
The 19th century saw the development of tests for
identification of various poisons, such as the Marsh
test for arsenic. These found use in legal medicine
and criminology, the area known as forensic toxi-
cology. Since about 1900, there has been increas-
ing social concern for the health of workers ex-
posed to a diversity of chemicals. This has led to
intensive imvestigations of the toxicity of these
materials in order that proper precautions may be
taken in their use. This is the area of industrial
toxicology which concerns us here.

Some industrial hazards have been known for
centuries. For example, clinical symptoms of lead
poisoning were accurately described in the Ist
century A.D. The Romans used only slave labor
in the great Spanish mercury mines at Almaden,
and a sentence to work there was considered
equivalent to a sentence of death. French hatters
of the 17th century discovered that mercuric ni-
trate aided greatly in the felting of fur. Such use
led to chronic mercury poisoning so widespread
among members of that trade that the expression
“mad as a hatter” entered our folk language. Ex-
posure to other hazardous substances is an out-
growth of modern technology. In addition to newly
developed chemicals, many materials first synthe-
sized in the late 19th century have found wide-
spread industrial use. The hydrides of boron, for
example, have been known since 1879, but the first
report on their toxicity appeared in 1951 as a
series of case histories of people, mostly young
chemical engineers, who had been exposed to
boron hydrides in the course of their work.

Toxicological research now has its place in
assessing the safety of new chemicals prior to the
extension of their use beyond exploratory stages.
Information on the qualitative and quantitative
actions of a chemical in the body can be used to
predict tentative safe levels of exposure as well as
to predict the signs and symptoms to be watched
for as indicative of excessive exposure. An eluci-
dation of the mechanism of action of the chemical
can hopefully lead to rational rather than sympto-
matic therapy in the event of damage from exces-
sive exposure. Both in the application of newer
refined research techniques of toxicology and in
his communication of knowledge vital to the public
health, the toxicologist considers old as well as new
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hazardous substances. This point was well made
by Henry Smyth* who said “Most people are care-
ful in handling a new chemical whether or not
they have been warned specifically of its possible
toxicity. Despite the potential hazards of hun-
dreds of new chemicals each year, most injuries
from chemicals are due to those which have been
familiar for a generation or more. It is important
for the perspective of the toxicologist that he keep
this fact well to the forefront of his mind. He must
not neglect talking about the hazards of the old
standbys, lead, benzene and chlorinated hydro-
carbons just because this week he discovered the
homifying action of something brand new. Part of
his responsibility is a continuing program of com-
munication aimed at informing everyone of the
means required to handle safely any chemical
whatsoever.”

DISCIPLINES INVOLVED IN
INDUSTRIAL TOXICOLOGY

In order to assess the potential hazard of a

substance to the health of workers industrial toxi-
cology draws perforce on the expertise of many
disciplines.
Chemistry: The chemical properties of a com-
pound carn often be one of the main factors in its
toxicity. The vapor pressure indicates whether or
not a given substance has the potential to pose a
hazard from inhalation. The solubility of a sub-
stance in aqueous and lipid media is a guiding
factor in determining the rate of uptake and ex-
cretion of inhaled substances. The toxicologist
needs to determine the concentration of toxic
agents in air and in body organs and fluids. It is
important to know if a substance is, for example,
taken up by the liver, stored in the bones, or rap-
idly excreted. For this, analytical methods are
needed which are both sensitive and specific.

Biochemistry: The toxicologist needs knowledge
of the pathways of metabolism of foreign com-
pounds in the body. Such information can serve
as the basis for monitoring the exposure of work-
men, as for example the assessment of benzene
exposure by the analysis of phenol in the urine.
Differences in metabolic pathways among animal
species form one basis for selective toxicity. Such
knowledge is useful, for example, in developing
compounds that will be maximally toxic to insects
and minimally so to other species. Such knowl-
edge can also serve as a guide in the choice of a
species of experimental animal with a metabolic
pathway similar to that of man for studies which
will be extrapolated to predict safe levels for
human exposure. Rationa! therapy for injury from



toxic chemicals has as its basis an understanding
of the bicchemical lesion they ce. One out-
standing example is the development of B.AL.
(British Anti-Lewisite, 1,2-dimercaptopropanol)
which arose from studies of the inhibition of sulf-
hydryl enzymes and the manner of binding of
arsenic to these enzymes. This led to the use of
B.AL. in therapy for industrial poisons (such as
) which interfere with sulfhydryl enzymes.
Studies of the nature of the reaction of organic
phosphorus esters with the enzyme acetylcholine
esterase led to the development of 2-PAM (2-
pyridine aldoxime methiodide) which reverses the
mhibition of the enzyme. In conjunction with
atropine, 2-PAM provides rational therapy for
treatment of poisoning by these compounds. In
the important area of joint toxic action, under-
standing comes from clucidation of biochemical
action. If, for example, Compound A induces
enzymes which serve to detoxify Compound B,
the response to the combination may be less than
additive. On the other hand, if Compound A
should act to inhibit the enzyme that serves to
detoxify Compound B then the response may be
more than additive.
Physiology: The toxicologist obviously needs to
know something of the normal functioning of
organ systems. Modem toxicology is moving
more and more towards the search for means to
detect reversible physiological changes produced
by concentrations of toxic substances too low to
produce irreversible histological damage or death
In experimental animals. Measurement of in-
creases in pulmonary flow-resistance has proved
a sensitive tool for assessing the response to irri-
tant gases and acrosols. Tests of pulmonary func-
tion can be used to assess response of workmen to
industrial environments. Renal clearance and
other kidney function tests can serve to detect
renal damage. The effects of exercise or non-
specific stress on the degree of response to toxic
chemicals is another important research area in
modern toxicology.
Pathology: The toxicologist is concerned with
gross and histological damage caused by toxic
substances. Most toxicological studies include a
thorough pathological examination which may in-
clude examination of subcellular structure by
electron microscopy.
Immunology and Immunochemistry: 1t is recog-
nized that immunology and immunochemistry con-
stitute an important area for investigation in in-
dustrial toxicology. The response to many chem-
icals, especially inhaled products of biologic origin,
has as its basis the immune reaction.
Physics and Engineering: The toxicologist who is
concerned with inhalation as the route of exposure
needs some knowledge of physics and engineering
in order to establish controlled concentrations of
the substances he studies. If the toxic materials
are o be administered as airborne particles, knowl-
edge is needed of methods of generation of aero-
sols and methods of sampling and sizing appro-
priate to the material studied. Without careful
attention to these factors, toxicological studies are
of limited value. An understanding of the factors
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governing penetration, deposition, retention and
clearance of particulate material from the respira
tory tract requires knowledge of both the physical
laws governing aerosol behavior and the anatomy
and physiology of the respiratory tract. The grow-
ing interest m prolonged exposure to closed at-
mospheres encountered in manned space travel or
decp sea exploration has led to experimental
studies involving round-theclock exposures of
cxpcnmcntal animals for long periods. Such stud-
ies raise additionpal engineering problems above
and beyond those of maintaining the more con-
ventional exposure chambers,

Statistics: Statistics are used in the analysis of
data and in the establishing of an experimental
design that will yield the maximum of desired
information with the minimum of wasted effort.
The toxicologist relies heavily on statistics, as the
calculation of the LD,, (Lethal Dose — 50%
probable) is a statistical calculation. Experi-
mental studies of joint toxicity are planned in
accord with established statistical designs.
Communication: The ultimate aim of the toxi-
cologist is (or should be) the prevention of dam-
age to man and the environment by toxic agents.
One important function is the distribution of in-
formation in such terms that the people in need
of the information will understand it. The
toxicologist’s responsibility does not end with the
publication of his research results in a scientific
joumal for the erudition of his peers. He is called
upon to make value judgments in extrapolation of
his findings in order to advise governmental agen-
cies and others faced with the problem of setting
safe levels, be they air pollution standards or
Threshold Limit Values for industrial exposure or
tolerance levels of pesticide residues in food. In
addition to this, when he makes such value judg-
ments, he should above all be honest with himself
and with those he advises, that they are value
judgments and as such should be subject to fre-
quent review as new knowledge and experience
accumulate.

DOSE-RESPONSE RELATIONSHIPS

Experimental toxicology is in essence biolog-
ical assay with the concept of a dose-response
relationship as its unifying theme. The potential
toxicity (harmful action) inherent in a substance
is manifest only when that substance comes in
contact with a living biological system. A chem-
ical normally thought of as “harmless™ will evoke
a toxic response if added to a biological system in
sufficient amount. For example, the inadvertent
inclusion of large amounts of sodium chloride in
feeding formulae in a hospital nursery led to infant
mortality. Conversely, for a chemical normally
thought of as “toxic™ there is a minimal concen-
tration which will produce no toxic effect if added
to a biological system, The toxic potency of a
chemical is thus ultimately defined by the relation-
ship between the dose (the amount) of the chem-
ical and the response that is produced in a bio-
logical system.

In preliminary toxicity testing, death of the
animals is the response- most chosen.
Given a compound with no known toxicity data.



the initial step is one of range finding. A dose is
administered and, depending on the outcome, is
increased or decrecased unmtil a critical range is
found over which, at the upper end, all animals
die and, at the lower end, all animals survive.
Between these extremes is the range in which the
toxicologist accumulates data which enable him to
prepare a dose-response curve relating percent
mortality to dose administered.

From the dose-response curve, the dose that
will produce death in 50 percent of the animals
may be calculated. This value is commonly ab-
breviated as LD,,. It is a statistically obtained
value representing the best estimation that can be
made from the experimental data at hand. The
LD,, value should always be accompanied by a
statement of the error of the estimated value, such
as the probability range or confidence limits. The
dose is expressed as amount per urnit of body
weight. The value should be accompanied by an
indication of the species of experimental animal
used, the route of administration of the compound,
the vehicle used to dissclve or suspend the ma-
terial if applicable, and the time period over
which the animals were observed. For example,
a publication might state “For rats, the 24 hr. ip
LD,, for “X” in com oil was 66 mg'kg (95%
confidence limits 59-74)_." This would indicate to
the reader that the material was given to rats as
an intraperitoneal injection of compound X dis-
solved or suspended in corn oil and that the in-
vestigator had limited his mortality count to 24
hours after administering the compound. If the
experiment has involved inhalation as the route
of exposure, the dose to the animals is expressed
as parts per million, mg/m?, or some other ap-
propriate expression of concentration of the ma-
terial in the air of the exposure chamber, and the
length of exposure time is specified. In this case
the term LC,, is used to designate the concentra-
tion in air that may be expected to kill 50 percent
of the animals exposed for the specified length of
time. Various procedures have been recommended
for the estimation of the LD,, or LC,,. For in-
formation on the more commonly used techniques,
papers such as those of Bliss,* Miller and Tainter.?
Litchfield and Wilcoxon* or Weil* may be con-
sulted.

The simple determination of the LD,, for an
unknown compound provides an initial compara-
tive index for the location of the compound in
the overall spectrum of toxic potency. Table 7-1
shows an attempt at utilizing LD,, and LC,, val-
ues to set up an approximate classification of
toxic substances which was suggested by Hodge
and Sterner.*

Over and above the specific LD,, value, the
slope of the dose-response curve provides useful
information. It suggests an index of the margin
of safety, that is the magnitude of the range of
doses involved in going from a non-effective dose
to a lethal dose. It is obvious that if the dose-
response curve is very steep, this margin of safety
is slight. Another situation may arise in which
one compound would be rated as “more toxic”
than a second compound if the LD,, values alone
were compared but the reverse assessment of rel-
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ative toxicity would be reached if the comparison
was made of the LD, values for the two com-
pounds because the dose-response curve for the
second compound had a more gradual slope. It
should thus be apparent that the slope of the dose-
response curves may be of considerable signifi-
cance with respect to establishing relative tox-
icities of compounds. For an excellent non-math-
ematical discussion of the underlying concepts of
dose-response relationships, Chapter 2 of Loomis*
is well worth reading.

TABLE 7-1
Toxicity Classes

LDw-Wt/kg 4 hr Inhalation
Toxicity Descriptive Single oral dose LCswn — PPM
Rating Term Rats Rats

1 Extremely
toxk Imgorless <10
2 Highly toxic 1-50mg 10-100
3 Moderately
toxic 50-500 mg 100-1,000
4 Slightly toxic 0.5-5 g 1,000-10,000
5 Practically
non-toxic 5-15g 10,000-100,000
6 Relatively
harmless 15 g or more >>100,000

By similar experiments dose-response curves
may be obtained using a criterion other than mor-
tality as the response and an ED,, value is ob-
tained. This is the dose which produced the
chosen response in 50 percent of the treated ani-
mals. When the study of a toxic substance pro-
gresses to the point at which its action on the
organism may be studied as graded response in
groups of animals, dose-response curves of a
slightly different sort are generally used. Ome
might see for example, a dose-response curve
relating the degree of depression of brain choline
csterase to the dose of an organic phosphorus
ester or a dose-response curve relating the in-
crease in pulmonary flow-resistance to the con-
centration of sulfur dioxide inhaled.

ROUTES OF EXPOSURE

Toxic chemicals can enter the body by vari-
ous routes. The most important route of exposure
in industry is inhalation. Next in importance is
contact with skin and eyes. The response to a
given dose of toxic agent may vary markedly de-
pending on the route of entry. A cardinal princi-
ple to remember is that the intensity of toxic ac-
tion is a function of the concentration of the toxic
agent which reaches the site of action. The route
of exposure can obviously have an influence upon
the concentration reaching the site of action.
Parenteral: Aside from the obvious use in admin-
istration of drugs, injection is considered mainly as
a route of exposure of experimental animals. In
the case of injection, the dose administered is
known with accuracy. Intravenous (iv) injection
introduces the material directly into the circula-
tion, hence comparison of the degree of response
to iv injection with the response to the dose ad-
ministered by another route can provide informa-
tion on the rate of uptake of the material by the
alternate route. When a material is administered



by injection, the highest concentration of the toxic
material in the body occurs at the time of en-
trance. The organism receives the initial impact
at the maximal concentration without opportunity
for a gradual reaction, whereas if the concentra-
tion is built up more gradually by some other
route of exposure, the organism may have time
to develop some resistance or physiological ad-
justment which could produce a modified re-
sponse. In experimental studies intraperitoneal
(ip) injection of the material into the abdominal
fluid is a frequently used technique. The major
venous blood circulation from the abdominal con-
tents proceeds via the portal circulation to the
liver. A material administered by ip injection is
subject to the special metabolic transformation
mechanisms of the liver, as well as the possi-
bility of excretion via the bile before it reaches
the general circulation. If the LD,, of a com-
pound given by ip injection was much higher (i.c.,
the toxicity is lower) than the LD,, by iv injec-
tion, this fact would suggest that the material was
being detoxified by the liver or that the bile was a
major route of excretion of the material. If the
values for LD,, were very similar for ip and iv
injection, it would suggest that neither of these
factors played a major role in the handling of
that particular compound by that particular spe-
cies of animal.

Oral: Ingestion occurs as a route of exposure of
workmen through eating or smoking with con-
taminated hands or in contaminated work areas.
Ingestion of inhaled material also occurs. One
mechanism for the clearance of particles from the
respiratory tract is the carrying up of the particles
by the action of the ciliated lining of the respira-
tory tract. These particles are then swallowed
and absorption of the material may occur from
the gastro-intestinal tract. This situation is most
likely to occur with larger size particles (2 and
up )although smaller particles deposited in the
alveoli may be carried by phagocytes to the up-
ward moving mucous carpet and eventually be
swallowed.

In experimental work, compounds may be ad-
ministered orally as either a single or multiple
dose given by stomach tube or the material may
be incorporated in the diet or drinking water for
periods varying from several weeks or months up
to several years or the lifetime of the animals. In
either case, the dose the animals actually receive
may be ascertained with considerable accuracy.
Except in the case of a substance which has a
corrosive action or in some way damages the lin-
ing of the gastro-intestinal tract, the response to
a substance administered orally will depend upon
how readily it is absorbed from the gut. Uranium,
for example, is capable of producing kidney dam-
age, but is poorly absorbed from the gut and so
oral administration produces only fow concentra-
tions at the site of action. On the, other hand,
ethyl alcohol, which has as a target organ the
central nervous system, is very rapidly absorbed
and within an hour 90 percent of an ingested dose
has been absorbed.

The epithelium of the gastro-intestinal tract
is poorly permeable to the ionized form of or-

ganic compounds. Absorption of such materials
generally occurs by diffusion of the lipid-soluble
non-ionized form. Weak acids which are pre-
dominately nonionized in the high acidity (pH
1.4) of gastric juice are absorbed from the stom-
ach. The surface of the intestinal mucosa has a
pH of 5.3. At this higher pH weak bases are less
ionized and more readily absorbed. The pK of a
compound (see Chapter 5) thus becomes an im-
portant factor in predicting absorption from the
gastro-intestinal tract.

Inhalation: Inhalation exposures are of prime im-
portance to the industrial toxicologist. The dose
actually received and retained by the animals i
not known with the same a as when a com-
pound is given by the routes previously discussed.
This depends upon the ventilation rate of the indi-
vidual. In the case of a gas, it is influenced by
solubility and in the case of an aerosol by par-
ticle size. The factors that influence the dose of
a substance retained in an inhalation exposure
will be discussed later. For the moment, suffice
it to say that the concentration and time of ex-
posure can be measured accurately and this gives
a working estimate of the exposure. Two tech-
niques are sometimes utilized in an attempt to
determine the dose with precision and still admin-
ister the compound via the lung. One is intra-
trachea! injection which may be used in some ex-
periments in which it is desirable 1o deliver a
known amount of particulate material into the
lung. The other is so called “precision gassing.”
In this technique the animal or experimental sub-
ject breathes through a valve system and the vol-
ume of exhaled air and the concentration of toxic
material in it are determined. A comparnison of
these data with the concentration in the atmos-
phere of the exposure chamber gives an indica-
tion of the dose retained.

Cutaneous: Cutaneous exposure ranks first m the
production of occupational disease, but not neces-
sarily first in severity. The skin and its associated
film of lipids and sweat may act as an effective
barrier. The chemical may react with the skin
surface and cause primary irritation. The agent
may penetrate the skin and cause sensitization to
repeated exposure. The material may penetrate
the skin in an amount sufficient to cause systemic
poisoning. In assessing the toxicity of a compound
by skin application, a known amount of the ma-
terial to be studied is placed on the clipped skin
of the animal and held in place with a rubber cuff.
Some materials such as acids, alkalis and many
organic solvents are primary skin irritants and pro-
duce skin damage on initial contact. Qther ma-
terials are sensitizing agents. The initia]l contact
produces no irritant response, but may render the
individual sensitive and dermatitis results from
future contact. Ethyleneamines and the catechols
in the well known members of the Rhus family
(poison ivy and poison oak) are examples of such
agents. Chapter 34 is devoted to the damaging
effects of industrial chemicals on the skin. The
physiochemical properties of a material are the
main determinant of whether or not a material
will be absorbed through the skin. Among the
important factors are pH, extent of iomization,



water and lipid solubility and molecular size. Some
compounds such as phenol and phenolic deriva-
tives can readily penetrate the skin in amounts
sufficient to produce systemic intoxication. If the
skin is damaged, the normal protective barrier to
absorption of chemicals is lessened and penetra-
tion may occur. An example of this is a descrip-
tion of cases of mild lead intoxication that oc-
curred in an operation which involved an inor-
ganic lead salt and also a cutting oil. Inorganic
lead salts would not be absorbed through intact
skin, but the dermatitis produced by the cutting
oil permitted increased absorption.

Ocular: The assessment of possible damage result-
ing from the exposure of the eyes to toxic chemi-
cals should also be considered. The effects of acci-
dental contamination of the eye can vary from
minor irritation to complete loss of vision. In ad-
dition to the accidental splashing of substances
into the eyes, some mists, vapors and gases pro-
duce varying degrees of eye irritation, either acute
or chronic. In some instances a chemical which
does no damage to the eye can be absorbed in
sufficient amount to cause systemic poisoning. The
extreme toxicity of fluoroacetate was discovered
accidentally in this manner by a group of Polish
chemists who tested it for lachrymatory action in
a rabbit. They had hoped that fluoroacetate would
be as irritating to the eyes as iodoacetic acid. The
latter had proved unsuitable for warfare purposes
because of the purple cloud of iodine vapor that
betrayed its presence when it was exploded in a
bomb. Their rabbit showed no signs of eye irrita-
tion, but alerted their interest when it had con-
vulsions and died. An excellent reference on ocu-
lar effects of toxic chemicals is “Toxicology of the
Eye” by Grant.®

CRITERIA OF RESPONSE

After the toxic material has been administered
by one of the routes of exposure discussed above,
there are various criteria the toxicologist uses to
evaluate the response. In modern toxicological
research, these criteria are oriented whenever pos-
sible towards elucidating the mechanisms of ac-
tion of the materal.

Mortality: As has been indicated, the LD, of a
substance serves as an initial test to place the
compound appropriately in the spectrum of toxic
agents. Mortality is also a criterion of response in
long term chronic studies. In such studies, the
investigator must be certain that the mortality ob-
served was due to the chronic low level of the ma-
terial he is studying; hence an adequate control
group of untreated animals subject to otherwise
identical conditions is maintained for the duration
of the experiment.

Pathology: By examination of both gross and
microscopic pathology of the organs of animals
exposed, it is possible to get an idea of the site
of action of the toxic agent, the mode of action
and the cause of death. Pathological changes are
usually observed at dose levels which are below
those needed to produce the death of animals. The
liver and the kidney are organs particularly sensi-
tive to the action of a variety of toxic agents.
In some instances the pathological lesion is typical

65

of the specific toxic agents, for example, the sili-
cotic nodules in the lungs produced by inhalation
of free silica or the pattern of liver damage re-
sulting from exposure to carbon tetrachloride and
some other hepatotoxins. In other cases the dam-
age may be more diffuse and less specific in nature.
Growth: In chronic studies the effect of the toxic
agent on the growth rate of the animals is another
criterion of response. Levels of the compound
which do not produce death or overt pathology
may result in a diminished rate of growth. A
record is also made of the food intake. This will
indicate whether diminished growth results from
lessened food intake or from less efficient use of
food ingested. It sometimes happens that when
an agent is administered by incorporation into the
diet, especially at high levels, the food is unpalat-
able to the animals and they simply refuse to eat it.
Organ Weight: The weight of various organs, or
more specifically the ratio of organ weight to
body weight may be used as a criterion of re-
sponse. In some instances such alterations are
specific and explicable, as for example the increase
of lung weight to body weight ratio as a measure
of the edema produced by irritants such as ozone
or oxides of nitrogen. In other instances the in-
crease is a less specific general hypertrophy of the
organ, especially of the liver and kidney. In a
summary of data from two major industrial tox-
icology laboratories where a wide variety of com-
pounds had been screcned for toxicity,” it was
pointed out that in using body growth, liver weight
and kidney weight as criteria of response, a change
in one or more of these was observed at the lowest
dose at which any effect was seen in 80 percent
of 364 studies. If liver and kidney pathology were
included in the list, then a change in one or more
criteria was observed at the lowest dose at which
any effect was seen in 96 percent of these studies.
The other 4 percent included materials with very
specific action such as the organophosphorus in-
secticides which will produce alterations in acetyl-
choline esterase at very low levels. Such non-
specific increases in organ weight are difficult to
interpret and may not of necessity represent a
harmful change, but they lower the threshold at
which a dose may be termed “no effect.”

Physiological Function Tests: Physiological func-
tion tests are useful criteria of response both in
experimental studies and in assessing the response
of exposed workmen. They can be especially use-
ful in chronic studies in that they do not necessi-
tate the killing of the animal and can, if desired,
be done at regular intervals throughout the period
of study. Tests in common clinical use such as
bromsulphalein retention, thymol turbidity, or
serum alkaline phosphatase may be used to assess
the effect of an agent on liver function. The ex-
amination of the renal clearance of various sub-
stances helps give an indication of localization of
kidney damage. The ability of the kidney (especi-
ally in the rat) to produce a concentrated urine
may be measured by the osmolality of the urine
produced. This has been suggested for the evalua-
tion of alterations in kidney fanction.'® Alterations
may be detected following inhalation of materials
such as chlorotriffuoroethylene at levels of reversi-



ble response. In some instances measurement of
blood pressure has proved a sensitive means of
evaluating response.!* Various tests of pulmonary
function have been used to evaluate the response
of both experimental animals and exposed work-
men. These tests include relatively simple tests
which are suitable for use in field surveys as well
as more complex methods possible only under
laboratory conditions. Simple tests include such
measurements as peak expiratory flowrate
(PEFR), forced vital capacity (FVC), and 1-
second forced expiratory volume (FEV, ). More
complex procedures include the measurement of
pulmonary mechanics (flow-resistance and com-
pliance) and their application in epidemiologic
surveys. Information on the effects of various
agents on the lungs is discussed in Chapter 33.

Biochemical Studies: The study of biochemical
response to toxic agents leads in many instances
to an understanding of the mechanism of action.
Tests of toxicity developed in animals should be
oriented to determination of early response from
exposures that are applicable to the industrial
scene. Many toxic agents act by inhibiting the
action of specific enzymes. This action may be
studied in vitro and in vivo. In the first case, the
toxic agent is added to tissue slices or tissue homo-
genate from pormal animals and the degree of in-
hibition of enzymatic activity is measured by an
appropriate technique. In the second case, the
toxic agent is administered to the animals; after
the desired interval the animals are killed and the
degree of enzyme inhibition is measured in the
appropriate tissues. A judicious combination of
in vivo and in vitro studies is especially useful
when biotransformation to a toxic compound is
involved. The classic example of this is the work
of Peters '? on the toxicity of fluoroacetate. This
material, which was extremely toxic when admin-
istered to animals of various species, did not in-
hibit any known enzymes in vitro. Peters” work
demonstrated that fluoroacetate entered the car-
boxylic acid cycle of metabolism as if it were
acetic acid. The product formed was fluorocitrate
which was a potent inhibitor of the enzyme aconi-
tase. Biological conversion in the living animal
had resulted in the formation of a highly toxic
compound. He coired the term “lethal synthesis™
to describe such a transformation. An elegant
paper by Cremer** on the ethyl lead compounds
is worth discussing as an example of research tech-
niques in this area. She injected rats with tetra-,
tri-, and di-ethy! lead and with lead acetate. Symp-
toms of excitability, tremors and convulsions were
observed in the animals injected with the tetra-
ethyl and triethyl lead but not in the animals in-
jected with diethyl lead or the inorganic lead. The
triethyl lead was more potent than the tetracthyl
lead, which suggested that perhaps the toxic re-
sponse resulted from biologically formed triethyl
lead. By analytic methods, she was able to dem-
onstrate the presence of triethyl lead in the tissues
of animals poisoned with tetraethy! lead. She
found in vitro that liver preparations were capable
of converting tetracthyl lead to triethyl lead. She
measured the metabolism of brain slices from ani-
mals treated in vivo and found that the oxygen

consumption was lowered in animals receiving
tetracthyl or triethyl lead but not in animals treated
with diethyl lead or lead acetate. Tuming again
to in vitro experiments, she measured the oxygen
consumption of brain cortex slices from normal
animals to which the ethyl kead compounds were
added. These experiments showed that tetraethyl
lead is without effect and that triethyl lead is the
active component.

The fundamentals of the metabolism of toxic
compoinds are discussed in Chapter 5. The clas-
sic reference in the field is Detoxification Mecha-
nisms by Williams.>* The term “biotransformation”
is in many ways preferable to “detoxication” for
in many instances the toxic moiety may be the
metabolic product rather than the compound ad-
ministered. There are some instances, of course,
such as the conversion of cyanide to thiocyanate,
which are “detoxication™ in the strict sense.

Tests for the level of metabolites of toxic
agents in the urine have found wide use in indus-
trial toxicology as a means of evaluating exposure
of workmen. These are commonly referred to as
biologic threshold limits which serve as biologic
counterparts to the TLV's. The presence of the
metabolic product does not of necessity imply
poisoning; indeed the opposite is more commonly
the case. Normal values have been established
and an increase above these levels indicates that
exposure has occurred and thus provides a val-
uable screening mechanism for the prevention of
injury from continued or excessive exposure. Ta-
ble 7-2 lists some of these metabolic products
which have been used to evaluate exposure as well
as the agents for which they may be used.

TABLE 7-2
Metabolic Products Useful As Indices Of Exposure
Product in Toxic
Urine Apents
Organic Sulfate Benzene
Phenol
Aniline
Hippuric Acid Toluene
Ethyl benzene
Thiocyanate Cyanate
Nitriles
Glucuronates Phenol
Benzene
Terpenes
Formic Acid Methyl alcohol
2, 6, dinitro-4- TNT
amino tolucne
p-nitrophenol Parathion
p-2minophenol Aniline

There are other instances in which a biochem-
ical alteration produced by the toxic agent is useful
as a criterion of evaluating exposure. Lead, for ex-
ample, interferes in porphyrin metabolism and in-
creased levels of delta-aminolevulinic acid may
be detected in the urine following lead exposure.
Levels of plasma choline esterase may be used
to evaluate exposure to organic phosphorus insec-
ticides. Levels of carboxyhemoglobin provide a
means of assessing exposure to carbon monoxide.
Levels of methemoglobin can be used to evaluate
exposure to nitrobenzene or aniline. Hemolysis



of red cells is observed in exposure to arsine.
Analysis of blood, urine, hair, or nails for various
metals is also used to evaluate exposure, though
whether these would be termed “biochemical tests™
depends somewhat on whether you are speaking
with an engineer or a biochemist.

The use of biologic threshold limit values pro-
vides a valuable adjunct to the TLV’s which are
based on air analysis. The analysis of blood,
urine, hair, or exhaled air for a toxic material
per se (e.g., Pb, As) or for a metabolite of the
toxic agent {e.g., thiocyanate, phenol) gives an
indication of the exposure of an individual worker.
These tests represent a very practical application
of data from experimental toxicology. Research
in industrial toxicology is often oriented towards
the search for a test suitable for use as a biologic
threshold which will indicate exposure at a level
below which damage occurs.

Behavioral Studies: When any toxic agent is ad-
ministered to experimental animals, the experi-
enced investigator is alert for any signs of abnor-
mal behavior. Such things as altered gait, bizarre
positions, aggressive behavior, increased or de-
creased activity, tremors or convulsions can sug-
gest possible sites of action or mechanisms of
action. The ability of an animal to maintain its
balance on a rolling bar is a frequently used test
of coordination. The loss of learned conditioned
reflexes has also been used and by judicious com-
bination of these tests it is possible to determine,
for example, that the neurological response to
methyl cellosolve differs from the response to
cthyl alcohol.'* Ability to solve problems or make
perceptual distinctions has been used on human
subjects, especially in an effort to determine the
possible effects of low levels of carbon monoxide
and other agents which might be expected to in-
terfere with efficient performance of necessary
tasks, thus creating a subtle hazard. Effects on
neurological variables such as dark adaptation of
the eye are much used by Russian investigators in
determining threshold limit values.

Reproductive Effects: 1t is possible that a level of
a toxic material can have an effect on either male
or female animals which will result in decreased
fertility. In fertility studies the chemical is given
to males and females in daily doses for the full
cycle of oogenesis and spermatogenesis prior to
mating. If gestation is established, the fetuses are
removed by caesarean section one day prior to
delivery. The litter size and viability are com-
pared with untreated groups. The young are then
studied to determine possible effects on survival,
growth rate and maturation. The tests may be
repeated through a second and third litter of the
treated animals. If it is considered necessary the
test may be extended through the second and
third generation.

Teratogenic Effects: Chemicals administered to the
pregnant animal may, under certain conditions,
produce malformations of the fetus without induc-
ing damage to the mother or killing the fetus. The
experience with the birth of many infants with
limb anomalies resulting from the use of thalido-
mide by the mothers during pregnancy alerted the
toxicologists to the need for more rigid testing in
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this difficult area. Another example of human ex-
perience in recent times was the teratogenic effect
of methyl mercury as demonstrated in the inci-
dents of poisoning in Minamata Bay, Japan. The
study of the teratogenic potential poses a very
complex toxicological problem. The susceptibility
of various species of animal varies greatly in the
area of teratogenic effects. The timing of the dose
is very critical as a chemical may produce severe
malformations of one sort if it reaches the embryo
at one period of development and either no mal-
formations or malformations of a completely dif-
ferent character if it is administered at a later or
earlier period of embryogenesis. For a discussion
of a recommended method of teratogenic testing
and a summary of the literature in this area, the
paper by Cahen' may be consulted.
Carcinogenicity: The study of the carcinogenic
effects of a toxic chemical is a complex experi-
mental problem. Such testing involves the use of
sizeable groups of animals observed over a period
of two years in rats or four to five years in dogs
because of the long latent period required for the
development of cancer. Efforts to shorten the
time lag have led to the use of aging animals. This
may reduce the lag period one third to one
fourth. Various strains of inbred mice or hamsters
are frequently used in such experiments. Quite
frequently materials are screened by painting on
the skin of experimental animals, especially mice.
Industrial experience down through the years has
made plain the hazard of cancer from exposure
to various chemicals. Among these are many of
the polynuclear hydrocarbons, beta-naphylamine
which produces bladder cancer, chromates and
nickel carbonyl which produce lung cancer. An
excellent summary of recent experimental work in
the area of the production of lung cancer in experi-
mental animals is given by Kuschner.!”

The FDA Advisory Committee on Protocols
for Safety Evaluation Panel on Carcinogenesis has
recently published in the literature their Report
on Cancer Testing in the Safety Evaluation of
Food Additives and Pesticides® The particular
emphasis is on testing materials which would come
into contact with man principally through the diet,
cither as food additives or as contaminating resi-
dues on food products as in the case of pesticides;
however, many fundamental points pertinent to
the overall area of experimental testing for carcin-
ogenesis by the toxicologist are raised and
thoughtfully discussed. This reference is highly
recommended reading. For ubiquitous substances
air quality standards must consider contributions
from all sources, food and beverages, water, am-
bient air, and smoking, as well as those from the
industrial environment, e.g., asbestos and lead.

FACTORS INFLUENCING
INTENSITY OF TOXIC ACTION

Rate of Entry and Route of Exposure: The de-
gree to which a biological system responds to the
action of a toxic agent is in many cases markedly
influenced by the rate and route of exposure. It
has already been indicated that when a substance
is administered as an iv injection, the material has
maximum opportufity to be carried by the blood



stream throughout the body, whereas other routes
of exposure interpose a barrier to distribution of
the material. The effectiveness of this barrier will
govern the intensity of toxic action of a given
amount of toxic agent administered by various
routes. Lead, for example, is toxic both by in-
gestion and by inhalation. An equivalent dose,
however, is more readily absorbed from the res-
piratory tract than from the gastro-intestinal tract
and hence produces a greater response.

There is frequently a difference in intensity
of response and sometimes a difference even in
the nature of the response between the acute and
chronic toxicity of a material If a material is
taken into the body at a rate sufficiently slow that
the rate of excretion and/or detoxification keeps
pace with the intake, it is possible that no toxic
response will result even though the same total
amount of material taken in at a faster rate would
result in a concentration of the agent at the site
of action sufficient to produce a toxic response.
Information of this sort enters into the concept
of a threshold limit for safe exposure. Hydrogen
sulfide is a good example of a substance which is
rapidly lethal at high concentrations as evidenced
by the many accidental deaths it has caused. It has
an acute action on the nervous system with rapid
production of respiratory paralysis unless the vic-
tim is promptly removed to fresh air and re-
vived with appropriate artificial respiration. On
the other hand, hydrogen sulfide is rapidly oxi-
dized in the plasma to non-toxic substances and
many times the lethal dose produces relatively lit-
tle effect if administered slowly. Benzene is a
good example of a material which differs in the
nature of response depending on whether the ex-
posure is an acute one to a high concentration or
a chronic exposure to a lower level. If one used
as criteria the 4 hr L.C,, for rats of 16,000 ppm
which has been reported for benzene, one would
conclude (from Table 7-1) that this material
would be “practically non-toxic™ which, of course,
is contrary to fact. The mechanism of acute death
is narcosis, Chronic exposure to low levels of
benzene on the other hand produces damage to
the blood-forming tissue of the bone marrow and
chronic benzene intoxication may appear even
many years after the actual exposure to benzene
has ceased.

Age: Tt is well known that, in general, infants and
the newbom are more sensitive to many toxic
agents than are adults of the same species, but
this has relatively little bearing on a discussion of
industrial toxicology. Older persons or older ani-
mals are also often more sensitive to toxic action
than are younger adults. With aging comes a di-
minished reserve capacity in the face of toxic
stress. This reserve capacity may be either func-
tional or anatomical. The excess mortality in the
older age groups during and immediately following
the well known acute air pollution incidents is a
case in point. There is experimental evidence from
electron microscope studies that younger animals
exposed to pollutants have a capacity to repair
hling damage which was lost in older animals.'*
State of Healith: Pre-existing disease can result in
greater sensitivity to toxic agents. In the case of
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specific diseases which would contraindicate ex-
posure to specific toxic agents, pre-placement med-
ical examination can prevent possible hazardous
exposure. For example, an individua! with some
degree of pre-existing methemoglobinemia would
not be placed in a work situation involving expos-
ure to nitrobenzene. Since it is known that the
uptake of manganese parallels the uptake of iron,
it would be unwise to employ a person with known
iron deficiency anemia as a manganese miner. It
has been shown that viral agents will increase the
sensitivity of animals to exposure to oxidizing type
air pollutants. Nutritional status also affects re-
sponse to toxic agents,

Previous Exposure: Previous exposure to a toxic
agent can lead to either tolerance, increased sensi-
tivity or make no difference in the degree of re-
sponse. Some toxic agents function by sensitiza-
tion and the initial exposures produce no observ-
able response, but subsequent e will do
so. In these cases the individvals who are thus
sensitized must be removed from exposure. In
other instances if an individual is re-exposed to a
substance before complete reversal of the change
produced by a previous exposure, the effect may
be more dangerous. A case in point weuld be an
exposure to an o hosphorus  insecticide
which would lower the level of acetylcholine ester-
ase. Given time, the level will be restored to nor-
mal. If another exposure occurs prior to this,
the enzyme activity may be further reduced to
dangerous levels. Previous exposure to low levels
of a substance may in some cases protect against
subsequent exposure to levels of a toxic agent
which would be damaging if given initially. This
may come about through the induction of en-
zymes which detoxify the compound or by other
mechanisms often not completely understood. It
has been shown, for example, that exposure of
mice to low levels of ozone will prevent death
from pulmonary edema in subsequent high ex-
posures.®™ There is also a considerable “cross
tolerance” among the oxidizing irritants such as
ozone and hydrogen peroxide, an exposure to low
levels of the one protecting against high levels of
the other.

Environmental Factors: Physical factors can also
affect the response to toxic agents. In industries
such as smelting or steel making, high tempera-
tures are encountered. Pressures different than
normal ambient atmospheric pressure can be en-
countered in caissons or tunnel construction.

Host Factors: For many toxic agents the response
varies with the species of animal. There are often
differences in the response of males and females
to the same agent. Hereditary factors also can
be of importance. Genetic defects in metabolism
may render certain individuals more sensitive to
a given toxic agent.

CLASSIFICATION OF TOXIC MATERIALS

Within the scope of this chapter it is not possi-
ble to discuss the specific toxic action of a variety
of materials, although where possible specific in-
formation has been used to illustrate the principles
discussed. It might, however, be useful to con-
sider several ways in which toxic agents may be



classified. No one of these is of itself completely
satisfactory. A toxic agent may have its action on
the organ with which it comes into first contact.
Let us assume for the moment that the agent is
inhaled. Materials such as irritant gases or acid
mists produce a more or less rapid response from
the respiratory tract when present in sufficient
concentration. Other agents, such as silica or
asbestos, also damage the lungs but the response
is seen only after lengthy exposure. Other toxic
agents may have no effect upon the organ through
which they enter the body, but exert what is called
systemic toxic action when have been ab-
sorbed and tramslocated to the site of biological
action. Examples of such agents would be mer-
cury vapor, manganese, lead, chlorinated hydro-
carbons and many others which are readily ab-
sorbed through the lungs, but produce typical
toxic symptoms only in other organ systems.
Physical Classifications: This type of classification
is an attempt to base the discussion of toxic agents
on the form in which they are present in the air.
These are discussed as gases and vapors or as
acrosols.

Gases and Vapors: In common industrial hygiene
usage the term *“gas™ is usually applied to a sub-
stance which is in the gaseous state at room tem-
perature and pressure and the term “vapor” is
applied to the gaseous phase of a material which
is ordinarily a solid or a liquid at room tempera-
ture and pressure. In considering the toxicity of
a gas or vapor, the solubility of the material is of
the utmost importance. If the material is an irri-
tant gas, solubility in aqueous media will deter-
mine the amount of material that reaches the lung
and hence its site of action. A highly soluble gas,
such as ammonia, is taken up readily by the mu-
cous membranes of the nose and upper respira-
tory tract. Sensory response fo irritation in these
areas provides the individual with warning of the
presence of an irritant gas. On the other hand, a
relatively insoluble gas such as nitrogen dioxide is
not scrubbed out by the upper respiratory tract,
but penetrates readily to the lung. Amounts suf-
ficient to lead to pulmonary edema and death may
be inhaled by an individual who is not at the time
aware of the hazard. The solubility coefficient of
a gas or vapor in blood is one of the factors de-
termining rate of uptake and saturation of the
body. With a very soluble gas, saturation of the
body is slow, is largely dependent upon ventilation
of the lungs and is only slightly influenced by
changes in circulation. In the case of a slightly
soluble gas, saturation is rapid, depends chiefly
on the rate of circulation and is little influenced
by the rate of breathing. If the vapor has a high
fat solubility, it tends to accumulate in the fatty
tissues which it reaches carried in the blood. Since
fatty tissue often has a meager blood supply, com-
plete saturation of the fatty tissue may take a
longer period. It is also of importance whether
the vapor or gas is one which is readily metabo-
lized. Conversion to a metabolite would tend to
lower the concentration in the blood and shift
the equilibrium towards increased uptake. It is
also of importance whether such metabolic prod-
ucts are toxic. For a discussion of the interplay
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of factors relating to the uptake of gases and va-
pors, Chapter 5 of Henderson and Haggard® or
Chapter 6 of Patty** should be consulted.
Aerosols: An aerosol is composed of solid or li-
quid particles of microscopic size dispersed in a
gaseous medium (for our purposes, air). Special
terms are used for indicating certain types of par-
ticles. Some of these are: “dust™, a dispersion of
solid particles usually resulting from the fracture
of larger masses of material such as in drilling,
crushing or grinding operations; “mist”, a disper-
sion of liquid particles, many of which are wvis-
ible; “fog”, visible acrosols of a liquid formed by
condensation; “fume”, an aercsol of solid particles
formed by condensation of vaporized materials;
“smoke”, aerosols resulting from incomplete com-
bustion which consist mainly of carbon and other
combustible materials. The toxic response to an
aerosol depends obviously on the nature of the
material, which may have as a target organ the
respiratory system or may be a systemic toxic
agent acting elsewhere in the body. In either case,
the toxic potential of a given material dispersed
as an aerosol is only partially described by a state-
ment of the concentration of the material in terms
of weight per unit volume or number of particles
per unit volume. For a proper assessment of the
toxic hazard, it is necessary to have information
also on the particle size distribution of the ma-
terial. Understanding of this fact has led to the
development of instruments which sample only
particles in the respirable size range. Chapters 13
and 14 discuss analytical methods for obtaining
the needed data. The particle size of an aerosol
is the key factor in determining its site of deposi-
tion in the respiratory tract and, as a sequel to
this, the clearance mechanisms which will be avail-
able for its subsequent removal. The deposition
of an aerosol in the respiratory tract depends upon
the physical forces of impaction, settling, and
diffusion or Brownian movement which apply to
the removal of any aerosol from the atmosphere,
as well as vpon anatomical and physiclogical fac-
tors such as the geometry of the lungs and the
air-flow rates and patterns occurring during the
respiratory cycle. The interrelationship of these
factors has been examined both theoretically and
experimentally. The monograph by Hatch and
Gross, “Pulmonary Deposition and Retention of
Inhaled Aeroso!s™?* gives an excellent discussion
of the subject and should be required reading for
anyone entering the field of environmental toxi-
cology. The most recent theoretical treatment is
that of the Task Force on Lung Dynamics* which
also gives an excellent summary of past work.

In the limited space available only one point
will be emphasized here, namely, the toxicological
importance of particles below 1 ym in size. Aero-
sols in the range of 0.2-0.4 xm tend to be fairly
stable in the atmosphere. This comes about be-
cause they are too small to be effectively removed
by forces of settling or impaction and too big to be
effectively removed by diffusion. Since these are
the forces that lead to deposition in the respiratory
tract, it has been predicted theoretically and con-
firmed experimentally that a lesser perceniage of
these particles is deposited in the respiratory tract.



On the other hand, since they are stable in the
atmosphere, there are large numbers of them
present to be inhaled, and to dismiss this size
range as of minimal importance is an error in
toxicological thinking which should be corrected
whenever it is encountered. Aerosols in the size
range below 0.1pxm are also of major toxicological
importance. The percentage deposition of these
extremely small particles is as great as for 1um
particles and this deposition is alveolar, This fact
was predicted theoretically by Findeisen as far
back as 1935 and has been confirmed experi-
mentally.* Particles in the sub-micron range also
appear to have greater potential for interaction
with imritant gases, a fact which is of importance
in air pollution toxicology.

Chemical Classification: Toxic compounds may be
classified according to their chemical nature. Vol-
ume II of Patty*® is so structured and is an excel-
lent practical reference. Industrial Toxicology by
Hamilton and Hardy?® is also arranged more or
less according to the chemical classification. Since
both of the authors were distinguished as indus-
trial physicians (the late Dr. Alice Hamilton being
one of the pioneers in that area), the book is more
oriented to medical signs and symptoms than to-
wards experimental toxicology. Several more spe-
cialized works deal with certain types of chem-
ical compounds. Among these may be included
Browning’s Toxicity of Industrial Metals® and
Toxicity and Metabolism of Industrial Solvenis®
and Gerarde’s Toxicology and Biochemistry of
Aromatic Hydrocarbons.*

Physiological Classification: Such classification at-
tempts to frame the discussion of toxic materials
according to their biological action. Most such
systems (including the present one) have as their
basis the now classic scheme proposed by Hender-
son and Haggard ®

Irritants: The basis of classifying these materials
is their ability to cause inflammation of mucous
membranes with which they come in contact
While many irritants are strong acids or alkalis
familtar as corrosive to non-living things such as
lab coats or bench tops, bear in mind that inflam-
mation is the reaction of a living tissue and i dis-
tinct from chemical corrosion. The inflammation
of tigsue results from concentrations far below
those needed to produce corrosion. As was indi-
cated earlier in discussing gases and vapors, solu-
bility is an important factor in determining the
site_of irritant action in the respiratory tract.
Highly soluble materials such as ammonia, alka-
line dusts and mists, hydrogen chloride and hydro-
gen fluoride affect mainly the upper respiratory
tract. Other materials of intermediate solubility
such as the halogens, ozone, diethyl or dimethyl
sulfate and phosphorus chlorides affect both the
upper respiratory tract and the pulmonary tissue.
Insoluble materials such as nitrogen dioxide, ar-
senic trichloride, or phosgene affect primarily the
lung. There are exceptions to the statement that
solubility serves to indicate site of action. Ome
such is ethyl ether and other insoluble compounds
that are readily absorbed unaltered from the alve-
oli and hence do not accumulate in that area. In
the upper respiratory passages and bronchi where
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the material is not readily absorbed, it can accum-
ulate in concentrations sufficient to produce irrita-
tion. Another exception is in materials such as
bromobenzyl cyanide which is a vapor from a
liquid boiling well above room temperature. It is
taken up by the eyes and skin as a mist. In initial
action, then, it is a powerful lachrymator and up-
per respiratory irritant, rather than producing a
primarily alveolar reaction as would be predicted
from its low solubility.

Irritants can also cause changes in the me-
chanics of respiration such as increased pulmon-
ary flow-resistance or decreased compliance (a
measure of elastic behavior of the lungs). One
group of irritants among which are sulfur dioxide,
acetic acid, formaldehyde, formic acid, sulfuric
acid, acrolein and iodine produce a pattern in
which the flow-resistance is increased, the compli-
ance is decreased only slightly and at higher con-
centrations the frequency of breathing is de-
creased. Another group among which are ozone
and oxides of nitrogen have little effect on resis-
tance, produce a decrease in compliance and an
increase in respiratory rate. There is evidence
that in the case of irritant aerosol, the irritant po-
tency of a given material tends to increase with
decreasing particle size™ as assessed by the in-
crease in flow-resistance. Following respiratory
mechanics measurements in cats exposed to irn-
tant aerosols, the histologic sections prepared after
rapid freezing of the lungs showed the anatomical
sites of constriction.** Long term chronic lung
impairment may be caused by irritants either as
sequelae to a single very severe exposure or as
the result of chronic exposure to low concentra-
tions of the irritant. There is evidence in experi-
mental animals that long term exposure to respir-
atory irritants can lead to increased mucous secre-
tion and a condition resembling the pathology of
human chronic bronchitis without the intermediary
of infection.** * The epidemiological assessment
of this factor in the bealth of residents of polluted
urban atmospheres is currently a vital area of
research

Irritants are usually further subdivided into
primary and secondary irritants. A primary irri-
tant is a material which for all practical purposes
exerts no systemic toxic action either because the
products formed on the tissues of the respiratory
tract are nontoxic or because the irritant action
is far in excess of any systemic toxic action. Ex-
amples of the first type would be hydrochloric
acid or sulfuric acid. Examples of the second type
would be materials such as Lewisite or mustard
gas, which would be quite toxic on absorption
but death from the irritation would result before
sufficient amounts to produce systemic poisoning
would be absorbed. Secondary irritants are ma-
terials which do produce irritant action on mucous
membranes, but this effect is overshadowed by
systemic effects resulting from absorption. Exam-
ples of materials in this category are hydrogen
sulfide and many of the aromatic hydrocarbons
and other organic compoumis. The direct con-
tact of liquid aromatic hydrocarbons with the hung
can cause chemical pneumonitis with pulmonary
edema, hemorrhage and tissue necrosis. It is for



this reason that in the case of accidental inges-
tion of these materials the induction of vomiting
is contraindicated because of possible aspiration
of the hydrocarbon into the hungs.

Asphyxiants: The basis of classifying these ma-
terials is their ability ta deprive the tissue of oxy-
gen. In the case of severe pulmonary edema caused
by an irritant such as nitrogen dioxide or laryngeal
spasm caused by a sudden severe exposure to
sulfuric acid mist, the death is from asphyxia,
but this results from the primary irritant action.
The materials we classify here as asphyxiants do
not damage the lung. Simple asphyxiants are
physiologically inert gases which act when they
are present in the atmosphere in sufficient quan-
tity to exclude an adequate oxygen supply. Among
these are such substances as nitrogen, nitrous
oxide, carbon dioxide, hydrogen, helium and the
aliphatic hydrocarbons such as methane and
ethane. All of these gases are not chemically
unreactive and among them are many materials
which pose a major hazard of fire and explosion.
Chemical asphyxiants are materials which have as
their specific toxic action rendering the body in-
capable of utilizing an adequate oxygen supply.
They are thus active in concentrations far below
the level needed for damage from the simple as-
phyxiants. The two classic examples of chemical
asphyxiants are carbon monoxide and cyanides.
Carbon monoxide interferes with the transport of
oxygen to the tissues by its affinity for hemoglobin.
The carboxy-hemoglobin thus formed is unavail-
able for the transport of oxygen. All aspects of
current research on carbon monoxide were the
subject of a recent conference of the New York
Academy of Sciences and the monograph result-
ing from this meeting is an excellent reference **
Over and above the familiar lethal effects, there
is concern about how low level exposures will
affect performance of such tasks as automobile
driving, etc. In the case of cyanide, there is no
interference with the transport of oxygen to the
tissues. Cyanide transported to the tissues forms
a stable complex with the ferric iron of ferric
cytochrome oxidase resulting in inhibition of en-
zyme action. Since aerobic metabolism is de-
pendent upon this enzyme system, the tissues are
unable to utilize the supply of oxygen, and tissue
“hypoxia” results. Therapy is directed towards
the formation of an inactive complex before the
cyanide has a chance to react with the cytochrome.
Cyanide will complex with methemoglobin so ni-
trite is injected to promote the formation of meth-
emoglobin. Thiosulfate is also given as this pro-
vides the sulfate needed to promote the enzymatic
conversion of cyanide to the less toxic thiocyanate.
Primary Anesthetics: The main toxic action of
these materials is their depressant effect upon the
central nervous system, particularly the brain, The
degree of anesthetic effect depends upon the ef-
fective concentration in the brain as well as upon
the specific pharmacologic action. Thus, the ef-
fectiveness is a balance between solubility (which
decreases) and pharmacological potency (which
increases) as one moves up a homologous series
of compounds of increasing chain length. The
anesthetic potency of the simple alcohols also rises
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with increasing number of carbon atoms through
amyl alcohol which is the most powerful of the
serics. The presence of multiple hydroxyl groups
diminishes potency. The presence of carboxyl
groups tends to prevent anesthetic activity which
is slightly restored in the case of an ester. Thus
acetic acid is not anesthetic, ethyl acetate is
mildly so. The substitution of a halogen for a
hydrogen of the fatty hydrocarbons greatly in-
creases the anesthetic action, but confers toxicity
to other organ systems which outweighs the anes-
thetic action.

Hepatotoxic Agents: These are materials which
have as their main toxic action the production of
liver damage. Carbon tetrachloride produces se-
vere diffuse central necrosis of the liver. Tetra-
chloroethane is probably the most toxic of the
chlorinated hydrocarbons and produces acute yel-
low atrophy of the liver. Nitrosamines are cap-
able of producing severe liver damage. There are
many compounds of plant origin such as some of
the toxic components of the mushroom Amanita
phalloides, alkaloids from Senecio, and aflatoxins
which are capable of producing severe liver dam-
age and in some instances are powerful hepato-
carcinogens.

Nephrotoxic Agents: These are materials which
have as their main toxic action the production of
kidney damage. Some of the halogenated hydro-
carbons produce damage to the kidney as well
as to the liver. Uranium produces kidney damage,
mostly limited to the distal third of the proximal
convoluted tubule.

Neurotoxic Agents: These are materials which in
one way or another produce their main toxic
symptoms on the nervous system. Among them
are metals such as manganese, mercury and thal-
lium. The central mervous system seems partic-
ularly sensitive to organometallic compounds, and
neurclogical damage results from such materials
as methylmercury and tetracthyl lead. Trialkyl
tin compounds may cause edema of the central
nervous system. Carbon disulfide acts mainly on
the nervous system. The organic phosphorus in-
secticides lead to an accumulation of acetyl cho-
line because of the inhibition of the enzyme which
would normally remove it and hence cause their
main symptoms in the nervous system.

Agents which act on the blood or hematopoietic
system: Some toxic agents such as nitrites, aniline
and toluidine convert hemoglobin to methemoglo-
bin. Nitrobenzene forms methemoglobin and also
lowers the blood pressure. Arsine produces hemo-
lysis of the red blood cells. Benzene damages the
hematopoietic cells of the bone marrow.

Agents which damage the lung: In this category
are materials which produce damage of the pul-
monary tissue but not by immediate irritant ac-
tion. Fibrotic changes are produced by materials
such as free silica which produces the typical sili-
cotic nodule. Asbestos also produces a typical
damage to lung tissue and there is newly aroused
interest in this subject from the point of view of
possible effects of low level exposure of individuals
who are not asbestos workers. Asbestosis was the
subject of a recent conference of the New York
Academy of Sciences and the papers in the re-



sulting monograph present the various aspects of
current

research in the area.® Other dusts, such

as coal dust, can produce pneumoconiosis which,
with or without tuberculosis super-imposed, has
been of long concerm in mining Drinker and
Hatch® is a classic reference in this area and
Hunter* discusses at length occupational expo-
sures to dusts, Many dusts of organic origin such
as those arising in the¢ processing of cotton or
wood can cause pathology of the hungs and/or
alterations in lung function. The proteolytic en-
zymes added to laundry products are an occupa-
tional hazard of current interest. Toluenediisocya-
nate (TDI) is another material which can cause
impaired lung function at very low concentra-
tions and there is evidence of chronic as well as
acute effects.® Chapter 33 discusses materials
in this category.
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CHAPTER 8

PRINCIPLES AND USE OF STANDARDS OF QUALITY FOR
THE WORK ENVIRONMENT

B. D. Dinman, M.D., Sc.D.

INTRODUCTION
Rationale

Total removal of all potentially harmful agents
from the work place is the only absolute method
of assuring worker safety and health. Since this
optimum is not always possible, exposure to po-
tentially toxic substances s unavoidable. Accord-
ingly, it has become necessary to define quantita-
tively which exposure levels are not attended by a
risk to the worker’s health or well-being.

Basic Underlying Principles

An understanding of the dose-response rela-
tionship (see Chapter 7) is a basic determinant
of the feasibility of such standards. In brief, all
chemical agents cause biological response as a
function of the quantity absorbed and the period
of time over which such absorption occurs. Thus,
there should be a dose (concentration and time
dependent) which does not exceed the capability
of the organism to metabolize, detoxify or excrete
such compounds. This dose is usually referred to
as a “no effect” level

The “no effect” level — is a puristic concept
because there is always some biological or chem-
ical alteration when the organism encounters some
cxogenous material.” * Whereas in the United
States it is clearly understood that such responses
are not deleterious per se, in the Soviet Union this
is not explicitly recognized. Nevertheless, in the
United States a “no effect™ level is implied to be
one which does not produce any deleterious or
undesirable effect upon human health and well-
being or overload the normal protective mecha-
nisms of the body.?

Thus a biological accommodation, e.g., a non-
specific alteration in brain waves, a decreased
serum catalase (an enzyme normally present in
the body far beyond stress demands), is seen as
probably not having immediate or long-term effect
on health. Such changes are not deleterious in
and of themselves. By contrast, although exposure
to H,S at concentrations of 30-50 ppm produces
no changes other than self-limited eye irritation.
such concentrations are, in normal circumstances.
unacceptable. This is in keeping with the WHO*
definition of health which considers any encroach-
ment upon human well-being as being ill health
and, therefore, undesirable.

Problems in Definition of “No Effect Level”

It can be seen that there may be profound dif-
ferences of opinion as to what constitutes a “no
effect” level. The preponderant opinion in the

*World Health Organization
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United States holds that slight deviations within
homeostatic limits of biological change are not
deleterious.2. All necessary life processes required
by living organisms are associated with perturba-
tions of a steady state. Thus the basic processes
of digestion and absorption are associated with
considerable fluxes of, e.g:, electrolytes, lipids,
proteins, etc., at concentrations which deviate
from those found between meals. With each eye-
lid flicker there are attendant electrical discharges
along multiple nerve pathways that previously
were essentially quiescent. Therefore, it should be
apparent that for all bodily functions there are
constant deviations from a “steady state”; such
represent necessary accommodative change to en-
vironmental alteration in its broadest sense.

While such geperalizations are useful, the
problem becomes more difficult when one attempts
to define the actual limits beyond which change
becomes deleterious. Though practically any
change is considered as being potentially detri-
mental by the USSR, it becomes difficult to
reconcile this position with the concept of a
normal range associated with homeostasis. On the
other hand, the question might well be asked
whether the accumulated energy expenditures re-
quired by accommodation over a lifetime do not
contribute to the long-term depletion of life forces
which might accelerate the process of aging.

In the strictest sense a “no effect” level does
not exist; however, for operational purposes the
range of biological response which exceeds homeo-
static limits must be ascertained. The problems of
defining the effect such stresses (within homeo-
static imits) may have over a long-term should
be appreciated.

Other Variables Influencing the Use of Workroom
Air Quality Standards

Work-rest cycle. All quality standards make cer-
tain assumptions regarding the work-rest cycle.
Basically, most standards currently utilized in the
United States imply an 8-hour day within a 40-
hour week.* Thus, each work penod is followed
usually by a 16-hour non-exposed period, during
which restituting processes (e.g., detoxification,
excretion) occur. Where more prolonged work
exposure periods occur, the possibility of a greater
total dose being absorbed as well as less time
being available for restitution make application of
the usual quality standards inappropnate. With
deviations from the usual work-rest cycles (e.g.,
as with continuous exposure in submarines or
space capsules}, other environmental quality status
standards must be applied.



Worker Health Status. The standards utilized de-
pend upon an essentially healthy work force. This
stems from the fact that persons with a compro-
mised function or pathological condition may not
be capable of dealing with absorbed chemicals in
the expected manner. Accordingly, such individ-
uals may not be able to completely excrete each
day’s burden of an absorbed agent; this can lead
to a progressive accumulation of such materials.
Adverse Climate Conditions, Since adverse cli-
mate conditions place an accommodative burden
upon an individual, the additional work involved
in accommodating to occupational stressors may
be excessive. Accordingly, in such circumstances
quality standards may require modifications re-
flecting such additional physiologic loadings.
Special Genetic and Biological Susceptibility. Be-
cause of genetic and biological factors (e.g., glu-
cose-6-phosphate dehydrogenase or serum anti-
trypsin deficiencies} specific to some few (ie.,
5-10%) individual workers, these workers may
possess an undue susceptibility to agents found in
the work environment. It is necessary to detect
the presence of such unusual persons at special
risk prior to work exposure, since quality stan-
dards are designed for the normal person and do
not apply to special risk workers.*
Implications of the Premises Underlying
Quality Standards

It becomes immediately apparent that quality
standards cannot be utilized without a full under-
standing of the foregoing premises concerning
1) the work-rest cycle, 2) worker health status,
3) climatic conditions and 4) special susceptibil-
ities. In addition, their use requires concomitant
use of adequate environmenta! monitoring and
medical surveillance. The former stems from the
need to document the fact that these limits are not
being exceeded; the latter requirement, to deter-
mine that persons with pathologic or biologic de-
viations are not exposed (see Chapter 17).

PRINCIPLES FOR DEVELOPING
WORKROOM AIR QUALITY STANDARDS
Extrapolation by Chemical Analogy
A. Principle. When dealing with a new chemical,
animal or human toxicity data are wsually un-
available. Therefore, the prevailing principle is
that the quality of response of a chemical may be
assumed to be analogous to that produced by
similar substances. Chemicals that are struc-
turally similar should produce a similar biological
response. Thus, as a first approximation, some
estimate of toxic potential can be obtained. Obvi-
ously, the use of such assessments, since they are
not absolute predictors of qualitative effects, may
be dubious for prediction of quantitative response.
Nevertheless, as of 1968, 24% of all Threshold
Limit Values published by the American Confer-
ence of Governmental Industrial Hygienists were
based upon analogy.*

B. Limitations.
(1) Inconsistency of qualitative effect: Not
infrequently one compound in a chemical
family of compounds will respond in a
totally atypical manner when compared
with others of that family. Accordingly,
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some risk may be attached to predictions
of safety or toxicity based upon chemical
analogy.

Inconsistency of quantitative effect: as
fraught with risk as is prediction of qual-
itative risk on the basis of chemical an-
alogy, estimating quantitative effect is
even more hazardous.

Animal Experimentation

Principles and Purposes. Before workers are ex-
posed to any chemical agents in the workplace, it
is advisable to know the toxic effect such materials
possess. On this basis one can design the protec-
tive measures to protect workers and deal with
medical problems caused by such materials. How-
ever, in the case of new chemicals, there is often
little or no information upon which to act. Ac-
cordingly, an important method of developing such
new information utilizes animal experimentation.

In some cases clinical experience does exist,
but it is often fragmentary, and rarely provides
the detailed information needed concerning the
metabolites produced following chemical absorp-
tion. Data on metabolites is useful in estimating
the degree of absorption of substances. Experi-
mentation with an animal host which responds
to substances in a manner similar to man can pro-
vide such information.

The design of animal experiments should re-
flect the conditions of industrial usage of the sub-
stance in question. Since agents encountered in
the workplace may act systemically or locally
following skin or mucous membrane exposure, skin
testing for possible absorption and systemic tox-
icity, primary irritation or sensitization is indi-
cated. Exposure of animals to vapors, mists, acro-
sols or gases for determination of pulmonary ef-
fects and uptake or systemic toxicity is extremely
relevant to the industrial milieu. By contrast, ex-
periments utilizing gastro-intestinal or subcutane-
ous absorption are less frequently used except for
range-finding toxicity purposes.

Difficult questions revolve about the problems
of extrapolation of apmimal information to man.
As a rule, it is desirable to seek toxicological in-
formation derived from more than one animal
species wherever possible. Quite frequently vari-
ous species respond in differing fashions qualita-
tively and quantitatively. Since pno one species
consistently reacts as does man, one can mever
predict which species is most like man. Accord-
ingly, it is an operating principle, until otherwise
demonstrated, that man should be considered as
responding as does the most sepsitive animal spe-
cies; design of control programs should be devel-
oped from that point of departure.

Another important factor concerns the num-
ber of animals of any one species whick are put
to test. Here again, because even within any one
group of animals, biclogical individuality will op-
erate, enough animals must be tested. Thus, one
attempts to ensure, within a reasonable degree of
probability, that even the most sensitive of the
group will be tested. In this regard, statistical
techniques can be utilized with a view toward de-
termining which confidence limits attend upon
animal population size choice.

(2)



One last consideration relates to dose ranges
used in such experiments. Obviously, a wide
range of doses is useful for different purposes.
The large doses help force the question, “toxic or
non-toxic?” while also providing clearcut answers
as to the specific organs susceptible to damage.
Likewise, a lower range of doses must be used to
give a clearer estimate of thresholds of response.
Criteria of Response — Organ Change. While
gross changes in structure clearly delineate the
bodily organ at risk of damage, such data are of
limited usefulness, This follows since all control
measures must be designed so as to prevent any
serious, irreversible damage. Thus, while such
bodily changes delineate serious responses, satis-
factory control is achieved only when exposure
prevents even a minimal alteration beyond the
homeostatic range. Accordingly, more important
data derive from functional changes rather than
pathological organ alteration.

Functional Response — Biochemical Changes.
Detection of altered organ function occurring prior
to structural change provides the organism with
greater probability of avoiding permanent damage.
Such functional changes are frequently expressed
when organs of detoxification produce some meta-
bolic alteration of the absorbed chemical agent
Insofar as such organ of detoxification is not pre-
sented with an amount of chemical which does not
exceed its detoxification rate, it can continue to
cope with such chemical exposures. Experimen-
tation should be designed to define such rate
Iimits in terms of what represents both excess load-
ings as well as those burdens with which the or-
gamism can successfully deal. Especially impor-
tant is defirition of the “break point™ in detoxi-
fication rates. Such experiments help define the
safe “dose”™; in addition, quantitative biochemical
indicators of over-exposure may also be delineated.
As an example of this, one can assay how much
absorption of an organo phosphorous pesticide is
safe in terms of depression of red cell acetylcholine
esterase, or how much lead exposure has occurred
by estimation of urinary coproporphyrin or delta
aminolevulinic acid. Likewise, measurement of
the metabolites of trichloroethylene, e.g., trichlor-
acetic acid, provides useful indicators of the exis-
tence and degree of absorption of that solvent.
Neurophysiologic Response. Recently, changes in
nervous system function have been studied ex-
tensively as a parameter of toxic or subtoxic ex-
posure. Largely as a result of Russian studies,
investigation of neurofunctional response has been
considered as possibly indicating early change.
Where changes in neurologic function impair
higher functions, e.g., alertness, cognition, such
alterations have obvious industrial implications as
regards safety and performance adequacy. How-
ever, the relation of certain measurements, e.g.,
nerve chronaxie, to occupational exposure is prob-
lematic. Nevertheless, such studies of higher ner-
vous function increasingly have been undertaken
to delineate man’s response to his occupational
envirozment.

Other types of respoase:

{1) Carcinogenesis: Obviously, given the

serious implications of occupationally

induced cancer, studies designed to de-
tect such a change are of the utmost
importance.

Here, the problems of dose-response re-
lationships become extremely com-
plex, since definition of a threshold
of response is problematic. Accordingly,
testing here is directed largely toward de-
fining whether such a hazard exists; the
use of animal experiments for establish-
ing operational control is directed mainly
toward defining the necessity for total
isolation or substitution. In the present
absence of truly effective therapy, once
the malignant alteration has been in-
duced, the value of such preclinical in-
dicators is limited.

{2) Mutagenesis and teratogenesis: Mutagen-
esis is the process wherein normal cells
are converted into genetically abnormal
cells. The result of such alteration, par-
ticularly since it involves the genetic proc-
esses which determine normat cell
growth and division, are changes in
structure and function. This process may
result in malignant or other aberrations.
Teratogenesis refers to the process
whereby abnormalities of the off-spring
are generated. Such usually results from
damage to embryonal structures in the
first trimester of pregnancy, or because
of alteration of germinal elements, i.c.,
ovarian cefls or spermatozoan.

While these responses are extremely im-
portant — especially where women may
be at a risk, the danger of mutagenesis
could theoretically also affect male gen-
erative tissue. While little such testing
has been undertaken with a view toward
protection of working populations, seri-
ous consideration should be given to such
studies in the future.

Appfication of Animal Data

Principles of Application:

(1) Use of the most sensitive species: because
the detoxification represents in essence
a genetically controlled metabolic degra-
dation process, it follows that various ani-
mal species will respond differently to
toxic chemical exposure. Unfortunately,
just how any species — including man —
will respond is not predictable. Accord-
ingly, when the human quantitative re-
sponse to a chemical agent is unknown,
prudence would dictate that the design of
environmental quality standards assume
that man responds as does the most sen-
sitive species.

(2) Application of the dose-response curve
to setting standards: primarily, environ-
mental quality standards are intended to
quantitatively indicate the amount of
contaminant which may be present in the
workplace without causing harm to man.
Obviously, experiments should be di-
rected toward determining the concentra-



tion at which “no effect” is produced,
ie., one which is safe,
Experiments whick permit the develop-
ment of a dose-response curve indicate
the several ranges of response. In this
manner, the doses producing “no re-
sponse,” a minimal response and the
more severe response are defined. In most
circumstances, a linear relationship be-
tween these doses emerges with the use
of logarithmic plots. While a dose-re-
sponse curve can be estimated without
data points being available in the “no
response” or safe range, downward ex-
trapolation to this area holds some risk.
Problems will occur when a break occurs
in such a linear response curve; this is
seen particularly in the low dose range.
Safety margins and their bases: because
of problems inherent in interpretation
of toxicological data (see above), it is
desirable to have a margin of safety be-
tween the lowest effective dose and a
TLV. Expressed mathemati-
cally, TLV =lowest effective dose/safety
factor. The safety factor depends upon
the nature of the response* produced by
such lowest effective dose. Where such
responses consist of reversible irritation
of skin or mucous membranes, safety fac-
tors between the dose producing these
phenomena and the recommended TLV
tend to be low. By contrast, minimal
dose-related responses characterized by
toxicity usually possess a greater safety
margin or factor. The range of safety fac-
tors associated with A.C.GILH. TLV’s
has be¢n estimated to extend between 0.2
and 10.*
A safety factor of 0.2 denotes that the
Threshold Limit Value is 0.2 fold (or
20% ) higher than the dose which pro-
duces a response; a factor of 10 states
that the TLV is 10 fold (or 1000% )
higher than the dose producing a thres-
hold response.
While the use of safety margins as an
extrapolation process for estimation of
the “no response” area is uscful, their
limitations should be recognized. For one
thing, departures from the linearity of the
dosc-response curve are apt to occur in
such estimates of lower ranges. Further-
more, given a steep dose-response line,
in the biologically reactive range, the “po
effect” level tends to be estimated with a
high degree of error. Finally, when deal-
ing with agents that appear to be active
at extremely low levels, i.c., 5-10 ppm,
departures from linearity appear quite

3)

*What constitutes evidence of a “response™ varies. In
the United States biochemical. physiologic or even re-
versible changes in organ morphology may constitute
the “minimal” response. In the USSR more credence
is placed upon subtle meurophysiologic change as evi-
dence of a deleterious alteration {sec section on Func-
tional Response).
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common; this introduces even more
chance of an unrealistic standard being
set if a 5- or 10-fold safety margin is
applied.”
It 1s for such reasons that data in the “no
effect” range are preferred by those set-
ting work environmental quality stan-
dards.
Problems in the Use of Animal Data for the
Establishment of Environmental Quality Standards
In the absence of data based upon human ex-
perience, extrapolation from animal experiments
must be used in establishing environmental gual-
ity standards. But because our concerns are di-
rected toward prevention of human harm, the limi-
tations inherent in animal-derived data should be
recognized. Whether man will respond as the
most reactive or least reactive species tested fre-
quently cannot be predicted. Further, the ques-
tion as to whether the most sensitive species has
been tested is frequently unanswered. Finally,
whether the animal response has any parallel to
human responsiveness cannot be answered. (This
has occurred in the case of induction of bladder
tumors by aromatic amines; unless the dog is
tested — a relatively uncommon test animal —
such chemicals do not ordinarily produce bladder
tumors in the animals usually used in the labora-
tory.) For these reasons, human exposure data
assume considerable importance in quality stan-
dard development, though animal-derived infor-
mation may be commonly the only type in exis-
tence.
Sensitization. This type of response, sensitization,
is produced with difficulty in animals. Accord-
ingly, if animal testing is relied upon, the poten-
tial for such responses may be undetected.
Genetic Defects Peculiar to Man. A number of
genetic defects found in various human “strains™
have no parallel in animals. Such defects occur
commonly in human populations and can deleteri-
ously affect the mode of response to certain envi-
ronmental chemicals (e.g., glucose-6-phosphate
dehydrogenase defects will impede the detoxifica-
tion process among persons having this aberration
who are exposed to various aromatic amines).
Accordingly, animal testing alone will not predict
whether a chemical might cause untoward reac-
tions in such susceptible populations.

HUMAN DATA AND INDUSTRIAL
EXPERIENCE AS A BASIS FOR
STANDARD DEVELOPMENT

The Necessity for Human Data

It should be readily apparent from the fore-
going that animal data form a problematic basis
for the development of occupational environment
quality standards. While such data are highly use-
ful in developing a broader understanding of bio-
logical response (e.g., metabolism, full range of
effects), such information in itself has obvious
shortcomings in setting quality standards. It is for
this reason that experience based upon human
exposure to the substance in question is of ulti-
mate importance in determining of
safety.



Such data can result from inadvertent or in-
tentional experimental exposure. Concerning the
latter, the availability of animal experiments be-
comes critical; only after thorough exposition of
toxicity by this method is human experimentation
justified.

Specific Needs Falfilled by Human Toxicity Data

1.

Irritation and nausea: since the less severe
degree of irritation can only be detected
by subjective means, it is obvious that
animal experimentation may not provide
such information in this response range.
Allergic response; since animals rarely
demonstrate this type of response, human
experience is necessary if such effect is to
be detected.

Odor evaluation: since no quantitative
measures of odor are presently practicable,
this response can only be evaluated by
questioning the experimental subject. Ob-
viously, animal experiments are useless in
this regard.

H'gher nervous function effects: an im-
portant consideration in occupational
safety and health revolves about environ-
mental effects upon human performance.
While animal experimentation increasingly
involves measurement of neurophysiologic
response, extrapolation of such test pro-
cedures for the assessment of, e.g., visual
performance, manipulation of various de-
vices leads to obvious inadequacies. Thus
human testing, particularly where relevant
work tasks are performed, meets a unique
need in occupational safety evaluation.
Human metabolic pathways: while much
of such information can be derived from
animal experiments, ultimately application
of such data for hazard assessment and
control design represents an extrapolatory
exercise. Thus human exposures will pro-
vide the ultimate quantitative and qualita-
tive information regarding human metab-
olism of the substance in question.

The Use of Data Derived from Occupational
Experience
Validity requirements:

1.

Environmental sampling adequacy: in
order to relate human safety or damage to
environmental agents, it is necessary to
have some quantitative measurement of its
presence. Usually this means extensive
sampling of the work environment over
time and space, but especially as related to
worker absorption opportunities. That is,
good industrial hygiene sampling practice
(see Chapter 10) is necessary to ade-
quately assess quantitative exposure.

In bijef, in the cases of gases, vapors or
dusts, samples should be taken at breath-
ing zones. In addition, in the case of
dusts, quantitative characterization of the
particulates of respirable size are especially
pertinent, Obviously, care should be exer-
cised that sufficient numbers of samples
are taken to represent adequately the full
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range as well as average of concentrations.

. Human surveillance adequacy: for data

based on human experience to be valid,
the human portion of the agent-host inter-
action also must be characterized. Indeed,
if no untoward effect is claimed, detailed
medical evaluation of those exposed is re-
quired. In addition, it is possible to evalu-
ate environmental concentrations by meas-
urement of metabolites or of the agents
themselves in biological media. Although
such correlations between concentrations
in biological material and the work envi-
ronment may be constructed from occupa-
tional exposure situations, usvally insuffi-
cient data or range of exposures mitigate
against development of such a regression
line. However, such measurements taken
under experimental exposure conditions
have been extremely useful (see below,
Human Experimentation).

Problems Encountered in the Use of
Occllpatlonall'?xposnre

Data

Irregularity of exposure: most occupa-
tional exposures are of a fluctuating char-
acter, both in terms of duration and con-
centrations. Thus the need for having suf-
ficient samples representative of the
“peaks,” “valleys” and mean concentra-
tions encountered becomes essential.

. Mixed exposures: occupational exposures

to a single agent are rather uncommon.
Thus, while the material in question might
be specifically measured in the environ-
ment, it becomes problematic whether the
human response results from exposure to
that particular agent per se. Furthermore,
the biological response can rarely be ra-
tionally apportioned as a function of the
relative concentration of multiple agents.
Whether such agents are acting additively,
synergistically or antagonistically can mark-
edly alter responses. Hence, since occu-
pational exposures are mixed, this limita-
tion on their use for occupational environ-
mental quality standard development must
be recognized. For a more detailed dis-
cussion of evaluation of mixtures, see ref-
erence (3).
As regards the agents in such a mixed
exposure, the question of the specificity of
the measurement technique for the mate-
rial of interest becomes significant. This
is especially pertinent where mixtures of
chemically similar substances are encoun-
tered; interferences may also make such
measurements of the components of such
mixtures non-specific.

. Absence of long-term data: while meas-

urements of human response over the
short-term experience are readily observed,
the long-term effects of such exposures are
infrequently available. While drastic ef-
fects of long-term exposure may be de-
tected — and then with difficulty, e.g.,
bladder tumors, subtle effects are infre-
quently reported or investigated.



4. Special susceptibility: wunless sufficiently
large populations of exposed workers are
studied, the few persons who may be at
special risk because of genetically deter-
mined special susceptibility will not be en-
countered. Such persons may be at special
risk either for reasons that are well-defined,
e.g., defects in metabolism, or because of
poorly understood reasons (allergic sensi-
tivity). Indeed, while such persons may
constitute a small proportion of a potential
population at risk, this does not constitute
a reason for such effects being ignored if
they could potentially be prevented.

Human Experimentation

Ethical Considerations. While it has long been
recognized that each man has a mora! duty to act
charitably toward others, c.g., make blood or skin
graft donations, some subtle and gross abuses of
human experimentation have made reassessment
of that practice necessary. Accordingly, a number
of moral codes have been drawn up to protect the
person of such subjects (Nuremberg Tribunal
Code, the World Medical Associations 1964 Dec-
Jaration of Helsinki, American Medical Associa-
tion, eic.).

Minimally, at least four requirements should
be met before experiments are considered:

1. Safety should have been extensively estab-
lished in animal species;

Volunteers must be free of any coercion
whatsoever and be fully and completely
informed of all possible effects in a clearly
understood fashion;

There must be no possibility of permanent
damage, and the subject must be com-
pletely free to terminate the experiment at
any time;

A written agreement of the volunteer to
participate in the experiment which is fully
described should be obtained.

Practically, it is mandatory that there be suf-
ficient insurance coverage for each subject to
compensate him voluntanly in the event of injury.
Design Requirements

1. In testing with airborne narcosis producing
materials, assuming sufficiently large cham-
bers and modalities for testing behavioral
and other functional parameters, exposures
are made in 3 ranges, ie., “no effect,” at
borderdine levels and at levels producing
measureable, though minimal, narcosis in
most subjects. In this manner, 3- to 4-
hour exposures can aid in estimating the
safety factor for human exposure, the safe
limit and the rates of uptake and elimina-
tion of the agent. The latter two are
determined by plotting blood concentra-
tions against atmospheric concentrations
as a function of time; such data are ex-
tremely valuable in estimating the extent
of previously unknown exposure given a
blood concentration at any given time
after exposure_*

In testing with airborne irritants, utilizing
the aid of an otolaryngologist, examina-
tions are performed both before and after

2.
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cxposure in a dynamic chamber. Because
of the possibility of the development of
accommodation, exposures should last at
least 15 minutes; such exposures should
be repeated 10 times in order to establish
whether — and to what degree — accom-
modation occurs. A repetition of these
exposures after 10 to 14 days will help
establish whether sensitization occurs.
Further, repetition has another urgency,
since experience has shown that single ex-
posure tests usually lead to unnecessarily
low limits.*

Testing cutaneous irritation and sensitiza-
tion (see Chapter 34).

Measurement of Response. Since a major reason
for permitting the use of human volunteers is the
eliciting of data indicative of minor functional
change, the criteria of respense should accordingly
reflect this need. Thus, functional measurement of
biochemical (e.g., enzymatic, immunochemical),
neurophysiologic (e.g., EEG, conditioned and un-
conditioned reflexes) organ activity (EKG, liver
or kidney function tests) and other parameters
{comfort, esthetic) should be measured at the
most sensitive and systematically higher levels.
While functional change may represent mormal
and reasonable homeostatic adaptation mecha-
nisms rather than being deleterious, each such
change must be carefully elucidated and individ-
ually evaluated for its broadest implication as
regards potential human harm.

STANDARDS OF QUALITY FOR THE
WORKPLACE IN COMMON USE

Quality Standards Used in the United States
United States Historical Development. In 1941
the American Conference of Governmental Indus-
trial Hygienists (A.C.G.I.H.) established a com-
mittee of industrial hygienists for the purpose of
establishing the maximal allowable concentrations
(MAC) for atmospheric contaminants in the
workplace. Five years later such a list of recom-
mended MAC values was sugpgested for use in
industry. However, certain difficulties attended
this designation, MAC. For one, these values
were based upon time-weighted averages (see
below) and did not represent a maximal ceiling
value inherent in the name. For another, inherent
in the title was an implication that such concen-
trations were “allowable,” and thus a certain ap-
probation was attached to concentrations below
and up to such concentrations. At other times and
places, this latter problem was associated with
the use of the designation, Maximal Permissible
Concentrations, or MPC.

In order to obviate these problems, in the
1960°s the term Threshold Limit Value (TLV)
was substituted for MAC. This new term, TLV,
did not suffer these problems; without the impli-
cations associated with “allowable,” more empha-
sis could be given to the practice of attempting to
keep ambient concentrations below any designated
value to the most practicable extent.

The A.C.G.1LH. Threshold Limit Values (TLV)

Nature of the TLV of air for occupational
environments — TLV values refer to airborne
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concentrations of substances and represent condi-
tions under which it is believed that nearly all
workers may be exposed eight hours a day for a
forty-hour week over a working lifetime without
adverse effect. Because of wide variation in indi-
vidual susceptibility, exposure of an occasional
individua! at, or even below, the Threshold Limit
may not prevent discomfort, aggravation of a pre-
existing condition or occupational illness.

The TLV’s represent eight-hour, time-weighted
averages, i.e., airborne concentrations averaged
with regard to their duration, occurring over an
eight-hour period.

Certain chemical agents are associated with a
“c” or ceiling designation; exposure to concentra-
tions in excess of this value should not be per-
mitted regardless of duration. Such designations
stem from the fact that such agents may provide
irritation, sensitization or acute poisoning immedi-
ately, or after a short latent period, upon even
short exposures. Examples of such compounds
among the respiratory irritants are chlorine, for-
maldehyde, vinyl chloride; narcotic agents such as
methy! chloride; sensitizers such as toluene-2.,4-
diisocyanate; or those compounds which rapidly
accumulate, such as benzene.

For those substances not given a “c” designa-
tion, excursions above the TLV are permitied.
These agents produce their principal effects by
cumulative, repeated exposure; thus, short excur-
sions will not necessarily produce deleterious ef-
fects. The TLV’s for such substances should be
considered as average values integrated in relation
to time. In general, the permissible range of fluc-
tuations depends upon: the nature of the poison
in general, the intensity of concentration required
to produce acute effects, the frequency with which
the average maximum tolerable concentration is
exceeded, the duration of such excesses, and the
cumulative effects of the exposure. For such a
complex of reasonms, it should be apparent that
expert opinion should shape the use and interpre-
tation of the TLV's. However, the A.C.G.LH.
gives some guidance for determining how great an
excess above the TLV is permissible. For sub-
stances not having a “c” designation, the following

guides apply:

TLV Range Excursion TLV
ppm* or mg/M?** Factor
Gto 1 3
>1to 10 2
>10 to 100 1.5
>100 to 1000 1.25

*Whichever unit is applicable

Thus, a substance having a TLV of 5 ppm may
fluctuate above the TLV, reaching a value of 10
ppm for periods of up to 15 minutes. However,
the time-weighted average for an eight-hour day
should not exceed 5 ppm, It is noted that the
“Excursion TLV Factor” decreases as the mag-
nitude of the TLV increases. Not to decrease this
factor and increasing TLV magnitude would per-
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mit exposure to large absolute quantities, a condi-
tion that is minimized at low TLV’s. Moreover,
larger factors at the lower TLV’s are consistent
with the difficulties in analyzing and controlling
trace quantities.?

Where the TLV's previously were given in
terms of a volume per volume basis, i.e., parts per
million, the trend appears to be for statement of
TLV's on the basis of mass per volume, e.g.,
milligrams per cubic meter (mg/M*) in addition
to “ppm.” Most toxic dusts are listed in terms of
million particles per cubic foot and in mg/M* of
respirable dust.

Procedure for Establishment of Values. Experts
in industrial hygiene and toxicology annually re-
view a list of over 400 substances. On the basis
of literature data and personal information known
to committee members, TLV's are recommended.
Opportunities are afforded for comment by inter-
ested persons or organizations. In the case of a
new substance being added or a change in the
TLV of a material on the list, such new value is
listed for two years as a “tentative” value, so that
such parties may submit any additional informa-
tion for the committee’s consideration. In addi-
tion, periodically the committee publishes a “Doc-
umentation of TLVs;” this provides a detailed
review for each substance and the bases utilized
in assigning the TL.V’s?®

American National Standards Institute (formerly,
American Standards Association) Z-37 Committee
Standards (ANSI)

Nature of ANSI, Z-37 workplace quality stan-
dards, maximal acceptable concentrations:
Time-weighted average: This Standard is essen-
tially the same as the time-weighted eight-hour
average of the A.C.G.I.LH. Threshold Limit Value
(TLV).

Acceptable Ceiling Concentration. The Standard
establishes the maximum level allowable concen-
tration during the period of exposure, assuming
that the time-weighted eight-hour average concen-
tration is not exceeded. However, excursions
above this ceiling may be permitted under certain
conditions, as in:

Maximum Accepitable Peak Concentrations. These
constitute the exceptions to the ceiling level noted
above. The peak concentrations noted are speci-
fied as to their concentration, the duration of such
excursion(s), and the number of time(s) such
peaks may occur in one eight-hour day.

Formulation Procedure. The Z-37 committee of
ANSI is composed of povernmental, industrial,
professional society and university-based experts
in industrial toxicology, hygiene and medicine.
Assignments for standard development are given
to committee members or others having experi-
ence with the material in question. The committee
votes upon the standard which is then sent for-
ward for other Institute approval and ultimate
publication as a Standard. Maximal acceprable
concentrations are published for a number of ma-
terials as individual documents which give the
basis for such judgments. In addition, analytical
and sampling methods are recommended; the
Standard publication also describes the toxicity of



the material as well as its physical and chemical
properties.
Federal Standards

Under the Occupationa! Safety and Health Act
of 1970, the National Institute for Occupational
Safety and Health (NIOSH) has the responsibility
for developing criteria and recommended stan-
dards and the Department of Labor has the re-
sponsibility for promulgating standards.

The initial compilation of health and safety
standards promulgated by the Department of
Labor’s OSHA was derived from national con-
sensus standards and recognized Federal Stan-
dards. In addition to these sources there have
been, and are being developed, documents by
NIOSH from formulations which are reviewed by
NIOSH and its consultants. Inputs from selected
professional societies, other Federal agencies and
such interested parties as organized labor and
trade associations are also obtained. Finally, the
criteria document with the recommended standard
is forwarded to the Secretary of Labor. His con-
siderations benefit from any additional review he
deems appropriate.

The Secretary of Labor has the responsibility
for promulgating standards. In some cases he may
refer for study and review a recommended stan-
dard to an advisory committee in accordance with
provisions of the Act. However, regardless of
whether this step is taken, if this is a 6 b regula-
tion, he must publish it as a proposed regulation
and standard so that objections and comments
can be heard before such a standard is effective.

Note: Standards promulgated under author-
ity of Section 6 a of the Act and emergency stan-
dards under Section 6 ¢ of the Act can be promul-
gated without going through the “proposed” stage.)

In addition, under the Federal Coal Mine
Health and Safety Act of 1969 (P.L. 91-173)
NIOSH has the responsibility for transmitting to
the Secretary of Interior recommended health
standards. After a similar review and hearing
process such standards are promulgated by the
Department of the Interior.

State Regulations and Standards

While most states have lists of in-plant Air
Quality Standards, the majority have essentially
adopted those of the ACGIH TLV’s. Accordingly,
these are all eight-hour time-weighted averages.
although Pennsylvania has also developed a series
of short-term limits. These latter differ from the
ACGIH values in that specific exposure durations
for such excursions are stated in the Pennsylvania

regulations.

WORKPLACE QUALITY FORMULATIONS
IN USE OUTSIDE THE UNITED STATES

USS.R.

Philosophy. Standards are absolute limits that
may not be exceeded during any part of the work-
ing day, regardless of lower concentration that
may have existed during that day. These Stan-
dards are legally binding.

The major scientific bases utilized in setting
MAC's in the U.S.S.R. derive from reactions of
the higher nervous system and physiological al-
teration. Feasibility does not seem to be consid-
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ered in the standard setting process, although
there is some question as to whether such
standards represent goals or working realities.
Thus, because such minimal physiclogical or
necurofunctional changes (= adaptive re-
sponses?) are considered as designating the bor-
derline between harm and safety, and since a
safety margin is then applied, the Soviet Standards
tend to be lower than those found in the United
States. However, close examination of these dif-
ferences reveals that in actuality only relatively
few cases of gross differences (more than 4-fold)
exist.'®
Formulation Procedures. Much of the work in-
volved in establishing standards is performed by
the Academy of Medical Sciences, and The Insti-
tute of Industria! Hygiene and Occupational Dis-
eases in Moscow, as well as other institutes. The
data are then evaluated by the Permanent Com-
mittee for the setting of MACs. Ultimately,
standards are promulgated as Soviet Standard
245-63 by the U.SS.R. Ministry of Health,
West Germany

Maximum allowable concentrations (MAK-
Werte) are developed by an expert commission of
the German Research Association (Deutschen
Forschungsgemeinschaft) and are adopted in total
by the Ministry of Labor & Welfare. In essence,
they reflect the values adopted by the A.C.G.LH.
with some variations. The values adopted repre-
sent legal standards. A documentation is presently
in on.
United Kingdom

The Factory Inspection Service of the Depart-
ment of Employment utilizes a list of standards
which act as benchmarks for the inspectorate. The
values used are essentially those of the A.C.G.1.H.
France

Although French legal codes are extremely
detailed regarding precautionary measures (e.g.,
medical, technical) for the protection of workers
exposed to toxic substances, only a very few, spe-
cific materials are given numerical values in French
codes. This stems from recognition of the reality
that such values do not represent inflexible, abso-
lute dividing lines between safety and hazard.
Others
Eastern Bloc Nations. Legal standards specifically
stated in terms of numerical values are the rule.
These are then promulgated by the Ministries of
Health or those relating to production and are
legally binding. It is of interest to note that most
frequently (except for Bulgaria) the values cited
are not identical with those adopted in the U.S.S.R.
Asiatic. Several of these recommend tests of stan-
dards of air quality in workplaces. The most not-
able of these is Japan; the numbers recommended
by the Japanese Association of Occupational
Health largely reflect those published by the
A.C.G.LH.

UTILIZATION OF STANDARDS OF
QUALITY FOR THE OCCUPATIONAL
ENVIRONMENT

The Philosophic Basis of Their Use
Consideration of the foregoing should clearly
indicate that the formulation of quality standards



has no absolute informational basis. The variabil-
ity of biological response, the judgmental elements
which enter into evaluation of environmental and
biological data, the imprecise nature of the biolog-
ical response — all of these imply that after such
evidence is weighed, a less than absolute decision
must be reached. While a numerical value is ulti-
mately decided upon, the non-absolute nature of
the data upon which it is based should suggest that
such value must not be taken to represent an
absolute boundary between the positively safe and
the positively unsafe. Thus, for example, if the
“safe™ value is 50, this cannot be taken to mean
that 49 is always safe or that 51 represents an
unsafe area. At best, such values represent bench-
marks, or guides for protective action. Within this
context, if a time-weighted average of 49 s at-
tained, this should not be understood to mean that
a lower value should not be pursued. Conversely,
a value of 51 does not mean that damage to the
individual so exposed will necessarly ensue.
Within the context of legal codes such values do in-
dicate the boundary between “safe™ and “unsafe.”
Application of TLV’s must take into account the
multiple biologica! considerations discussed in this
chapter and elsewhere and the elements of pro-
fessional judgment inherent in the formulation of
such standards (see section on Principles for De-
veloping Workroom Air Quality Standards).

Obviously, repeated excursions above an air
quality standard should not be tolerated. Where
“c” or ceiling values are listed (see above), such
excursions may lead to health or functional im-
pairment, e.g., for liposoluble volatile solvents with
narcotic properties as trichloroethylene or carbon
disulfide. With substances not having such ceiling
designations, excursions above such TLV’s may
only be permitted consistent with the recommended
level (see above discussion of A.C.G.I.H. values).

In the event that a survey indicates excursions
above TLV’s, the competent authority s respon-
sible for more definitive evaluation of such situa-
tions. Thus, repeated samples of the work envi-
ronment representative of temporal and spatial
variations in worker exposure should be obtained,
consistent with good sampling procedures (see
Chapter 10).

In addition, medical biological evaluation of
the workers at possible risk is indicated. The ap-
propriate medical examinations should delineate
whether health damage, actual or potential, is
occurring. Samples of biological media (blood,
urine, expired air, tissues such as hair) should be
analyzed to determine whether undue body
burdens are being taken up.

If such more definitive evaluations indicate the
presence of an occupational risk to worker health
and safety, appropriate control action is necessi-
tated

That such values represent indicators for
further evaluation and control action must be
clearly understood. Such valuves can only be prop-
erly utilized by those possessing knowledge regard-
ing these facts as well as an understanding of
health implications of the specific environmental
agent concemed. Thus a considerable element of
judgmental evaluation is required; there should be
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no automatic, unthinking application of such val-
ues for the protection of worker safety and health.
Appropriate Application of Standards
Health and Medical Control. Possibly the most
important use of quality standards relates to their
use for medical control. Since medical and clinical
laboratory testing imply certain costs, judicious
planning for their deployment requires some guide-
lines to determine the frequency and extent of
medical surveillance consistent with worker safety
and health. Thus, if threshold limit values are
repeatedly exceeded, more frequent and extensive
medical surveillance is indicated while and after
control measures are being accomplished. Cer-
tainly, as such quality standards are excceded, the
nature of medical testing becomes quite different
than if these standards are mever approached. It
should be clearly indicated that even if such qual-
ity standards are not exceeded, medical surveil-
lance cannot be neglected or omitted. However,
their stringency should reflect the degree to which
standards are approached or exceeded. It should
be emphasized that medical action becomes useless
as regards prevention unless coordinated with ap-
propriate engineering action for amelioration of
workplace contamination.
Design of Engineering Controls and Practices.
Given such numerical values, it becomes possible
for the design engineer to ascertain that engineer-
ing control of the process is required. With a
knowledge of the physical properties of the mate-
rial in question, the amounts used and the possible
loss from the process, one can then formulate the
ventilation or enclosure requirements necessary
which will capture the contaminant in question
and prevent its escape to the work environment.
Good engineering practice should never permit
the workplace concentration to reach the quanti-
tative level prescribed by the standard. It should
be recognized that the economic cost of controls
may mount geometrically as lower levels of work-
place contamination are sought. Consequently,
there is decreasingly less merit in attempting to
attain absolute levels of capture, nevertheless,
while the lowest level feasible should be sought,
it can be seen that quality standards do provide
benchmarks against which performance can be
measured, consistent with economic considera-
tions. .
Surveillance of Adequacy of Control and Mainte-
nance Practices. Once such control equipment is
installed, its performance should be monitored.
Given accumulation of material in ducts or fans.
wear and aging of equipment, the performance of
such equipment will tend to deteriorate. The point
at which maintenance or replacement is required
— with its attendant economic cost — can be
determined by monitoring the work area. Since
such decisions and the attendant depreciation
costs may be considerable, the benchmarks for
environmental quality become useful in rational
planning of maintenance and replacement.
Use for Development of Analytical Techniques.
In the realm of environmental monitoring, the de-
sign of analytical methodologies ires that some
specific range of sensitivity should be sought if the
method is to have practical use. Thus, the analyst



can vse such quality standards in ascertaining how
such analysis need be carried out. For cxample,
while wet chemical methods may be quite ade-
quate for the measurement at the 100 ppm level,
at one-thousandth of this level other techniques
may be called for, e.g., gas chromatography. Thus,
knowing what concentration range must be meas-
ured is of obvious value; quality standards clearly
indicate such ranges.

Basis for Communication and Interaction Among
the Various Specialty Disciplines in the Occupa-
tional Health Team

Misuse of Standards — Comparison of Standards
with Single Environmental Determinations. Gen-
erally speaking, to properly evaluate environ-
mental quality in the workplace, the obtaining of
a short-period single determination has little or no
value. Likewise, to compare such short-period
sample with an 8-hour environmental quality
standard represents a misuse of such standards.
Since most standards represent time-weighted av-
crages (see above), one sample probably cannot
provide such an evaluation, unless it is an eight-
hour sample or can be reliably related to the full-
shift exposure. Even where ceiling values (see
above) are exceeded, a single sample may be
invalid unless it is clearly related to the worker,
e.g, in relation to his breathing zone. Obviously,
quality standards have meaning only when ade-
quate industrial hygiene sampling techniques are
utilized (see Chapter 10).

84

References

10.

Science 175: 495-97, 1515 Massachusetts Ave., NW,
Washington, D.C. (1972)

HATCH, T. F. “Permissible Levels of Exposure to
Hazardous ts in Ind " I. Occup. Med. 14:
134-37, 49 East 33rd St., New York, N Y. (1972).
Threshold Limit Values of Airborme Contaminants
and Intended Changes, Adopted by the ACGIH.
for 1971, American Conference of Governmental
Industrial Hygieni incinpati, Ohio (1971).

gienists, Ciacinna
. STOKINGER, H. E. and J. T. MOUNTAIN. “Prog-

ress in Detecting the Worker Hypersusceptible to
industrial Chemicals.”™ J. Occup. Med. 9: 53741,
49 East 33rd St., New York, N.Y. (1967).
STOKINGER, H. E. “Criteria and Procedures for
Assessing the Toxic Responses to Industrial Chem-
icals in Permissible Levels of Toxic Substances in
the Working Environment.” ILO Occupational
Safety and Health Series, No. 20 Geneva, Switzer-
land (1970).

SMYTH, H. F.,, JR. “The Toxicologic Bases of
TLV:I; Expcncnoc with TLV’s Based Upon Animal
Data.™ AJLH.A. J. 20: 341-345, 210 Haddon Ave.,,
Westmont, NJ. {1959).

Ibid, Reference 5, pg. 174.

STEWART, R. D, H. H. GAY, D. §. ERLEY,
C. L. HAKE and ). E. PETERSON, “Obscrvations
on the Concentrations of Trichloroethylene in Blood
and Expired Air Following Human Exposure.”
AJHA. J. 23: 167-170, 210 Haddon Ave., West-
mont, New Jersey (l962).

AMERICAN CONFERENCE OF GOYERNMEN-
TAL INDUSTRIAL HYGIENISTS. Documenitarion
of the Threshold Limit Values for Substances in
Workroom Air. Third edition, P.O. Box 1937, Cin-
cinnati, Ohio (1971).

TRUHAUT, R. Reference 5, pg. 53.



CHAPTER 9

THE SIGNIFICANCE AND USES OF GUIDES, CODES,
REGULATIONS, AND STANDARDS FOR
CHEMICAL AND PHYSICAL AGENTS

Lewis J. Cralley, Ph.D.,

and

Walter H. Konn

INTRODUCTION

The passage of the Social Security Act (1935),
assured the eventual acceptance in the United
States of the philosophy that the worker had the
right to earm a living without endangering his
health. During the period since 1935 a number
of states"*-*4 adopted codes and regulations gov-
erning conditions of work to prevent injury to
health and in many instances established threshold
limit values which limited levels of exposures in
the working environment.

The adoption of state codes and regulations
governing the control of the working environment
led to greatly accelerated research to obtain data
both for the establishment of rational threshold
limit values and for their extension to cover as
many agents as possible. This research, in turn,
led to new procedures for studying the effects of
environmental agents on worker health.s Signifi-
cantly, this research revealed that many agents
which gave rise to acute responses from high ex-
posure levels over a relatively short period of time
elicited a different response to lower levels of ex-
posure to the same agents over a prolonged period
of time,

Through data obtained both from epidemio-
logic and animal research, a body of knowledge
has been acquired which permits establishing the
rationale for threshold limit values. This rationale
is succinctly stated by Hatch:* “1) There exists a
systemic dose-response relationship between the
magnitude of exposure to the hazardous agent and
the degree of response in the exposed individual,
and 2} there is a graded decrease in the risk of
injury as the level of the exposure goes down,
which risk becomes negligible when exposure falls
below a certain tolerable level. Thus, in the face
of recognized potential dangers associated with
certain physical and chemical agents, these prin-
ciples say that such agents can be dealt with safely
at some acceptable level of contact above zero
and, therefore, that they do not have to be elim-
inated altogether from industry in order to protect
the workers’ health.”

PROMULGATION OF GUIDES, CODES,
REGULATIONS AND STANDARDS
Two general procedures are used in the estab-

lishment of occupational safety and health laws.
The first is through statutes promulgated by legis-
lative action. The second procedure is through

85

codes, regulations and standards promulgated by
agencies with rule-making authority. The latter
procedure is, by far, the most common one and is
more readily responsive to need for changes.
Promulgations through either course of action have
the same force and effect of law.

A code is a body of law established either by
legislative or by administrative agencies with rule-
making authority. It is designed to regulate com-
pletely, so far as a statute may, the subject to
which it relates. “New York State Industrial
Code Rule No. 12 Relating to Control of Air Con-

inants in Factories” is an example of such a
code.”

A regulation is an authoritative rule dealing
with details of procedure; or, a rule or order hav-
ing the force of law, issued by an executive author-
ity of government. The State of Michigan “Regu-
lation Governing the Use of Radioisotopes, X Ra-
diation and All Other Forms of Ionizing Radia-
tion” is an example.®

A standard is any rule, principle or measure
established by authority. The term “occupational
safety and health standard” under the Occupa-
tional Safety and Health Act of 1970 means “a
standard which requires conditions, or the adop-
tion or use of one or more practices, means,
methods, operations, or processes, reasonably nec-
essary or appropriate to provide safe or healthful
employment and places of employment.™

A puide is an instrument that provides direc-
tive or guiding information. Examples of guides
are the “American Industrial Hygiene Association
Guides™*® and the “Threshold Limit Valués of
Airborne Contaminants and Physical Agents”
adopted by the American Conference of Govern-
mental Industrial Hygienists.?* Although such
guides, per se, do not have the force of law, their
values may be incorporated into codes, regulations
and standards that do have the force of law.

SOURCES OF DATA FOR
EXPOSURE LIMIT VALUES
Exposure limit values are based on data aris-
ing out of experimental animal and human studies
and from data on industrial experience obtained
through clinical and epidemiologic studies of
workers. Interrelated data from the three sources
give the most rational data upon which to base
exposure limits. Animal and human experimental
data are most suitable for deriving biologic re-



sponse data on single substances or specific com-
binations of substances. Workers, however, are
seldom exposed to such limited combinations of
substances in their work environment. Also, the
personal habits of workers, such as cigarette smok-
ing, consumption of alcoholic beverages, and use
of drugs may alone have a profound influence on
thehealthproﬁlcofworkcrs or they may have an
additive or synergistic action on exposures in the
work environment. The health of the worker rep-
resents the influence of his twenty-four hour a day
environment over a lifetime. Thus procedures and
data are nceded which will distinguish between
bealth patterns from on and off-the-job stresses.
Well designed epidemiologic studies can delineate
the influence of multiple on and off-the-job stresses
in the environment and have the advantage of
being able to study workers over a lifetime,

Research to obtain biologic response data upon
whlchtobaseexposurehmrtvalueslsverycostly
and time consuming. The resources for such
studies come mainly from government, industry
and foundations. The research may be carried
out at facilities operated by the government, edu-
cational institutions, foundations, consultants and
industry. The Oocupanonal Safety and Health
Act of 1970 will stimulate research at all these
levels for obtaining data wpon which to base ex-
posure limit values.

NATURE AND SOURCES OF EXPOSURE
LIMIT VALUES

As stated previously, occupational health
codes, regulations and standards may be both
general and specific in their coverage depending
on their objectives and the procedures intended
for their implementation. Any one act may cover
a single or several elements to accomplish the
stipulated requirements including such areas as
threshold limit values, methods and procedures
for monitoring the environment, methods of con-
trol, use of respiratory protective equipment and
protective clothing, and handling of waste.

The establishment and use of exposure Limit
values are so fundamentally a part of occupational
health, codes, regulations and standards that
special attention is devoted to their development,
significance and use.

The American Conference of Governmental
Industrial Hygienists publishes annually a list of
“Threshold Limit Values of Airborne Contami-
nants and Physical Agents™ The lists are re-
viewed annually and values are updated as relative
data becomes available. Intended changes are
published as a part of the annual list and com-
ments supported with data are requested. The
threshold limit values of the American Conference
of Governmental Industrial Hygienists are airborne
concentrations of substances and levels of physica!
agents below which values it is believed that
nearly all workers may be exposed repeatedly
eight hours per day, forty bours per week, without
adverse cffect. In the use of these values, medical
surveillance is recommended to detect workers
who are hypersusceptible to specific chemicals or
physical agents, so that they can be removed from

the exposure or given special protection. Ceiling
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values in connection with threshold limit values
represent exposure values which should not be
exceeded and relate to substances which are fast
acting and whose threshold limits are more appro-
priately based or a particular biologic response.
In instances where the cutaneous route is an im-
pertant source of absorption, substances are
marked with the notation “skin” to stress this
property since the threshold limit value refers
only to inhalation as the source of entry of the
agents into the .

The American National Standards Institute,
Inc., publishes consensus standards of acceptable
concentrations for chemical and physical agents.'*
The standards are useful in establishing engineer-

for the prevention of objectionable
lcvels of chemical and physical agents in the work
environment. Acceptable concentration values are
presented in terms of a time-weighted eight-hour
workday, acceptable ceiling concentrations within
an eight-hour workday, and acceptable maximum
peak concentrations for short specified durations.
American National Standard acceptable concen-
trations arc values below which ill effects are un-
likely. The values are not to be used as the basis
for establishing the presence of occupational
disease.

The Commonwealth of Pennsylvania Depart-
ment of Health has established a list of short-term
limits as a part of the “Regulations Establishing
Threshold Limit Values in Places of Employ-
ment.”?* The short-term limit is the upper limit
of exposure for which a workman may.be exposed
to a contaminant for a specified short "period.
Short-term episodes are included in the daily aver-
age concentrations for compliance with the estab-
lished threshold hmit values for contaminants to
which workers may be exposed for an eight-hour
workday.

The Committee on Toxicology of the National
Research Council (operating arm of the National
Academy of Sciences and National Academy of
Engineering) publishes a list of recommended
emergency exposure limits ' These recommended
emergency exposure limits are not intended to be
used as guides in the maintenance of healthful
working environments but rather as guidance in
advance planning for the management of emer-
gencies,

The American Industrial Hygiene Association
publishes a Hygienic Guide Series'® covering an
extensive list of chemicals. A hygienic guide for a
given material contains the following information:
Significant Physical Properties: Hygicnic Stan-
dards (limits) for eight-hour, time-weighted ex-
posures, short exposure tolerance, and atmospheric
concentrations immediately hazardous to life;
Toxic Properties, including exposure via inhala-
tion, ingestion, skin contact and eye contact; In-
dustrial Hygiene Practice, including industrial uses,
evaluation of exposures, hazards and their recom-
mended controls; and Medical Information, in-
cluding emergency treatment and special medical

rocedures

P -

The National Institute for Occupational Safety
and Health, Public Health Service, Department of
Health, Education, and Welfare has a responsi-



bility for developing and publishing criteria deal-
ing with toxic materials and harmful physical
agents which will describe safe levels of exposure
for various periods of employment.* The Institute
also is responsible for conducting and publishing
research, including industry-wide studies, which
will lead to the development of criteria documents.

A number of official agencies and organiza-
tions publish recommended exposure limits for
specific agents. Examples include: Nationa! Bu-
reau of Standards Handbook No. 59 “Permissible
Dose for Ionizing Radiation™* and Handbook
No. 93 “Safety Standards for Non-medical X Ray
and Sealed Gamma Ray Sources;”** “Intersociety
Guidclines for Noise Exposure Control™? devel-
oped by an Inter-society Committee representing
the American Industrial Hygiene Association,
American Conference of Governmental Industrial
Hygienists, Industrial Medical Association, and
the American Academy of Ophthalmology and
Otolaryngology.

A number of organizations have programs for
developing threshold limits for biologic materials,
ie., urine and blood. The National Institute for
Occupational Safety and Health, Office of Re-
search and Standards Development,’® has devel-
oped a procedure whereby consultants are ap-
pointed to a committee for the purpose of estab-
lishing biologic threshold limits for specific
substances. The Permanent Commission and In-
ternational Association on Occupational Health'*
has established a committee for developing inter-
national standards for levels of contaminants and
their metabolites in biologic materials. The Amer-
ican Industrial Hygiene Association established a
Committee on Biochemical Assays to study and
recommend procedures for determining levels of
specific contaminants and their metabolites in
biologic materials, and recommend levels indica-
tive of excessive exposure.

The International Labour Office,”® Geneva,
Switzerland, publishes model codes, codes of prac-
tice, guides and manuals in the areas of occupa-
tional safety and health. The publications cover
both chemical and physical exposures and treat
the subject in depth.

SIGNIFICANCE AND USE OF
EXPOSURE LIMIT VALUES

ure limit values are the crux of most
occupational health codes, regulations and stan-
dards. If there is no exposure to a harmful agent
it follows that the presence of this agent does not
create a health problem. Also the toxicity of a
material per se, though extremely important, is not
the sole criterion of whether or not a health
problem is present where the material is encoun-
tered. The terms “toxicity” and “hazard” are not
synonymous. Many factors, in addition to the
toxic nature of a material, are important in eval-
uating a hazard potential. These include the chem-
ical and physical properties of the toxic substances,
the ability of the toxic substances to interact with
surrounding materials, and the influence of sur-
rounding conditions such as temperature and hu-
midity on the toxic substances, as well as the
concentration, stability, and conditions of use of
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the toxic substances and the conditions under
which they are encountered.

The toxicity of a substance expressed in terms
of a threshold limit value, however, is an impor-
tant criterion and concept in evaluating the pres-
ence of a health hazard. As stated in the introduc-
tion, threshold limit values are based on the
concept of a dose-response relation between the
agent and its health effects on the worker, that this
is of a graded nature, and that consequently there
is a lower level of exposure at which level the
substance will exert no deleterious effect on the
worker. The application of this knowledge to
assure that workers are not exposed to concentra-
tions above these threshold values is an important
concept in the prevention of occupational disecases.
Due to individual variations in susceptibility and
the many unknown factors in the working environ-
ment and their effects on a given toxic material,
the threshold limit value of a material is not a fine
distinction between a safe and dangerous condi-
tion. Though levels of exposure may be kept
within a designated threshold limit value, this is
no assurance that an individual worker may not
show some deleterious effects if he has unusual
susceptibility. The importance of ceiling levels,
skin absorption, etc. must also be considered es-
pecially if they are contained as an integral part
of the threshold limit value.

Biologic standards, i.e., the concentration of
a specific agent in the urine or blood, represents
the body burden of that agent and may be used
as a monitor of the exposure of a worker to a
specific substance. Thus biologic levels of a mate-
nial represent the integrated relation of a combina-
tion of the complex chemical and physical char-
acteristics of an exposure on the worker and can
be used to indicate where excessive exposures
have occurred, when removal from further ex-
posure is indicated, etc. As with threshold limit
values, biologic standards do not represent a fine
line of distinction between safe and dangerous
conditions and alone are not definitive of a state
of disease. It must also be stressed that the body
burden of an agent represents all sources and
routes of exposure and is not limited to industrial
exposures, Habits, hobbies, etc. that may involve
factors which influence the absorption and reten-
tion of a substance may be important.

The application of exposure limit values in the
evaluation of the work environment requires a
knowledge of the limit values, of their application
and meaning, and of acceptable methods and pro-
cedures for measuring exposure levels. The latter
is discussed separately under the heading *‘Selec-
tion of Methods and Procedures for Measuring
Exposure Levels.”

Threshold limit values are expressed as time-
weighted averages for an eight-hour workday and
forty-hour workweek. The time-weighted averages
for specific substances, unless designated by special
categories or ceiling limits, permit limited excur-
sions above the threshold limit value provided
they are compensated by offsetting excursions
below the value. !t

In the application of threshold limit values to
mixtures of toxic substances, in the absence of



other information, their effects are considered ad-
ditive. Thus their additive factor should not exceed
unity in terms of their individual exposure concen-
trations over the threshold limit values.

Threshold limit values are becoming increas-
ingly significant since they are nsed in most occu-
pational health codes, regulations, and standards
as the yardstick for measuring compliance. Ex-
ceeding the values can bring on severe penalties.
It is extremely important that the employer have
worker exposurc monitoring data assuring com-
pliance with relevant standards. These monitor-
ing data should include time-weighted averages,
extent of excursions above time-weighted averages,
ceiling levels, and short-term exposure levels as
relevant.

In addition to data monitoring exposure levels,
datz on levels of exposure in the general room
area and at contaminant disseminating sites are
useful in assuring the ability of the control system
to adequately contain the contaminant and of its
continuing satisfactory performance.

SELECTION OF METHODS AND
PROCEDURES FOR MEASURING
EXPOSURE CONCENTRATIONS

The measurement of exposure concentrations
in the working environment assume utmost impor-
tance since compliance to standards are based
upon comparison of existing levels of exposure
with values stipulated in the standards. In the
adoption of exposure limit values into standards,
it must be assumed that there are valid, tested and
reproducible procedures for the collection and
analysis of the agent involved. Seemingly small
errors or departures from accepted practices may
have a considerable impact, on the one hand on
the health protection afforded the workers through
application of the standard should inadvertently
low values be obtained, and on the other hand on
the economic loss imvolved for compliance should
inadvertently high values be obtained in measuring
exposure levels.

In some standards acceptable methods and
procedures are listed for measuring exposure
levels for compliance. Where this is not done,
reliance must be placed upon the experience and
competence of the persons involved. The decisions
include not only methods and procedures to be
used but also the assurance of representative sam-
ples, the proper calibration of equipment, the use
of internal controls, and a sampling regimen that
will satisfy compliance requirements. For these
reasons, laboratories engaged in measuring worker
exposure levels, either through the collection of
airborne samples or biologic fluids, should be ac-
credited for this purpose.™

ENACTMENT OF OCCUPATIONAL
HEALTH GUIDES, CODES,
REGULATIONS, AND STANDARDS

A number of official agencies have rule-mak-
ing authority for the enactment of occupational
health legislation for the protection of the worker.

The most recent and comprehensive legislation
of this nature, Public Law 91-596 enacted by the
91st Congress,* “establishes authority i the Secre-
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tary of Labor for the adoption and enforcement
of standards for safe and healthful working condi-
tions of working men and women employed in any
business affecting commerce.” The safety and
health standards promulgated under the Walsh-
Healey Act, as well as other established federal
standards relating to construction work, ship re-
pairing, shipbuilding, shipbreaking and longshor-
ing operations were adopted as safety and health
standards under the Federal Occupational Safety
and Health Act, and are subject to revision under
that Act. Exceptions to this primtarily relate to
the Atomic Energy Act of 1954, and the Federal
Coal Min¢ Health and Safety Act of 1969 since
the Occupational Safety and Health Act of 1970
does not apply where other federal agencies regu-
late under applicable federal law.

The Occupational Safety and Health Act
established a National Institute for Occupational
Safety and Health within the Department of
Health, Education, and Welfare to conduct re-
search and training, develop criteria, publish a
list of toxic substances, and make i ions
relative to these responsibilities. The Act also
provides for the participation of state official
agencies in carrying out the provisions of the Act.

The Federal Metal and Nonmmetallic Mine
Safety Act*® vests authority in the Secretary of the
Interior for promulgating and ing out health
and safety standards “for the purpose of the pro-
tection of life, the promotion of health and safety,
and the prevention of accidents in Metal and Non-
metallic Mines.”

The Federal Coal Mine Health and Safety Act
of 19692* vests authority in the Secretary of the
Interior to promulgate and enforce standards for
the protection of hife and the prevention of injuries
in a coal mine. The Act directs the Secretary of
Interior to develop and promulgate, as may be
appropriate, improved mandatory safety standards
and to promulgate mandatory health standards
transmitted to him by the Secretary of Health,
Education, and Welfare. The Act also provides
cooperation and assistance to states in the develop-
ment and enforcement of effective state coal mine
health and safety programs.

The Bureau of Mines, Department of Interior,
also has responsibility for the approval of respira-
tory devices for protection against the inhalation
of gaseous and particulate substances.**

The Atomic Energy Commission has author-
ity for establishing radiation standards in a number
of areas. Examples include “Standards for Pro-
tection Against Radiation™* and “Licenses for
Radiography and Radiation Safety Requirements
for Radiographic Operators.”*® The former sets
forth a very detailed set of standards which have
the effect of law. The latter specialized standard
was published because of the large number of
isotope sources used for radiography and the fact
that many overexposures had occurred during
radiographic procedures.

Several state agencies have responsibilities for
establishing and enforcing standards for protecting
the health of workers coming within their juris-
dictions. The enactment of the Occupational
Safety and Health Act of 1970, however, had a



profound influence on the Federal-State relation-
ship in this area since the latter covers all workers
engaged in activities related to commerce. Desig-
nated state agencies with standards and programs
approved by the Department of Labor can by
agreement undertake the enforcement of the Fed-
eral Act within their boundaries.

SIGNIFICANCE AND IMPACT OF
OCCUPATIONAL SAFETY AND HEALTH
ACT OF 1970

The Occupational Safety and Health Act of
1970 has brought important, new dimensions in
safeguarding the health of workers and in the
practice of industrial hygiene. Although the im-
pact of many of these newer dimensions is imme-
diate, new interpretations and applications of the
Act are made by the courts as the need arises.
Thus it will be many years before the full impact
of the Act is fully realized.

The coverage of the Act is comprehensive and
has brought into its jurisdiction numerous workers
heretofore excluded from such benefits. Generally,
the Act applies to all workers employed in places
of work, engaged in a business affecting commerce,
excepi for government employees.

To appreciate the impact of the Occupational
Safety and Health Act it is necessary to review
briefly the coverage by regulations and the prac-
tices prior to its enactment.

Prior to 1936 the only regulations and guides
relating to occupational health were administered
by state and local governmental agencies. In most
instances the guides and regulations were very
general, difficult of enforcement, and relied on
professional judgment with respect to compliance.
Most of the states had no programs relating to
occupational health, and those that existed were
far too minimal in staffs and funds to carry out
effective programs.

The Walsh-Healey Act of 1936 (41 US.C.
35; 49 Stat, 2036) which enabled the Federal
Government to establish standards for safety and
health in work places engaged in activities relating
to Federal contracts, was the forerunner in estab-
lishing today’s concepts of occupational health reg-
ulations. The 1936 Act stimulated research into
the cause, recognition, and control of occupational
disease and led to the development of occupa-
tional health programs by official organizations,
insurance companies, foundations, managements
and unions. Subsequently other Federal legisla-
tion had further impact on the promulgation of
Federal safety and health standards. These in-
clude the Service Contract Act of 1965 (41 US.C,
351; 79 Stat. 1034), Public Law 85-742, Act of
1958 (33 US.C. 941; 72 Stat. 835), Public Law
¢ 54, Act of 1969 (40 U.S.C. 333; 83 Stat. 96),
and the National Foundation of Arts and Human-
ities Acts (79 Stat. 845). The interim period be-
tween 1936-1970 also saw a number of states
issuing occupational safety and health regulations
to cover workers in their jurisdictions. None of the
occupational health programs in official agencies
during this period, however, were adequate in
it;loge, staff, or funds to carry out their responsi-

ities.
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The lack of uniformity within the various reg-
ulations established by Federal, state and local
official agencies led to great confusion in indus-
tries that operated interstate. Programs by industry
for compliance with regulations had to vary from
state to state and could not be established on a
uniform corporate-wide basis.

The Occupational Safety and Health Act of
1970 has brought a restructuring of programs and
activities relating to safeguarding the health of the
worker. Uniform occupational health regulations
now apply to all businesses engaged in commerce,
regardless of their locations within the jurisdic-
tion. Threshold limit values have been incorpo-
ra;t::i into the regulations and now have the effect
of law.

In the earlier years, the establishment of
threshold limit values, whether with the effect of
law or used as guides, was done more on the basis
of professional opinion and judgment than on the
basis of facts. Data were minimal on the health
effects of exposures to most materials encountered
in industry. Uniformity of procedures and meth-
ods for the collection and analysis of airbome con-
taminants was generally lacking. The interpreta-
tion of compliance with a regulation or threshold
limit value was often that of professional judgment.
Information on investigations and inspections rela-
tive to violations and compliance of standards was
usually restricted to the official agency and man-
agement concerned. Likewise, medical data ob-
tained through the examination of workers in many
instances were not available to the medical de-
partment of the industry.

The Occupational Safety and Health Act of
1970 has more clearly defined procedures for es-
tablishing regulations, the conduct of investiga-
tions for compliance, and the handling and avail-
ability of exposure data on workers, the keeping
of records, etc.

The Act provides for a greatly accelerated
program by the National Imstitute for Occupa-
tional Safety and Health (NIOSH) to conduct
research on the health effects of exposures in the
work environment, to develop criteria for dealing
with toxic materials and harmful agents, including
safe levels of exposure, to train professional per-
sonnel for carrying out various responsibilities
prescribed by the Act, and in general, to conduct
research and assistance programs for protecting
and maintaining worker health.

The first standard promulgated on the basis of
a criteria document developed by NIOSH was
“Standard for Exposure to Asbestos Dust” (Fed-
eral Register Vol. 37, No. 110 — Wednesday,
June 7, 1972). This standard is especially sig-
nificant because as the first of such permanent
standards for a number of target hazardous mate-
rials, it is anticipated that it will serve as the basic
model for other standards to come.

The asbestos standard includes sections on
definitions; permissible exposures; methods of
compliance; work practices; personal protective
equipment; method of measurement; monitoring,
both personal and environmental; caution signs
and labels; housekeeping; recordkeeping, including



empioyee notification; medical examinations; and
medical records.

This standard differs from prior standards in
OSHA regulations, which specified only the per-
missible concentrations of airborne contaminants
or permissible levels at physical exposures (Occu-
pational Safety and Health Standards, Paragraphs
191093, 1910.95, 1910.96 and 1910.97 of the
Federal Register, Vol. 36; No. 105, May 2%,
1971). The far reaching provisions of the new
standard include the ification of methods of
compliance, which include engineering controls such
as ventilation and wet methods; personal protec-
tive equipment such as respirators, and including
shift rotation of employees to reduce exposure;
caution signs and labels, not only for the work
placehwhichasbwtosishand]edbutalsofor
products containing asbestos fibers; recordkeeping,
including a requirement that employm exposed to
airborne concentrations of asbestos fibers in excess
of the limits shall be notified in of the ex-
posure as soon as practicable but not later than
five days of the finding; and medical examinations,
including preplacement, annual and termination
of employment examinations and specifying the
minimum requisite examination procedures and
tests which shall be included.

The interpretation of the general duty clause
requirements for providing a safe and healthful
working environment and the publication of the
permanent asbestos standards add new dimensions
to the protection of employee health, Both em-
phasize that final responsibility for compliance
with the provisions of the Occupational Safety
and Health Act remains with the employer.

The Act prescribes for ase by the
Secretary of Labor in promulgating regulations. It
is of special interest that threshold Limit values for
exposures to toxic materials and harmful agents
are contained in the regulations, and have the
effect of law. Since procedures are given for
measuring exposure levels to specific materials and
agents in the standards promulgated by the De-
partment of Labor, the vse of professional judg-
mcntasreqmredmthepastforsuch activities 5
largely obviated, as is also the interpretation of
the values obtained. The employee or his repre-
sentative now has the right to observe monitoring

and have access to data on exposure
levels. Disagreements on the validity of monitor-
ing data and its meaning are now relegated to the
courts for settlement. Professional skills and judg-
ments are still however, in applying the
intent of the many aspects of the Act in safe-
goarding workers’ health.

The Act has had a similar impact on the
medzcalandnursmgprogramsmmmxstry”Many
medical in industry had already seen the
transformation from the earlier emphasis on the
treatment of traumatic injuries to the modemn
concept of the prevention of occupational diseases
and injuries. This trend, however, has not been
universal and the fact remains that a vast number
of workers still do not have immediate access to

medical and nursing services.

Among the changes in industrial medical pro-
grams brought on by the Act is the maintenance

of medical records on employees and the access
to data contained in them. All practicing phym—
cians representing employers are now required to
keep records of the occupational injuries and ill-
nesses of their employees. Standards for specific
materials and agents prescribe the nature of med-
ical examinations to be given the employees, the
length of time the employer must maintain the
records, and who may have access to these rec-
ords data. Specifically, both the Assistant Secre-
tary of Labor for Occupational Safety and Health
and the Director, National Institute for Occupa-
tional Safety and Health, and authorized physi-
cians and medical consultants may have access to
these data. Also, medical data from examinations
rcqmredbytheregulatmnshaﬂbcgwcntheem-
ployer, and upon request by the employee, must
be given to the employee’s physician.

The industrial physician, with the knowledge
that the employee has information on both his ex-
posure levels to toxic materials and hannful agents
and on his health status, must now maintain a
ventive program for follow-up of situations where
excessive have occurred or where bio-
chemical or medical tests indicate early or impend-
ing changes in employee health patterns. Since the
health profile of a worker represents the effect
of his twenty-four hours a day environment, the
industrial physician is finding it prudent to obtain
information on workers’ off-the-job activities and
habits, such as hobbies, smoking, use of drugs,
that either may directly affect their health or may
have an additive infleence to on-the-job stresses.

There has been a similar change in the prac-
tices of industrial nursing over the past dec-
ades.**-* The Occupational Safety and Health
Act of 1970 will provide a major impetus not only
in increasing the number of industrial nurses avail-
able for medical services to workers, but also in
using their fullest capability both in carrying out
preventive medical programs and in maintaining
and promoting the optimal health of the worker.
In the early practice of industrial nursing, activities
were largely centered around the emergency treat-
ing of traumatic injuries and were prescribed in
written orders of a physician. Advancing indus-
trial technology along with modern concepts of
preventive medical services soon assured that the
industrial nurse could no longer accept such a lim-
ited role. The industrial nurse, in addition to
giving specific medical services, is now called upon
to give broad health counsehng to the worker in
his overall environment. The Act will increasingly
propel the industrial nurse to give a more compre-
hensive service in promoting worker health. This
will necessitate a close working relationship with
both the industrial hygienist and the safety offi-
cer, and will require a knowledge of the toxic
materials and harmful agents in the in-plant en-
vironment.

A number of sources are available for keeping
informed on enforcement aspects relating to the
Act as well as citations and their review by the
Occupational Safety and Health Review Commis-
sion where has been made by the em-
ployer.*>-**» The following citations issued by the
Qccupationa! Safety and Health Administration



and their review, where appealed, by the Review
Commission, show the impact which the Act will
have on occupational health and the practice of
industria! hygiene and of the importance of keep-
ing informed on these decisions.

A landmark ruling defining the employer’s re-
sponsibilities with respect to providing a safe and
healthful working environment is contained in
Case 10 before a Hearing Examiner of the Occu-
pational Safety and Health Review Commission,
U.S. Department of Labor. The case involves the
Omaha, Nebraska plant of the American Smelt-
ing and Refining Company (ASARCO} and a
citation dated July 7, 1971. The citation alleged
that ASARCO, at a plant in Omaha, Nebraska,
was in violation of Section 5§ (a) (1) of the Act,
which provides that “Each employer shall fur-
nish to each of his employees employment and a
place of employment which are free from recog-
nized hazards that are causing or likely to cause
death or serious physical harm to his employees.”

The following description of the alleged vio-
lation is set forth in this citation:

“Airborne concentrations of lead significantly
exceeding levels generally accepted to be safe
working levels, have been allowed to exist in the
breathing zones of employees working in the lead-
melting area, the retort area, and other work
places. Employees have been, and are being ex-
posed to such concentrations. This condition
constitutes a recognized hazard that is causing or
likely to cause death or serious physical harm to
employees.”

ASARCO contended that the levels of air-
borne lead found in its Omaha plant during an
OSHA inspection, in excess of the threshold limit
value (TLV) of 0.2 milligram per cubic meter of
air (0.2 mg Pb/M?*) did not constitute a recog-
nized hazard causing or likely to cause death or
serious physical harm to its employees in view
of the protective safety measures in effect. These
included the use of respirators, transferring em-
ployees from high exposure jobs and its biological
sampling program.

The Act, however, places the responsibility
upon employers to provide safe and healthful
working conditions for its employees, as far as
possible. It does not allow employers to provide
unsafe, unhealthful or hazardous working condi-
tions for its employees even though the adverse
effects of such working conditions are attempted
to be minimized. ASARCO’s first responsibility,
as set forth by the Hearing Examiner, was to pro-
vide safe and healthful working conditions, by
reducing the levels of airborne concentrations of
lead to the generally recognized safe level of 0.2
mg Pb/M?, or as close to that figure as possible.

ASARCO argued that no hazard likely to
cause death or serious physical harm to employees
existed at its Omaha plant because no evidence
was presented that any of its employees suffered
from lead intoxication or had been in any way
injured by the airbomme concentrations of lead
found to exist at its plant. It should be stated
here that ASARCO also collected air samples and
the results of analyses generally confirmed the
findings of the OSHA representative. The Hear-
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ing Examiner, however, found that proof of a
violation of Section 5 (a} (1).of the Act does
not depend upon proof that a hazard has pro-
duced mjury. All that is required is 2 showing
that the hazard is likely to cause serious physical
harm or death.

During the hearing, it was found that
ASARCO’s preventive program, consisting of
blood lead determinations, transferring of em-
ployees from job to job and the availability of
approved respirators in work places having high
concentrations of lead “simply has not worked.”

The Hearing Examiner, after review of all
evidence, found that the levels of airborne concen-
trations of lead significantly in excess of the thres-
hold limit value {TLV) of 0.2 mg Pb/M?® consti-
tuted a violation of Section 5 (a) (1) of the
Act, upheld the original citation and affirmed the
proposed penalty of $600.00. This finding, that
concentrations of ap airborne material above the
threshold limit value alone constitutes a violation
of the Act, is a profound interpretation of the
employer’s responsibilities with respect to provid-
ing a safe and healthful working environment.

On May 28, 1971, the Occupational Safety
and Health Administration issued a citation for
serious violation for exposure to mercury.* Ex-
cessive concentrations of mercury vapor in the
work environment were found by imvestigators
from the National Institute for Ocupational Safety
and Health. Visible pools of mercury were found
in many areas. In response to the citation, the
management claimed that the pools of mercury
resulted from pipeline leakage when the mercury
cell operation was shut down for scheduled main-
tenance and equipment installation. The man-
agement stated that the condition had been cor-
rected and that steps had been taken to tighten
up maintenance and housekeeping procedures.

A citation for serious violation of section 5
(a) (1) of the Act was issued by the Occupa-
tional Safety and Health Administration following
an accident in which three employees were killed
and two seriously injured from exposure to hy-
drogen sulfide gas.*®* The quantity of hydrogen
sulfide gas evolved at an operation from the shurry,
when partially decomposed fish were treated with
a mild solution of sulfuric acid, could not have
been sufficient to cause serious injury or death.
A further investigation revealed that deadly quan-
tities of hydrogen sulfide gas could have been
evolved through another operation. Another
worker cut a hole for ventilation through a metal
floor-ceiling resulting in the reaction of the iron
with the sulfur in phenothiozene thus forming
iron sulfide, which reacted with the sulfuric acid.
Judge William J. Bronz, Occupational Safety and
Review Commission (Docket No. 31), dismissed
the citation and proposed penalty. He ruled that
past experience did not indicate the need for pro-
tection when working with the slurry. The em-
ployer could not have reasonably foreseen the
probability of serious injury or death to employees
arising out of such an episode.

A citation was issued relative to workers being
subjected to noise levels in excess of those per-
mitted under 2 9 C F R 191095 (b) (1).** The



employer contended that he had complied with
the regulation by providing employees with pro-
tective equipment. Judge James A. Cronin, Jr.,
Occupational Safety and Health Review Commis-
sion (Docket No. 158), ruled that the citation
and penalty were appropriate. He stated that the
employer was aware that the employees were not
wearing the ear muffs provided for protection
from noise, and had taken no affirmative action,
even though an i from the Occupational
Safety and Health Administration had indicated
the violation. He further brought out that the
Scnate Report on the Act did not intend for 5 (b)
relating to the employees’ duty under the Act to
diminish the employer’s responsibility.

A citation was issued for the failure of a com-
pany to provide protective gloves to employees
working with a solvent in violationof 29 CF R
1910.132(a).*” Three employees were working
with “Stoddard Solvent™ five days a week, 8 hours
a day. The “Stoddard Solvent™ was a petroleum
distillate containing paraffins, napthenes, and aro-
matics. Evidence indicated that the solvent could
cause irritation upon prol e . The
citation was affirmed by Judge Harold A. Ken-
nedy, Ocupational Safety and Health Review
Commission (Docket No, 79). It was brought
out that although the solvent was not classified
hazardous under the context of the consideration
by any known agency, this did not mean that it was
not a hazard within the meaning of the standard.
The fact that employees who had used the solvent
intermittently for years had received no injuries
did not reduce the inherent risk or the duty to

vide protective equipment.

PmA citation was issued for alleged violation of
2 9 CF R 1910.252 (f) (2) (i) relative to lack
of adequate ventilation at a welding and cutting
site.*® The employer asserted that there was no
violation of the regulation and that the compli-
ance officer had incorrectly calculated the volume
of the welding bays and had failed to establish
substantial evidence of lack of mechanical venti-
lation. Judge Joseph L. Chalk, Occupational
Safety and Health Review Commission (Docket
No. 262), ruled in favor of the employer. It was
noted that the volumes of the welding bays, di-
vided by fiberized glass curtains, could not be
calculated to imaginary lines at the ends of the
bays and should include all space reasonably open
to the welding area.

A citation was issued for serious violation of
29 CFR 191893 (a) (1) (i) and (ii).* Fifty-
four employees were working in a ship’s hold in
concentrations of carbon monoxide between 100
and 200 ppm. 'I'hecitationwabsyaiﬁrmedjanﬁind‘lre
penalty deemed ropriate Judge Jo .
Partin, Occupational Safety and Health Review
Commission (Docket 296). The Captain’s claim
of lack of knowledge of the fact was not mitigating
since the current standard under the longshoring
law had been in effect for a number of years. The
Captain had not examined the testing equipment,
nor i that records of measurements be
kept as specified by the standard. Following meas-
urements for carbon monoxide by the compliance
officer, employees were removed from the hold
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of the ship. The employees were returned to the
hold beforc a second measurement for carbon
monoxide was made by the compliance officer,
whichshov_vedmdecteascinthecarbonmonoxide
concentration.

SUMMARY
The significance of and guidance from guides,
codes, and regulations has changed with advances
in the art and science of industrial hygiene and in
the enactment of recent laws. The implications,
interpretations of, and application of the Occu-
pational Safety and Health Act of 1970 will con-

tinue to be developed as standards are promul-

gated by the Secretary of Labor and as are
interpreted by the administrative and judicial
processes specified by the Act.
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CHAPTER 10

GENERAL PRINCIPLES IN EVALUATING
THE OCCUPATIONAL ENVIRONMENT

Andrew D. Hosey

INTRODUCTION

Evaluating the occupational environment re-
quires a multidisciplined approach. A fundamen-
tal need exists for the input of the knowledge of
engineers, chemists, health physicists, physicians,
toxicologists, nurses, production supervisors, and
others in the elimination of hazards which threaten
workers. The most successful approach coordi-
nates these many disciplines and incorporates ef-
fective communication between the employer and
employee for the recognition, evaluation and con-
trol of potential hazards.

Obviously it is not always practical to enlist
such a group of workers, management, and highly
skilled professionals in Industrial Hygiene for most
plants. It is essential, however, that each person
evaluating the work environment be knowledge-
able of the contributions of other professions to
the solution of specific problems. For example,
an engineer studying ventilation control for ben-
zene should know the chemistry of benzene and
the influence of benzene upon man. Likewise, the
physician studying the work environment should
have a knowledge of the engineering requirements
for control, as well as the chemical sampling and
analytical techniques used.

GENERAL PRINCIPLES

The general principles in evaluating the occu-
pational environment concern recognition of po-
tential hazards, preparation for field study, con-
ducting the field study, and interpretation of the
survey results.

The recognition of potential hazards includes
becoming familiar with the process 3, maintain-
ing an inventory of physical and chemical agents
encountered, periodically reviewing the different
job activities of a work area, and studying the
existing control measures. The procedures in the
preparation for a field study embrace the selection
of proper instruments, calibration of equipment,
and the development of the required analytical
methods. Factors to consider in conducting a field
study are all related to sampling; where, when,
how long, and how many samples, as well as the
merits of general area versus breathing zone sam-
pling should be weighed. Once the survey has
been conducted, the industrial hygienist must in-
terpret the results. Health standards and previous
data are available for comparison. Knowledge of
proper corrective measures is an integral part of
the industrial hygienist’s responsibilities.

This chapter presents the guidelines to be con-
sidered by an industrial hygienist in planning a
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strategy for evaluation of the occupational envi-
ronment.

RECOGNITION OF POTENTIAL HAZARDS

The investigator must become familiar with
all processes used in the particular plant or other
establishment. He must learn what chemicals or
substances are used and produced and the inter-
mediate products, if any. This information may
be obtained by asking questions during the survey,
by visual observation, and by a study of process
flow sheets usually contained in technical books
that describe the particular operation. It is of ut-
most importance that a list of all chemicals and
products used be obtained for future reference
during the evaluation of the environment. The
variety of substances capable of causing occupa-
tional diseases increases steadily. New products
are constantly being introduced which require the
use of new raw materials or new combinations of
older substances, and new . It has been
estimated that new (and some potentially toxic)
substances are introduced into industry at the
rate of one every 20 minutes and that about 10,-
000 such materials are in use today. New uses for
physical agents in industrial processes are increas-
ing at a rapid rate. Examples include the use of
lasers, microwaves, supersonic welding equipment,
and many others. These, too, are potentially haz-
ardous unless proper control measures are insti-
tuted.

Toxicity of Raw Materials and Products

It is important for the investigator to recognize
that the toxicity of a substance is not the sole ¢ri-
terion, or necessarily the most important, of the
existence of a health hazard associated with a par-
ticular industrial operation. The terms “toxicity”
and “hazard” are not synonymous. The nature of
the process in which the substance is used or gen-
erated, the possibility of reaction with other agents
(physical or chemical), the degree of effective
ventilation control or the extent of enclosure of
the process materials all relate to the potential
hazard associated with each us¢ of a given chem-
ical agent (see Chapter 9). Such an assessment
must be made along with due consideration of the
type and degree of toxic responses the agent may
elicit in both the average and, possibly, hypersus-
ceptible workers.

After the list of chemicals used and produced
is obtained, it is necessary to determine which of
these are toxic and to what degree. Information of
this nature can be found in the latest texts and
in scientific journals, Hygienic Guides published by



e Association
(A.LH.A.),* the Z-37 Standards published by the
American National Standards Institute (A.N.S.L),?
and by dence with toxicologists, techni-
cal information centers, and manufacturers. Toxic
Substances, a recent publication by the National
Institute for Occupational Safety and Health® con-
tains over 8000 substances. The list, which is
revised annually, gives the concentration at which
each substance is known to be toxic and should
serve as an excellent reference source in the area
of toxicology. Many companies publish a list of
toxic materials used in their plants for use by
safety personnel, foremen, and others. Similar
information should be obtained also on the po-
tential hazards of physical agents in use. A num-
ber of guides, standards, and texts are available
for this purpose.

Sources of Air Contaminants

Many potentially hazardous operations can be
detected by visual observation during the prelim-
imary survey. The most dusty operations can be
casily spotted, although this does not i
mean they are the most hazardous. It must be
remembered that the dust particles which cannot
be scen by the unaided eye are the most hazard-
ous because they are of respirable size. Further-
more, dust concentrations must reach extremely
high levels before they are readily visible in the
air. Thus the absence of a visible dust cloud does
not mean necessarily that a dust-free atmosphere
exists. However, those operations that generate
fumes, such as welding, can be spotted visually.

Reference to the list of raw materials, products
and byproducts will indicate possible air contami-
nants. In any burning operation, a knowledge of
the fuels used will indicate the air contaminants
generated. Separation processes can produce
chemicals or particulates which are potentially
hazardous.

The presence of many vapors and gases can
be detected by the sense of smell. Trained ob-
servers are able to estimate rather closely the
concentration of a limited number of solvent va-
pors and gases m the workroom air by the odor
level. For many substances, however, the odor
threshold concentration is greater than the per-
missible exposure levels. For example, if the odor
of carbon tetrachloride vapor is barely perceptible,
this indicates the amount is generally too great for
a continuous exposure. In fact, concentrations of
some vapors and gases may be present in concen-
trations considerably in excess of the permissible
level, but may not be detectable by their odor.
New Stresses — Changes in Processes

As indicated above, new chemical products
and physical agents are continually being intro-
duced and used in industrial processes. The m-
vestigator must be aware of these and must ascer-
tain the potentially hazardous nature of these be-
fore they are used so that any necessary safeguards
can be inaugurated. Many companies, especially
the larger ones, have such information available
and will generally make it accessible to the in-
vestigator. Furthermore, the employer should in-
form employees of these potential hazards and
should establish controls for their protection.

the American Industrial Hygien
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Job Activities Review

A review of the worker’s routine job require-
ments should be made. Changes in his job re-
quirements or modifications of techniques to ac-
complish his work can have a profound effect upon
his exposure to health hazards. Overtime require-
ments for i jobs should be determined
so that the contribution of overtime and the re-
lated prolonged exposure of workmen to health
hazards can be evaluated.
Control Measures in Use

The preliminary survey would not be com-
plete unless the types of control measures in use
and their effectiveness are noted. Control measures
include local exhaust and general ventilation, pro-
tective respira devices, protective clothing, and
shielding from radiant heat, ultraviolet light, or
other forms of radiant energy. General guides to
cffectiveness include the presence or absence of
dust on floors and ledges; holes in ductwork, fans
not operating or rotating in the wrong direction
(the latter has been found to occur in many plants
and it should be noted that, even though a blower
operated backward, it will still exhaust some
air, but not the required amount); or the manner
in which personal protective devices are treated
by workmen. During the preliminary survey it
may be desirable to conduct a check on local
exhaust ventilation systems in use to determine if
sufficient airflow s i to remove the con-
taminants from the workers’ breathing zone. The
manual, “Industrial Ventilation,”* will serve as a
useful guide for this purpose since it describes test
procedures and contains examples of many types
of systems with the recommended airflows.

Adequate notes must be made during an eval-
uation of the environment. The speed and accur-
acy of preparing a report of an investigation will
depend largely on information recorded in the
form of notes.

SELECTION OF INSTRUMENTS TO
EVALUATE THE WORK ENVIRONMENT

Sampling instruments used to evaluate the en-
vironment for occupational health hazards are
generally classified according to type as follows:
(1) direct reading; (2) those which remove the
contaminant from a measured quantity of air; and
(3) those which collect a known volume of air
for subsequent laboratory analysis.

Most of the equipment used by industrial hy-
gienists is found under the first two types. The
third group includes various types of evacuated
flasks, plastic bags, or other suitable containers
for collecting known volumes of contaminated air
to be returned to the laboratory for analysis.

The choice of a particalar sampling instru-
ment depends upon a number of factors. Among
these are: (1) portability and ease of use; (2) ef-
ficiency of the equipment or device; (3) reliability
of the equipment under various conditions of field
use; (4) type of analysis or information required;
(5) availability; and (6) personal choice based on
past experience and other factors.

No single, universal sampling instrument is
available and it is doubtful if such an instrument
will ever be developed. In fact, the present trend



is the development of a greater number of spe-
cialized instruments such as the direct reading gas
and vapor detectors.

In evaluating a worker's exposure or the en-
vironment in which he works, an instrument must
be used that will provide the necessary sensitivity,
accuracy, reproducibility, and, preferably, rapid
results. Detailed discussions of instruments used
for sampling for particulates are given in Chapter
13, for gases and vapors in Chapter 15, and for
direct reading instruments for aerosols, gases and
vapors in Chapter 16, as well as in “Air Sampling
Instruments for Evaluation of Atmospheric Con-
taminants” published by the American Conference
of Governmental Industrial Hygienists.® Instru-
ments for assessing noise exposure and for other
physical agents are discussed in subsequent chap-
ters of this manual. One of the older, but still
valid, discussions on this subject is “Sampling and
Analyzing Air for Contaminants” by Silverman.*
Those whose responsibilities include the collec-
tion and analysis of samples will find this publi-
cation a worthwhile reference.

The use of continuous monitoring devices to
evaluate the working environment has increased
tremendously in recent years. While these devices
are normally not designed for field use, many are
available in sizes that are convenient for this pur-
pose. In general, however, many industries install
these devices in areas where exposures to certain
gases Or vapors may vary considerably. Examples
include the use of continuous monitors for carbon
monoxide in tunnels or plant areas where this
gas is produced or used, monitors for chlorinated
hydrocarbons such as in the production of carbon
tetrachloride or trichloroethylene, and moniters
for certain alcohols. Many of these continuous
detecting and recording instruments can be
equipped to sample at several remote locations in
a plant and record the general air concentrations
to which workers may be exposed during a shift.
Many large plants have added computerized equip-
ment to the recorders so that the data may be
readily available and summarized for instant re-
view. However, as is the case with other instru-
ments, continuous monitors must be calibrated
periodically and the interferences known.

After selecting the instrument, the industrial
hygienist, compliance officer, or other person col-
lecting samples must become familiar with the de-
vice and its limitations. He must know, for ex-
ample, whether or not the particular instrument is
specific for the contaminant to be determined,
what other substances interfere with the test, and
the accuracy and sensitivity of the device. He
must also be familiar with the response time, which
is the time interval from the instant samples are
taken to the time the mstrument shows a reading
or the chemical reaction takes place in a detector
tube. Furthermore, in the case of detector tubes,
the readings must be made under good lighting
conditions, preferably in daylight =% * 11

CALIBRATION OF INSTRUMENTS

Instruments and techniques used in calibrating
sampling equipment are discussed in detail in
Chapter 11. This brief discussion is included to
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stress the necessity for following recommended
procedures in order that the data resulting from
the analysis of field samples (whether by direct
reading devices in the field or by equipment that
collects samples for subsequent laboratory analy-
sis} will truly represent concentrations in the en-
vironment, and particularly concentrations to
which the worker is exposed.

Since the amount of sample, whether collected
by means of a filter, an impinger, or a bubbler or
indicated by a direct reading instrument, depends
upon the volume of air sampled and its duration,
it is essential that the device operate at a known
rate of airflow. Thus, the equipment must be cali-
brated against a standard airflow measuring de-
vice both before and after use in the field. The
exact rate of airflow must be recorded so that
when it is multiplied by the sampling time, the
total volume of air sampled or collected will be
known. This volume of air is used in calculating
the concentration of contaminant to which the
worker was exposed. Furthermore, direct reading
instruments and detector tubes must be calibrated
against a known concentration of the substance
for which they are used. Results obtained during
a survey or study are no more accurate than the
instruments used to obtain the data. In some sit-
uations the investigator must do his own cali-
brating, but more frequently this is done by
others at a central laboratory.

ESTABLISHING PROPER ANALYTICAL
METHODS

The use of accurate, sensitive, and reproduc-
ible analytical methods is equally as important as
the proper calibration of the sampling equipment.
In evaluating the occupational ¢nvironment the
concentration of contaminant in the ambient air is
generally small. In fact, the direct reading instru-
ments and other devices used to collect samples for
subsequent analysis are required to detect quan-
tities of substances in the microgram or part-per-
million range. Thus, a sufficient quantity of sam-
ple must be collected to enable the analyst to
determine accurately this small amount of sub-
stance.

When available, standard methods of analysis
should always be used. Unfortunately, only a few
such methods have been tested under various sit-
uations and conditions. In the field of industrial
hygiene the A.C.G.I.H. has available a “Manual
of Analytical Methods” that contains about 20
methods.’? Many of the nearly 200 ALH.A.
Hygienic Guides® contain recommended methods
of analysis. This same organization also publishes
Analytical Guides, which to date cover 61 methods
of analysis. The American Public Health Asso-
ciation as prime contractor with the National Air
Pollution Control Administration, and through the
Intersociety Committee, has been developing
methods for air sampling and analysis; the first 60
of these have been published as a manual entitled
“Methods of Air Sampling and Analysis,” Amer-
ican Public Health Association, 1015 Eighteznth
Street, NW Washington, D.C., 1972."* While
these methods were developed primarily for the
field of air pollution, most of them can be used



for sampling and analysis of environmental con-
ditions m plants.

The American Society for Testing and Mate-
rials'* jnitiated Project Threshold in March, 1971
to validate test methods in the field of air pollu-
tion. Many of these methods can be used also for
sampling and analyzing contaminants in the work-

Several methods have been developed and
tsted, the latest of which is a tentative fluorescent
method for beryllium.

The reason for this lack of tested standard
methods is the tremendous amount of time and
personnel required to perform the necessary test-
ing. There are nearly 500 substances included i
the latest TLV list (A.C.G.LH.) but there arc
perhaps less than 100 standardized methods avail-
able to determine compliance or non-compliance
with the U.S. Department of Labor’s regulations
under the tional Safety and Health Act of
1970. This does not mean that methods other
than the standard methods cannot be used. How-
ever, these other methods must also be tested and
calibrated against known concentrations of the
substance in question. Many analytical methods
have been published in the literature and the
methods should be evaluated in the laboratory

prior to performing an analysis.

MAKING THE FIELD SURVEY

The nature of the substance or condition to
which workers may be potentially exposed will
usually have been determined durmg the prelim-
inary survey. The problem, then, is to determme
the mtensity of exposure and to do this one must
collect samples of the air or use direct reading in-
struments. Every effort must be made to obtain
samples that represent the worker’s exposure. To
decide what constitutes a representative sample,
the investigator must answer these five basic
questions: (1) where to sample; (2) whom to
sample; (3) how long to sample (sampling dura-
tion); (4) how many samples to take; and (5)
when to sample — day or night, what month or
season.

Where to Sample

Where the purposes of the sampling are to
evaluate a worker's exposure and to determine
his daily, time-weighted average exposure, it is
necessary to collect samples at or as near as prac-
tical to his breathing zone and also in the area
adjacent to his nmormal work station, or general
room air. Sometimes it is to sample at
the operation itse!f because of the difficulties of
placing a sampling device at his breathing zone
or attaching it to his person. On the other hand,
if the purpose of sampling is to define a potential
hazard, to check compliance with regulations, or
to obtain data for control purposes, samples rep-
resentative of the worker's exposure must be ¢ol-
lected. In some cases it is pecessary to sample the
general room air also to define certain exposures.
Whom to Sample

Personnel exposure is best determined by mon-
itoring the different job tasks in a area.
Personnel monitors properly attached to workers
directly exposed should give a representative sam-
ple to actual breathing zone exposure. Actual ex-
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posure sources can be documented with the proper
number of personnel samples combined with the
results from stationary sampling points. Job de-
scriptions for area personnel and the time spent
at each task are of primary importance in deter-

mining potential
How Long to Sample

The volume of air sampled and duration of
sampling is based upon the sensitivity of the ana-
lytical procedure or direct reading instrument; the
estimated air concentration; and the Standard or
TLV of the particular contaminant. Thus, the
volume of air sampled may vary from a few liters,
where the estimated concentration is lngh, to sev-
eral cubic meters where low concentrations are
¢ Knowing the sensitivity of the method,
the TLV, and the sampling rate of the particular
instrument m ese, the minimum sampling time can
be determined. The above applies to devices that
collect a known volume of air for later analysis.
The duration of sampling should represent some
identifiable period of time — wusually a complete
cycle of an operation — to determine an operator’s
exposure. Another technique is to sample on a
regular schedule, for example, so many minutes
of each hour. This procedure usually requires
more samples than cyclic-type sampling but, when
used in conjunction with the cyclic-type sampling,
gives more confidence in the results and recom-
mendations.

Evaluation of worker's daily time-weighted
average exposures is usually best accomplished
when ical methods will permit, by allowing
the worker to work his full 7- or 8-hour shift with
a personal breathing zone sampler attached to his
person. Techniques have been developed in re-
cent years that allow full shift sampling for many
dusts, fumes, gases and vapors. These techniques,
which include the use of filters and miniature cy-
clones to sample airborne dusts and activated
charcoal to sample many gases and vapors have
been developed successfully in recent years for
many airborne contaminants. The concept of full
shift integrated personal sampling is much pre-
ferred to that of short term or general area samp-
ling if the results are to be compared to standards
based on time-weighted average concentrations.
When methods that permit full shift integrated
sampling are not applicable, time-weighted average
exposures can be calculated from alternative short
term or general area sampling methods by applying
the general formula explained in Chapter 3.

The first step in calculating a worker’s or group
of workers’ daily, time-weighted e is to
again study the job descriptions obtained for the
persons under consideration and ascertain how
much time out of each day they spend at various
tasks. Such information is usually available from
the plant personnel office or foreman on the job.
In many situations the investigator must make tme
studies himself to obtain the correct information.
Even though this information was obtained from
plant personnel, it should be checked by the
investigator because in many situations what the
investigator observes and the times given by plant
personnel do not agree. From this information
and the results of the environmental survey, a



daily, time-weighted average 8-hour exposure can
be calculated. This assumes that a sufficient num-
ber of samples have been collected or readings
obtained with direct reading instruments under
various plant operating conditions to give a true
picture of the exposure.

Where sampling for the purpose of comparing
results with airborne contaminants whose toxico-
logical properties warrant short term and ceiling
limit values, it is n to use short term or
grab sampling techniques to define peak concen-
trations and estimate peak excursion durations.
For purposes of further comparison, the time-
weighted average 8-hour exposure can be calcu-
lated using the values obtained by short term
sampling.

How Many Samples to Take

There is no set rule to determine the number
of replicate samples that are necessary to evalu-
ate a worker’s exposure, provided that a minimum
number are taken to characterize the exposure in
time and space. A single sample will never suffice
even if the investigator belicves that this concen-
tration would be maintained throughout the work
shift. If the indicated concentration is near or
above the TLV or Standard, repeated sampling
should be done. Ordinarily, contaminants are not
generated at a constant rate, and the concentra-
tion can vary considerably from time to time.

Only rarely does an operation release contami-
nants into the workroom air at a fairly constant
rate. Chapters 13 and 15 describe sampling pro-
cedures for particulates, gases, and vapors, includ-
ing information on the number of samples needed.
The concentration found in single sample may
have been too high or too low due to a number
of factors and if the sample had been collected at
another time, the results could very well be con-
siderably different. Several dozen samples may be
necessary to define accurately a daily, time-
weighted average exposure for a worker who
performs a number of tasks during the shift.
‘When to Sample

Another area to be considered in sampling is
when to sample — a determination of the work
shift or seasonal period during which samples
should be collected. If, for example, an operator
continues working for more than one shift, sam-
ples should be collected during each shift that he
works. It has been found that in many situations
airborne concentrations of toxic substances or
exposure to physical agents may be different for
each shift. Furthermore, and this applies to plants
located in areas where large temperature differ-
ences occur during different seasons of the year.
samples should be collected during summer and
winter months. Normally, there is more peneral
ventilation during the summer months than in
winter, a factor which tends to dilute the concen-
tration of the contaminant.

INTERPRETATION OF FINDINGS
Interpretation of the analyses of samples col-
lected or from direct reading instruments is the
final step in evaluating the environment. A great
deal of common sense and judgment must be used
in interpreting the results of an environmental

study. Before an investigator determines that a
worker or group of workers is exposed to a hazard
injurious to health, he must have the following
facts: (1) nature of substance or physical agent
involved; (2) intensity (concentration) of expos-
ure; and (3} duration of exposures, which will
have been determined from the preliminary survey
and the results of air sampling done during the
environmental study. In many cases, adverse ef-
fects from exposure to toxic materials or physical
agents do not appear until the exposure has oc-
curred for several years. The purpose of TLVs or
Standards is to protect against the future appear-
ance of such symptoms,

Comparison of Results with Standards

Results of the environmental study must be
compared with standards before an employer can
be cited for a violation or control measures can
be recommended. It must be emphasized again
that the samples collected during the study must
be representative of the worker’s daily, time-
weighted average exposure, if there is a standard
for such exposure, before a comparison can be
made,

In connection with the enforcement of the
Occupational Safety and Health Act, the standards
for exposure to gases, vapors, dust, jonizing and
non-ionizing radiation are contained in the Code
of Federal Regulations (CFR), Title 29, Part
1910, Occupational and Environmental Health
Standards. These were first published in the Fed-
eral Register, Vol. 26, No. 105, May 29, 1971
and are subject to revision. At this writing, most
of these standards are the same as the A.C.G.LH.
1970 TLVs, but about 20 are the latest AN.S.L
Z-37 Standards. In 1971, for the first time
A.C.G.LH. published a combined list of Thresh-
old Limit Values for airborne contaminants and
physical agents.’* Included in the latter are guide-
lines (TLVs) for noise, lasers, microwaves, ultra-
violet radiation, and heat stress. Basic Radiation
Protection Criteria'® should be consulted for stan-
dards on jonizing radiation. Other guidelines in
this area mmclude the AL H.A. Hygienic Guides?
A.NS.. Standards,*? and the A.S.H.R.A E. Guide'*
for temperature and humidity.

Many states have adopted standards in the
above area, some of which are more stringent than
those referred to above. Since a state may qualify
to admmister and enforce a State Occupational
Safety and Health Program under provisions of
the Federal Act, the standards in effect in a par-
ticular state must be consulted by the investigator.
Federal standards adopted to date (1972) are
minimum legal requirements and they will no
doubt be modified from time to time as new
data become available. State standards must be
“at least as effective” as Federal standards. When
state standards are applicable to products distrib-
uted or used in interstate commerce, they must be
such as are required by compelling local condi-
tions and do not unduly burden interstate com-
merce.

Comparison of Results with Previous Data

As indicated earlier in this discussion, many
of the larger industrial establishments utilize con-
tinuous monitors to maintain a record of concen-



trations of various gases and vapors in certain
areas of their plants. These data must be related
to worker . Other companies that em-
ploy industria] hygienists ordinarily have data on
exposures of workmen to various toxic substances
as well as certain physical agents. If at all possi-
ble, the investigator should make every effort to
smdy these data and compare them with the re-
sults of his study. In many cases the data may
not be the same and there may be good reasons
for the discrepancy. Inr many instances the data
on exposures will be more complete and detailed
when taken from company records than when ob-
tained by an investigator from a one- or two-day
investigation of certain hazardous operations
that plant.- Thus, considerable embarrassment can
be avoided if the above suggestion to check other
recorded data is followed.

In addition to data available from company
records, other sources of such information include
the results of previous studies conducted by Fed-
eral, state and local agencies, some insurance com-
panies, and consultants. Here again, results of
these studies may be different than those obtained
by the investigator so great care must be exercised
in making comparisons.

SUMMARY

The conduct of environmental surveys and
studies is only one phase in the over-all effort in
determining occupational health hazards. Such
surveys are valuable only if all environmental
factors relating to the workers’ potential exposures
are included. In evaluating workers’ exposures to
toxic dusts, fumes, gases, vapors, mists, and physi-
cal agents, a sufficient number of samples must
be collected, or readings made with direct reading
instruments, for the proper duration to permit the
assessment of daily, time-weighted average expos-
ures and evaluate peak exposure concentrations
when needed.

It is essential that the proper instrument be
selected for the particular hazard under study and
that it be calibrated periodically to insure that it is
sampling at the correct rate of airflow and, in the
case of direct reading instruments, that they have
been calibrated against known concentrations of
the contaminant in question. For thosc samples
to be analyzed in the laboratory, a method must
be used that is accurate, sensitive, specific, and
reproducible for that particular contaminant.

Adequate notes taken during environmental
studies are a necessity. An investigator or inspec-
tor cannot rely upon his memory after a study is
completed to provide the detailed information nec-
essary for the preparation of a report.

Finally, sound judgment should be exercised
both during the actual survey and while preparing
the report.
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CHAPTER 11

INSTRUMENTS AND TECHNIQUES USED IN
CALIBRATING SAMPLING EQUIPMENT

Morton Lippmann, Ph.D.

INTRODUCTION

of Accurate Calibrations and
Periodic Recalibration

Air samples are collected in order to determine
the concentrations of one or more airborne con-
taminants. To define a concentration, the quantity
of the contaminant of interest per unit volume of
air must be determined. In some cases, the con-
taminant is not extracted from the air; i.e., it may
simply alter the response of a defined physical. sys-
tem. An example is the mercury vapor detector,
wherein mercury atoms absorb the characteristic
ultra-violet radiation from a mercury lamp, re-
ducing the intensity incident on a photocell. In
this case, the response is proportional to the mer-
cury concentration and not to the mass flowrate
through the sensing zone; hence, it measures con-
centration directly.

In most cases, however, the contaminant is
cither recovered from the sampled air for subse-
quent analysis or is altered by its passapge through
a sensor within the sampling train, and the sam-
pling flowrate must be known in order to ulti-
mately determine airborne concentrations. When
the contaminant is collected for subsequent analy-
sis, the collection efficiency must also be known,
and ideally should be constant. The measurements
of sample mass, of collection efficiency and of
sample volume are uvsuvally done independently.
Each measurement has its own associated errors,
and each contributes to the overall uncertainty in
the reported concentration.

The sample volume measurement error will
often be greater than that of the sample mass
measurement. The usual reason is that the volume
measurement is made in the field with devices
designed more for portability and light weight than
for precision and accuracy. Flowrate measure-
ment errors can further affect the determination if
the collection efficiency is dependent on the flow-
rate.

Each element of the sampling system should
be calibrated accurately prior to initial field use.
Protocols should also be established for periodic
recalibration, since the performance of many
transducers and meters will change with the ac-
cumulation of dirt, corrosion, leaks, and misalign-
ment due to vibration or shocks in handling, etc.
The frequency of such recalibration checks should
initially be high, until experience is accumulated
to show that it can be reduced safely.

Types of Calibrations
Flow and Volume. If the contaminant of interest
is removed quantitatively by a sample collector at
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all flowrates, then the sampled volume may be the
only air flow parameter that need be recorded. On
the other hand, when the detector response is de-
pendent on both the flowrate and sample mass, as
in many length-of-stain detector tubes, then both
quantities must be determined and controlled.
Finally, in many direct-reading instruments, the
responsc is dependent on flowrate but not on in-
tegrated volume.

In most sampling situations the flowrates are,
or are assumed to be, constant. When this is so,
and the sampling interval is known, it is possible
to convert flowrates to integrated volumes, and
vice-versa. For this reason flowrate meters, which
are wsually smaller, more portable and less ex-
pensive than integrated volume meters, are gener-
ally used on sampling equipment even when the
sample volume is the parameter of primary inter-
est. Normally, little additional error is introduced
in converting a constant flowrate into an integrated
volume since the measurement and recording of
elapsed time generally can be performed with good
accuracy and precision.

Flowmeters can be divided into three basic
groups on the basis of the type of measurement
made; these are integrated-volume meters, flow-
rate meters, and velocity meters. The principles
of operation and features of specific instrument
types in each group will be discussed in succeeding
pages. The response of volume meters, such as the
spirometer and wet-test meter, and flowrate met-
ers, such as the rotameter and orifice meter, are
determined by the entire sampler flow. In this
respect they differ from xelocity meters such as
the thermoanemometer and Pitot tube, which
measure the velocity at a particular point of the
flow cross section. Since the flow profile is rarely
uniform across the channel, the measured velocity
will invariably difler from the average velocity.
Furthermore, since the shape of the flow profile
usually changes with changes in flowrate, the ratio
of point-to-average velocity will also change. Thus,
when a point velocity is used as an index of flow-
rate, there is an additional potentia!l source of
error, which should be evaluated in laboratory
calibrations which simulate the conditions of use.
Despite their disadvantages, velocity sensors are
sometimes the best indicators available, as for
example in some electrostatic precipitators where
the flow resistance of other types of meters cannot
be tolerated.

Calibration of Collection Efficiency. A sample
collector need not be 100% efficient in order to
be useful, provided that its efficiency is known



and constant, and taken into account in the cal-
culation of concentration. In practice, acceptance
of a low but known collection efficiency is a rea-
sonable procedure for most types of gas and vapor
sampling, but is seldom, if ever, appropriate for
aerosol sampling. All of the molecules of a given
chemical contaminant in the vapor phase are es-
sentially the same size, and if the temperature,
flowrate, and other critical parameters are kept
constant, they will have the same probability of
capture. Acrosols, on the cother hand, are rarely
monodisperse. Since most particle-capture mech-
anisms are size-dependent, the collection char-
acteristics of a given sampler are likely to vary
with particle size. Furthermore, the efficiency will
tend to change with time due to loading; e.g., a
filter’s efficiency increases as dust collects on it,
and electrostatic precipitator efficiency may drop
if a resistive layer accumulates on the col
electrode. Thus, aerosol samplers should not be
used unless their collection is essentially complete
for all particle sizes of interest.
Determination of Sample Stability and Recovery.
The collection efficiency of a sampler can be de-
fined by the fraction removed from the air passing
through it. However, the material collected can-
not always be completely recovered from the
sampling substrate for analysis. In addition, the
material can sometimes be degraded or otherwise
lost between the time of collection in the field and
recovery in the laboratory. Deterioration of the
sample is particularty severe for chemically re-
active materials. Sample losses may also be due
to high vapor pressures in the sampled material,
exposure to elevated temperatures, or to reactions
between the sample and substrate or between dif-
ferent components in the sample.

Laboratory calibrations using blank and spiked
samples should be performed whenever possible

to determine the conditions under which such
losses are likely to affect the determinations de-
sired. When the Josses are likely to be excessive,
the sampling equipment or procedures should be
modified as much as feasible to minimize the
losses and the need for calibration corrections.
Calibration of Sensor Response. When calibrating
direct-reading instruments, the objective is to de-
termine the relationship between the scale read-
ings and the actual concentration of contaminant
present. In such tests the basic respense for the
contaminant of interest is obtained by operating
the instrument in known concentrations of the
pure material over an appropriate range of con-
centrations. In many cases it is also necessary
to determine the effect of environmental co-factors
such as temperature, pressure and humidity on
the instrurmnent response. Also, many sensors are
non-specific and atmospheric co-contaminants may
cither elevate or depress the signal produced by
the contaminant of interest. If reliable data on
the effect of such interferences are not available,
they should be obtained in calibration tests. Pro-
cedures for establishing known concentrations for
such calibration tests are discussed in detail in
Chapter 12.

Sampling and Calibration Standards and Errors
Use and Reliability of Standards and Standard
Procedures. Calibration procedures generally in-
volve a comparson of instrument response to a
standardized atmosphere or to the response of a
reference instrument. Hence, the calibration can
be no better than the standards used. Reliability
and proper use of standards are critical to accurate
calibrations. Reference materials and instruments
available from, or calibrated by, the National
Bureau of Standards (NBS) should be used when-
ever possible. Information on calibration aids
available from NBS is summarized in Table 11-1.

TABLE 11-1

NATIONAL BUREAU OF STANDARDS (NBS)

— STANDARD REFERENCE MATERIALS

{SRM’s)* INTENDED FOR USE AS PRIMARY INSTRUMENT CALIBRATION
STANDARDS BY AIR POLLUTION LABORATORIES

SRM
No. Description

1625 S0, Permeation Tube, Individually Calibrated, Effective length = 10 cm,
Permeation Rate == 0.28 ug SO,/min. @ 25°C.

1626 Same as above, except that effective length = 5 cm.

1627 Same as above, except that effective length = 2 cm.

1610 Hydrocarbon in Air compressed gas mixture, 68 standard liters @ 500 psi in disposable
cylinder. Concentration = 0.103 = 0.001 mole percent, calculated as methane, as de-
termined by flame ionization.

1611 Same as above, except that concentration — 0.0107 =+ 0.0001 mole %.

1612 Same as above, except that concentration — 0.00117 = 0.00001 mole %.

1613 Same as above, except that concentration = 0.000102 = 0.000002 mole %.

1601 Carbon Dioxide in Nitrogen compressed gas mixture, 68 standard liters @ 500 psi in dis-
posable cylinder. Concentration = 0.0308 = 0.0003 mole %.

1602 Same as above, except that concentration — 0.0346 = 0.0003 mole %.

1603 Same as above, except that concentration = 0.0384 == 0.0004 mole %.

* Available from the Office of Standard Reference Materials, Room B 314, Chemistry Bldg., National

Bureau of Standards, Washington, D. C. 20234.
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Test atmospheres penerated for the purpose  are those which have been referee or panel tested;
of calibrating collection efficiency or instrument i.e., methods which have been shown to yield
response should be checked for concentration  comparable results on blind samples analyzed by
using reference instruments or sampling and ana-  different laboratories. Such procedures are pub-
Iytical procedures whose reliability and accuracy  lished by several organizations, which are listed
are well documented. The best procedures to use  in Table 11-2. Those published by the individual

TABLE 11-2

ORGANIZATIONS PUBLISHING RECOMMENDED OR STANDARD METHODS AND/OR TEST
PROCEDURES APPLICABLE TO AIR SAMPLING INSTRUMENT CALIBRATION

Abbreviation Full Name Mailing Address
APCA Air Pollution Control Association 4400 Fifth Avenue
Pittsburgh, Pa. 15213
ACGIH American Conference of Governmental P.O. Box 1937
Industrial Hygienists Cincinnati, Ohio 45201
AlHA American Industrial Hygiene Association 66 South Miller Rd.
Akron, Ohio 44313
ANSI American National Standards Institute, Inc. 1430 Broadway
New York, N. Y. 10018
ASTM American Society for Testing and Materials, 1016 Race Street
D-22 Committee on Sampling and Philadelphia, Pa. 19103
Analysis of Atmospheres
EPA Environmental Protection Agency Office 5600 Fischer’s Lane
of Air Programs Rockville, Md. 20852
ISC Intersociety Committee on Methods for 250 W. 57th Street
Air Sampling and Analysis New York, N. Y. 10019
TABLE 11-3

SUMMARY OF RECOMMENDED AND STANDARD METHODS RELATING TO AIR
SAMPLING INSTRUMENT CALIBRATION

No. of Panel
Organization  Methods Types of Methods Tested Reference

ACGIH 19 Analytic methods for air contaminants Yes  Manual of Analytic
Methods®

AIHA 117 Analytic methods for air contaminants No  Analytic Guidest¥

ISC 45 Analytic methods for air contaminants t Health Laboratory Science
6(2) (Apr. 1969)
7(1) (Jan. 1970)
7(2) (July 1970)
7(4) (Oct. 1970)
8(1) (Jan. 1971)

ASTM 20 Analytic methods for air contaminants * Part 23, Annual Book of

ASTM 5 Recommended practices for sampling NA  ASTM Standards®®
procedures, nomenclature, etc.

APCA 3 Recommended standard methods for NA ] Air Pollut. Cont. Assoc.
continuing air monitoring for fine 13:55 (Sept. 1963)
particulate matter

ANSI i Sampling airbome radioactive materials NA  ANSIN 13.1-1969

EPA 6 Reference methods for air contaminants No  Fed. Register 36(84)

(Apri 30, 1971)

t All methods will be panel tested before advancing from tentative to standard.

* Seven methods are undergoing panel validation under Phase 1-ASTM Project Threshold.
Additional methods will be panel evaluated in subsequent phases.

NA Not applicable.
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organizations have been supplemented in recent
years by those approved by the Intersociety Com-
mittee on Methods for Air Sampling and

a cooperative group formed in March, 1963, com-
posed of representatives of the Air Pollution Con-
trol Association {APCA), the American Confer-
ence of Governmental Industrial Hygienists
(ACGIH), the American Industrial Hygiene As-
sociation (AIHA), the American Public Health
Association (APHA), the American Society for
Testing and Materials (ASTM), the American
Society of Mechanical Engineers (ASME), and
the Association of Official Analytical Chemists
{AOAC). “Tentative” methods endorsed by the
Intersociety Committee have been published at
random intervals since April, 1969, in “Health
Laboratory Science,” a publication of APHA.
These “Tentative” methods become “Standard™
methods only after satisfactory completion of a
cooperative test program. Lists of published *“Ten-
tative” and “Standard” methods for air sampling
and analysis are summarized in Table 11-3.

Sources of Sampling and Analytical Errors. The
difference between the air concentration reported
for an air contaminant on the basis of a meter
reading or laboratory analysis, and true concen-
tration at that time and place represents the error
of the measurement. The overall error is often
duc to a number of smaller component errors
rather than to a single cause. In order to mini-
mize the overall error it is usually necessary to
analyze each of its potential components, and con-
centrate one’s efforts on reducing the component
error which is largest. It would not be productive
to reduce the uncertainty in the amalytical pro-
cedure from 10% to 1.0% when the error asso-
ciated with the sample volume measurement is
+= 15%.

Sampling problems are so varied in practice
that it is only possible to generalize on the likely
sources of error to be encountered in typical samp-
ling situations. In analyzing a particular sampling
problem, consideration should be given to each of
the following:

a) Flowrate and sample volume

b) Collection efficiency

¢) Sample stability under conditions antici-

pated for sampling, storage and transport

d) Efficiency of recovery from sampling sub-

strate

¢) Analytical background and interferences
introduced by sampling substrate

f) Effect of atmospheric co-contaminants on
samples during collection, storage and

Curmnulative Statistica! Error. The most probable
value of the cumulative error E,. can be calculated
from the following equation:

E.— [E*+E* 4+ E*+ ... +E}v

For example, if accuracies of the flowrate
measurement, sampling time, recovery, and analy-
sis are + 15, 2, 10, and 10% respectively, and
there are no other significant sources of error,
then the cumulative error would be:

E.— [15% 4 27 + 10* 4 107] —
[429]/1 — + 20.6%

It should be remembered that this provides
an estimate of the deviation of the measured con-
centration from the true concemtration at the
time and place the sample was collected. As an
estimate of the average concentration to which a
workman was exposed in performing a given
operation, it would have additional uncertainty,
dependent upon the variability of concentration
with time and space at the work station.

CALIBRATION INSTRUMENTS AND
TECHNIQUES FOR FLOW AND VOLUME
CALIBRATION

In this section, the various techniques used for
measuring sampling rate or sampled volume in
samplers and in laboratory calibrations of sam-
plers will be discussed in terms of their principles
of operation and their sources of error. Some may
be considered primary measurements, while some
are secondary or derived. Primary measurements
generally involve a direct measurement of volume
on the basis of the physical dimensions of an
enclosed space. Secondary standards are reference
instruments or meters which trace their calibra-
tions to primary standards, and which have been
shown to be capable of maintaining their accuracy
with reasonable handling and care in operation.

Y SAMPLE COLLECTOR

= T )
DRAIN TUBE
VALVE
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Figure 11-1. Marriotti Bottle
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Figure 11-2. Schematic Drawing of a Spiro-
meter

Instruments which Measure or
Are Calibrated in Volume Units
Water Displacement. Figure 11-1 shows a sche-

matic drawing of a Marotti bottle, When the
valve at the bottom of the bottle is opened, water
drains out of the bottle by gravity, and air is drawn
via a sample collector into the bottle to replace
it. The volume of air drawn in is equal to the
change in water level multiplied by the cross sec-
tion at the water surface. The Casella Standard
Thermal Precipitation uses a water-filled aspirator
with an orifice at the discharge end of the cylinder
which himits the flowrate to 7 cm*/min. !

Spirometer or Gasometer. The spirometer (Fig-
ure 11-2) is a cylindrical bell with its oper end
under a liquid seal. The weight of the bell is
counterbalanced so that the resistance to move-
ment as air moves in or out of the bell is negligible.
It differs from the Mariotti bottle in that it meas-
ures displaced air instead of displaced liquid. The
volume change is calculated in a similar manner,
i.e., change in height times cross section. Spirom-
eters are available in a wide variety of sizes?
and are frequently used as primary volume
standards.

“Frictionless” Piston Meters. Cylindrical air dis-
placement meters with nearly frictionless pistons
are frequently used for primary flow calibrations.
The simplest version is the soap-bubble meter
illustrated in Figure 11-3. It utilizes a volumetric
laboratory buret whose interior surfaces are wet-
ted with a detergent solution. If a soap-film bub-
ble is placed at the left side, and suction is applied
at the right, the bubble will be drawn from left to
right. The volume displacement per unit time
(i.e., flowrate) can be determined by measuring
the time required for the bubble to pass between
two scale markings which enclose a known velume.

Soap-film flowmeters and mercury-sealed pis-
ton flowmeters are available commercially from
several sources.® In the mercury-sealed piston,
most of the cylindrical cross section is blocked off
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Figure 11-3. Bubble Meter
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by a plate which is perpendicular to the axis of retains its toroidal shape due to its strong surface
the cylinder. The plate is separated from the tension. This floating seal has a pegligible friction
cylinder wall by an O-ring of liquid mercury which  loss as the plate moves up and down.

GAS PRESSURE GAUGE

GAS THERMOMETER

/
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Powell CH, Hosey AD (eds): The Industrial Environment — Its Evaluation and Control, 2nd Edition. Public Health
Service Publication No. 614, 1965.

Figure 11-4. Wet Test Meter

Wet-Test Meter. A wet-test meter (See Figure  water seal at the inlet or outlet. In spite of these
11-4) consists of a partitioned drum half sub-  factors, the accuracy of the meter usually is within
merged in a liquid (usually water) with openings  one percent when used as directed by the manu-
at the center and periphery of each radial cham-  facturer.
ber. Air or gas enters at the center and flows into  Dry-Gas Meter. The dry-gas meter shown in Fig-
an individual compartment causing it to rise, there-  ure 11-5 is very similar to the domestic gas meter.
by producing rotation. This rotation is indicated It consists of two bags interconnected by mechani-
by a dial on the face of the instrument. The vol-  cal valves and a cycle-counting device. The air or
ume measured will be dependent on the fluid level  gas fills one bag while the other bag empties it-
in the meter since the liquid is displaced by air.  self; when the cycle is completed the valves are
A sight gauge for determining fluid height is pro-  switched, and the second bag fills while the first
vided and the meter may be leveled by screws and  one empties. Any such device has the disadvan-
a sight bubble which are provided for this purpose.  tage of mechanical drag, pressure drop, and leak-
There are several potential errors associated  age; however, the advantage of being able to use
with the use of a wet-test meter. The drum and  the meter under rather high pressures and volumes
moving parts are subject to corrosion and damage  often outweighs these errors, which can be de-
from misuse, there is friction in the bearings and  termined for a specific set of conditions. The
the mechanical counter, inertia must be overcome  alternate filling of two chambers as the basis for
at low flows (<I RPM), while at high flows volume measurement is also used in twin-cylinder
(>3 RPM), the liquid might surge and break the  piston meters. Such meters can also be classified

106



MECHANICAL VALVE

AND COUNTER METER
MECHANISM READOUT
INDEX

BELLOWS OR
DIAPHRAGMS

Powell CH, Hosey AD {(eds): The Industrial Environment — its Evaluation and Control, 2nd Edition. Public Health
Service Publication No. 614, 1965.

Figure 11-5. Dry Gas Meter
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as positive displacement meters,

Positive Displacemeri Meters. Positive displace-
ment meters consist of a tight-fitting moving ele-
ment with individual volume compartments which
fill at the inlet and discharge at the outlet parts.
A lobed rotor design is illustrated in Figure 11-6.
Another multicompartment continuous rotary
meter uses interlocking gears. When the rotors of
such meters are motor driven, these units become
positive displacement air movers.

Volumetric Flowrate

The volume meters discussed in the preceding
paragraphs were all based on the principle of con-
servation of mass; specifically the transfer of a
fluid volume from one location to another. The
flowrate meters in this section all operate on the
principle of the conservation of energy; more
specifically, they utilize Bernoulli's theorem for
the exchange of potential energy for kinetic energy
and/or fnctional heat. Each consists of a flow
restriction within a closed conduit. The restric-
tion causes an increase in the fluid velocity, and
therefore an increase in kinetic energy, which
requires a corresponding decrease in potential
energy, i.e., static pressure. The flowrate can be
calculated from a knowledge of the pressure drop,
the flow cross section at the constriction, the den-
sity of the fluid, and the coefficient of discharge,
which is the ratio of actual flow to theoretical flow
and makes allowance for stream contraction and
frictional effects.

Flowmeters which operate on this principle
can be divided into two groups. The larger group,
which includes orifice meters, venturi meters, and
flow nozzles have a fixed restriction and are known
as variable-head meters, because the differential
pressure head varies with flow. The other group,
which includes rotameters, are known as variable-
area meters, because a constant pressure differen-
tial is maintained by varying the flow cross section.

Variable-Area Meters (Rotameters). A rotameter
consists of a “float” which is free to move up and
down within a vertical tapered tube which is
larger at the top than the bottom. The fluid flows
upward, causing the float to rise until the pressure
drop across the annular area between the float
and the tube wall is just sufficient to support the
float. The tapered tube is usually made of glass
or clear plastic and has a flowrate scale etched
directly on it. The height of the float indicates the
flowrate. Floats of various configurations are used,
as indicated in Figure 11-7. They are convention-
ally read at the highest point of maximum diam-
eter, unless otherwise indicated.

Most rotameters have a range of 10: 1 between
their maximum and minimum flows. The range of
a given tube can be extended by using heavier or
lighter floats. Tubes are made in sizes from about
% to 6 inches in diameter, covering ranges from
a few cm®/min. to over 1,000 ft*/min. Some of
the shaped floats achieve stability by having slots
which make them rotate, but these are less com-
monly used than previously. The term “rota-
meter™ was first used to describe such meters with
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ment — Its Evaluation and Control, 2nd Edition. Public
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Figure 11-7. Typical Rotameter Floats

spinning floats, but now is generally used for all
types of tapered metering tubes.

Rotameters are the most commonly used flow-
meters on commercial air samplers, especially on
pertable samplers. For such sampler flowmeters,
the most common material of construction is acry-
lic plastic, although glass tubes may also be used.
Because of space limitations, the scale lengths are
generally no more than four inches and most com-
monly nearer to two inches. Unless they are in-
dividually calibrated, the accuracy is unlikely to
be better than &= 25%. When individually cali-
brated, = 5% accuracy may be achieved. It
should be noted, however, that with the large
taper of the bore, the relatively large size of the
float, and the relatively few scale markers on
these rotameters, the precision of the readings may
be a major limiting factor.

Calibrations of rotameters are performed at
an appropriate reference pressure, usually atmos-
pheric. However, since good practice dictates that
the flowmeter should be downstream of the sample
collector or sensor, the flow is actually measured
at a reduced pressure, which may also be a vari-
able pressure if the flow resistance changes with
loading. 1f this resistance is constant, it should
be known; if variable, it should be monitored, so
that the flowrate can be adjusted as needed, and
appropriate pressure corrections can be made for
the flowmeter readings.

Variable-Head Meters., When orifice and venturi

meters are made to standardized dimensions, their
calibration can be predicted with ~ *= 10%
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Perry JH, et al: Chemical Engineering Handbook, 4th Edition. New York, McGraw-Hill, 1963.

Figure 11-8. Square-Edged or Sharp-Edged Orifices. The plate at the orifice opening must
not be thicker than 1/30 of pipe diameter, 1/8 of the orifice diameter, or 1/4 of the distance
from the pipe wall to the edge of the opening. (a) Pipe-line orifice. (b) Types of plates.
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accuracy osing standard equations and published
empirical coefficients. The general equation® for
this type of meter is:

W qipy = KYA: Vzge (Pi - Pz)Pl (n

Orifice Meters. The simplest form of variable-
bead meter is the square-edged, or sharp-edged
orifice illustrated in Figure 11-8. It is also the
most widely used because of its ease of installa-

tion and low cost. If it is made with properly
mounted pressure taps, its calibration can be de-
termined from equation (1) and Figures 11-9 and
11-10. However, even a non-standard orifice
meter ¢an serve as a seco standard, provided
it is carefully calibrated against a reliable reference
instrument.

While the square-edged orifice can provide
accurate flow measurements at low cost, it is in-
efficient with respect to energy loss. The perma-
nent pressure loss for an orifice meter with radius
taps can be approximated by (1 — g?), and will
often exceed 80%.

Venturi Meters. Venturi meters have optimal con-

where: K=C/ 1 —g8*
C = coeflicient of discharge, dimensionless
A, = cross-sectional area of throat — ft*
g — 32.17 ft/sec?
P, — upstrcam static pressure — Ib/ft*
P, — downstream static pressure — Ib/ft*
q, = volumetric flow at upstream press.
& temp.-ft*/sec.
W = weight-rate of flow — Ib/sec.
Y = expansion factor (see Figure 11-10)
B == ratio of throat diameter to pipe diameter,
dimensionless

p, =— density at upstream press. & temp. verging and diverging angles of about 25° and 7°
— Ib/fts. respectively, and thereby have high pressure re-
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Perry JH, et al: Chemical Engineering Handbook, 4th Edition. New York, McGraw-Hill, 1963.
~Figure 11-10. Values of Expansion Factor Y for Orifices, Nozzles, and Venturis

Q—2128D yh )
where Q = flow — ft*/min.
B = ratio of throat to duct diameter,
dimensionless
D — duct diameter — inches
h — differential pressure — inches of water.

coveries, i.e., the potential energy which is con-
verted to kinetic energy at the throat is recon-
verted to potential energy at the discharge, with
an overall loss of only about 10%.

For air at 70°F and 1 atm. and for ¥4 < g
< ¥, a standard venturi would have a calibra-
tion described by:
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Other Variable-Head Meters. The characteristics
of various other types of variable-head fiowmeters,
e.g., flow nozzes, Dall Tubes, centrifugal flow
elements, etc. are described in various standard
engineering references.®* In most respects they
have similar properties to the orifice meter, ven-
turi meter, or both.

One type of variable-head meter which differs
significantly from all of the above is the laminar-
flow meter, These are seldom discussed in en-
gineering handbooks because they are used only
for very low flowrates. Since the flow is laminar,

“T" CONNECTION

the pressure drop is directly proportional to the
flowrate. In orifice meters, venturi meters and
related devices, the flow is turbulent and flowrate
varies with the square root of the pressure dif-
ferential,

Laminar flow restrictors used in commercial
flowmeters consist of egg-crate or tube bundle
arrays of parallel channels. Alternatively, a lami-
nar flowmeter can be constructed in the laboratory
using a tube packed with beads or fibers as the
resistance ¢lement. Figure 11-11 illustrates this
kind of homemade flowmeter. It consists of a “T™
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Powell CH, Hosey AD (eds): The Industrial Environment — Its Evaluation and Control, 2nd Edition. Public Health

Service Publication No. 614, 1965.
Figure 11-11.

connection, pipet or glass tubing, cylinder and
packing material. The outlet arm of the “T” is
packed with material, such as asbestos, and the
leg is attached to a tube or pipet projecting down
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Drawing of a Packed Plug Flow Meter

into the cylinder filled with water or cil. A cali-
bration curve of the depth of the tube cutlet below
the water level versus the rate of flow should pro-
duce a linear curve. Saltzman® has used tubes



filled with asbestos to regulate and measure flow-
rates as Jow as 0.01 cm*®/min.

Pressure Transducers. All of the variable-head
meters require a pressure sensor, sometimes re-
ferred to as the secondary element. Any type of

Liquid-filled manometer tubes are sometimes
used, and if they are properly aligned and the .
density of the liquid is accurately known, the col-
umn differential provides an unequivocal measure-
ment. In most cases however, it is not feasible to

pressure sensor can be used, although high cost
and fragility usuvally rule out the use of many
electrical and electro-mechanical transducers.

use liquid-filled manometers in the field, and the
pressure differentials are measured with mechani-
cal gages with scale ranges in centimeters or inches

Dwyer Instruments, Inc.: Bulletin #A-20. Michigan City, Indiana.
Figure 11-12. How the Magnetic Linkage Works™
*From I. W. Dwyer Co. Literature

12A—At zero position, pressures on both sides of the-diaphragm are equal. The support
plates of the diaphragm are connected to the leaf spring which is anchored at one end. The
horseshoe magnet attached to the tree end of the spring straddles the axis of a helix but
does not touch the helix. The indicating pointer is attached to one end of the helix.

The helix, being of high magnetic permeability, aligns itse!f in the field of the magnet to
maintain the minimum air gap between the magnet's poles and the outer edge of the helix.

12B—When pressure on the *“high” side of the diaphragm increases or pressure on the “low”
side of the diaphragm decreases, the diaphragm moves toward the back of the case. Through
the linkage, the diaphragm moves the spring and the magnet. As the magnet moves parallel
to the axis of the helix, the helix turns to maintain the minimum air gap.

Movement of the diaphragm is resisted by the flat spring which determines the range of
the instrument. Precise calibration is achieved by varying the live length of the spring
through adjustment of the spring clamp.
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of water. For these low pressure differentials the
most commonly used gage is the Magnehelic®,
whose schematic is illustrated in Figures 11-12A
and 11-12B. These gages are accurate to + 2%
of full scale and are reliable provided they and
their connecting hoses do not leak, and their cali-
bration is periodically rechecked.

Critical-Flow Orifice. For a given set of upstream
conditions, the discharge of a gas from a restricted
opening will increase with a decrease in the ratio
of absolute pressures P,/P,, where P, is the down-
stream pressure, and P, the upstream pressure,
until the velocity through the opening reaches the
velocity of sound. The vatue of P,/P, at which
the maximum velocity is just attained is known as
the critical pressure ratio. The pressure in the
throat will not fall below the pressure at the critical
point, even if a much lower downstream pressure
exists. Therefore, when the pressure ratio is below
the critical value, the rate of flow through the
restricted opening is dependent only on the up-
streamn pressure.

It can be shown,? that for air flowing through
rounded orifices, nozzles and venturis, when P,
< 0.53 P,, and S,/S, > 25, the mass-flowrate w,
is determined by:

W - 0.533—C',§i1b/sec 3
1
where: C, — coefficient of discharge
{normally ~ 1)
S, — duct or pipe cross section in square
inches

S, — orifice area in square inches

P, — upstream absolute pressure in
ib/sq. in.

T, — upstream temperature in °R

Critical-flow orifices are widely used in indus-
trial hygiene instruments such as the midget im-
pinger pump and squeeze bulb indicators. They

can also be used to calibrate flowmeters by using
a series of critical orifices downstream of the flow-
meter under test. The flowmeter readings can
be plotted against the critical flows to yield a cali-
bration curve.

The major limitation in their use is that the
orifices are extremely small when they are used
for flows of 1 ft*/min or less. They become
clogged or eroded in time and, therefore, require
frequent examination and/or calibration against
other reference meters.

By-Pass Flow Indicators. In most high-volume
samplers, the flowrate is strongly dependent on
the flow resistance, and flowmeters with a suffic-
iently low flow resistance are usually too bulky
or expensive. A commonly used metering element
for such samplers is the by-pass rotameter, which
actually meters only a small fraction of the total
flow; a fraction, however, which is proportional to
the total flow. As shown schematically in Figure
11-13, a by-pass flowmeter contains both a vari-
able-head element and a variable-area element. The
pressure drop across the fixed orifice or flow
restrictor creates a proportionate flow through the
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Figure 11-13. Schematic of By-Pass Flow
Indicators

parallel path containing the small rotameter. The
scale on the rotameter generally reads directly in
ft*/min or liters/min of total low. In the versions
used on portable high-volume samplers there is
usually an adjustable bleed valve at the top of the
rotameter which should be set initially, and peri-
odically readjusted in laboratory calibrations so
that the scale markings can indicate overall flow.
If the rotameter tube accumulates dirt, or the
bleed valve adjustment drifts, the scale readings
can depart greatly from the true flows.

Flow Velocity Meters

As discussed previously, point velocity is not
the parameter of interest in sampling flow meas-
urements. However, it may be the only feasible
parameter to measure in some circumstances, and
it usually can be related to flowrate prowded the
sensor is located in an appropriate position and is
suitably calibrated against overall flow.
Velocity Pressure Meters. The Pitot tube is often
used as a reference instrument for measuring the
velocity of air. A standard Pitot, carefully made,
will need no calibration. It consists of an impact
tube whose opening faces axially into the flow,
and a concentric static pressure tube with 8 holes
spaced equally around it in a plane which is 8
diameters from the impact opening. The differ-
ence between the static and impact pressures is
the velocity pressure. Bernoulli’s theorem applied
to a Pitot tube in an air stream simplifies to the
dimensionless formula



V= y2gP, (4)
where: V = linear velocity

£. — gravitational constant

P, = pressure head of flowing fluid or ve-
locity pressure. Expressing V in linear
feet per min., P, in inches of water (h,),

(Ib.-mass) (ft.)
and g. = 32.17 (b force) (sec.9) (sec.’):
h

V = 1097 ;' 5}

where: p — density of air or gas in Ib. /fr.*
If the Pitot tube is to be used with air at
standard conditions (70°F and 1 atm.),
formula (5) reduces to:

V = 4005 yh, (6)

where: V = velocity in ft./min.
h, = velocity pressure in inches of H,O

There are several serious limitations to Pitot
tube measurements in most sampling flow calibra-
tions. One is that it may be difficult to obtain or
fabricate a small enough probe. Another is that
the velocity pressure may be too low to measure
at the welocities encountered. For example, at
1000 ft./min., h, — 0.063 inches of water, a low
value, even for an inclined manometer.
Heated Element Anemometers. Any instrument
used to measure velocity can be referred to as an
anemometer. In a beated element anemometer,
the flowing air cools the sensor in proportion to
the velocity of the air. Instruments arc available
with various kinds of heated elements, i.e., heated
thermometers, thermocouples, films, and wires.
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They are all essentially nondirectional, i.e., with
single element probes, they measure the airspeed
but not its direction. They all can accurately meas-
ure steady state airspeed, and those with low mass
sensors and appropriate circuits can also accu-
rately measure velocity fluctuations with frequen-
cies above 100,000 Hz. Since the signals pro-
duced by the basic sensors are dependent on am-
bient temperature as well as air