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This report is a companion docu-
ment to Health and Environmental
Research: Summary of Accomplish-
ments, DOE/ER-0194, published in
May 1983. The information for both
reports was gathered in 1982 and
1983. These reports are intended
to foster an awareness of a publicly
funded health and environmental
research program chartered nearly
40 years ago, of its contributions
toward the National goal of safe
and environmentally acceptable
energy development, and of ap-
plications of its findings toward
the improvement of human health.
This program, administered by the
Office of Health and Environmental
Research, is one of many research
activities of the U.S. Department of
Energy. Over the years, it has been
a part of other Federal agencies re-
sponsible for the National energy
mission. Its evolution has been a
reflection of changes in time,
pubiic priorities, and public law.
But throughout, there has remained
a consistency of purpose: to seek
a fundamental understanding of
the health and environmental
aspects of emerging energy tech-
nologies and to establish the body
of knowledge necessary to their
development and utilization con-
sistent with the public health and
safety.

The story of this research program
can be told through its accomplish-
ments. Several of the more signif-
icant accomplishments have been
chosen here for illustrative pur-
poses, including some whose
value have far exceeded the cost
of the research program itself. How-
ever, regardless of the measure of
its economic benefit, the basic
motivation for the program re-
mains to serve the public interest
through health and environmental
research. In the pages that follow,
the selected accomplishments are
grouped and reviewed within each
of several areas of research. It is
useful, first, to recall the origins
and development of the program.
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Exeidve
Summary

This is an account of some of the
accomplishments of a 40-year-old
health and environmental research
program performed in National
Laboratories, universities, and
research institutes. Under the
sponsorship of the Federal agen-
cies that were consecutively
responsible for the National
energy mission, this research pro-
gram has contributed to the
understanding of the human
health and environmental effects
of emerging energy technologies.

Both direct and indirect societal
benefits emerged from the new
knowledge provided by the health
and environmental research pro-
gram. In many cases, the private
sector took this knowledge and
applied it well beyond the mission
of supporting the defense and
energy needs of the Nation. in-
dustrial and medical applications,
for example, have in several in-
stances provided annual savings
to society of $100 million or more.
Collectively, the diffusion of this
knowledge has resulted in annual
savings to the Government and to
the public that are several times
larger than the cumulative cost of
the entire program itself.

The form of this presentation is,
in fact, through “snapshots”-
examples of significant, tangible
accomplishments in each of the
areas at certain times to illustrate
the role and impact of the re-
search program. The program’s
worth is not necessarily confined
to such accomplishments; it ex-
tends, rather, to its ability to iden-
tify and help solve potential
health and environmental pro-
blems before they become critical.
This anticipatory mission has
been pursued with an approach
that combines applied problem
solving with a commitment to fun-
damental research that is long-
term and high-risk.

The narrative of this research pro-
gram concludes with a perspec-
tive of its past and a prospectus
on its future.
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Origins of the
Research
Program

The origins of the Office of Health
and Environmental Research
(OHER) trace back to the outset
of World War II and the establish-
ment of nuclear research centers
under the “Manhattan Project.”
The first formal program began in
1942 as a Health Division, estab-
lished by Dr. Arthur Holly Com-
pton, Director of the University of
Chicago Metallurgical Laboratory.
Already a Nobel laureate for his
work on X-ray scattering, Dr.
Compton recognized the unprece-
dented hazards posed by radiation
to wartime workers at the labora-
tory. With the perspective of a
half-century of earlier experience
with X-rays and radium, he and his
colleagues could well appreciate
the dangers, as well as the possi-
bilities, of atomic radiation. Bio-
medical programs were soon
established at Oak Ridge, Tennes-
see, and in the Manhattan Project
at large, and it is fortunate that
these were able to attract the
most competent physicians and
medical researchers in the field of
the biomedical effects of
radiation.

Like the Curies and other
pioneers in the field of radiation,
those who sought to protect the
health of their colleagues could
understand, more than others,
that the phenomenon that so con-
cerned them was, at the same
time, an opportunity. They
grasped its significance and
foresaw the promise of radiation
and nuclear medicine as a new
means for medical diagnosis and
treatment. This promise has been
fulfilled. Today, radiophar-
maceuticals are produced and
packaged in myriad forms and are
in widespread use; for example,
radiopharmaceutic”als containing
thallium-201 ions were admini-
stered for the diagnosis of heart
disease to 370,000 patients in
1981.

In providing the first legislative
basis for the health research pro-
gram through the Atomic Energy
Act of 1946, the Congress over-
looked neither the opportunities
nor the dangers presented by
radiation. In the Act the Congress
directed the Atomic Energy Com-
mission (AEC) to
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. . . make contracts,
agreements, arrangements,
grants-in-aid, and loans . . .
for the utilization of fis.
sionable and radioactive
materials for medicine and
health purposes . . .

and for

. . . the protection of hea/th
during research and production
activities . . .

The need for a highly qualified
group of research administrators
was foreseen to fulf iII this broad
charter. Thus, the Division of
Biology and Medicine was estab-
lished, and Dr. Shields Warren,
Professor of Pathology at Harvard
University, was named its first
Director. Under Dr. Warren, the
Division laid down the outlines of
a vigorous research effort of fun-
damental studies in the life scien-
ces; in applied areas to ensure
industrial hygiene in Commission
facilities, as well as for the public
health and safety; and in fostering
the rapid growth of nuclear
medicine.

The responsibility for administer-
ing this program was assigned to
the Energy Research and Develop-
ment Administration (ERDA),
which succeeded the AEC
through the Energy Reorganiza-
tion Act of 1974. However, the oil
embargo had underscored the
need for developing a wide range
of energy options and tech-
nologies in addition to nuclear,
and this need was reflected in the
new agency’s mission. Therefore,
this Act additionally charged the
ERDA Administrator with the
responsibility of

. . . engaging in and support-
ing environmental, physical,
and safety research related to
the deve~opment of energy
sources and utilization
technologies.

These responsibilities were
assumed by the Agency’s Division
of Biomedical and Environmental
Research, which initiated a signifi-
cant program of non-nuclear



esearch, focusing on the develop-
ment of fossil fuels and renew-
ible energy sources. At the same
ime, a broad range of legislation*
strengthened and expanded the
‘ationale for ERDA’s program of
~ealth and environmental research
)y establishing a regulatory frame-
tvork by which the results of this
‘esearch could be integrated
Iirectly into the planning and
~evelopment of energy
technologies.

41though ERDA was relatively
short-lived, these research func-
:ions were retained intact by the
lew Department of Energy (DOE),
established in 1977. Within the
3epartment today, these respon-
sibilities have been carried on by
3HER.

Nhat, then, has been the net
result of OHER’S history of chang-
ing roles and mandates? A central
mission has evolved, requiring the
integration of three fundamental
areas of study: (1) the “source,”
w potentially toxic agent of con-
oern; (2) its “transport,” or path
horn its point of release; and (3)
the “effects” that it may produce
upon populations and the en-
vironment.

The first of these areas of study
involves the understanding and
characterization of the material,
pollutant, or agent of concern.
Despite the seemingly limited
scope of this phase of study, it
can lead to unexpected rewards of
a much broader nature. For exam-
ple, the OHER mandate under the
Atomic Energy Act required an
understanding of radiations of
various kinds and their interac-
tions. This, in turn, created a need
for the development of a host of
radiation detection instruments,
some of which became essential
to the field of nuclear medicine,
as noted later.

The second facet of the mission—
source transport—began as an ef-
fort to understand the paths that

●This legislation, beginning with the
National EnvironmentalPolicy Act in
1969, included the Clean Air Act, Safe
DrinkingWater Act, Toxic Substances
Control Act, and the ResourceCon-
sewation and RecoveryAct.
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night be taken by radioactive
naterials through the environ-
ment. But, as the range of energy
)ptions under development in-
:reased, the transport of materials
rom other technologies—coal fly
ish, combustion gases, synthetic
uel components—also came
Jnder study.

rhe final segment of OHER’S in-
egrated mission is to detect the
lature and extent of any possible
~anger to man and his environ-
ment from the potentially toxic
)ource materials. Once again, in-
tial research in this area was con-
‘ined to radiation biology, the
>tudy of mechanisms and magni-
tudes of effects produced by
‘adiation. These studies included
:he uptake and distribution of
“radioactivematerials in animals
md man to determine potential
toxicity. This knowledge, when
~oupled with developments in
Iuclear instrumentation, provided
the basis for the parallel develop-
ment of nuclear medicine. The
latter was but one of the new
~irections in research to receive
its impetus from radiation biology.
The quest for answers to the
mysterious response of cellular
deoxyribonucleic acid (DNA) to
radiation spawned an unparalleled
research program in basic
genet its.

Thus, the objective of the OHER
mission has been straightforward—
to perform fundamental research
m the energy-related triad of
source-transport-effect and to in-
tegrate its basic findings toward
the solution of practical
questions.

The OHER Program employs a
multidisciplinary “team” of nearly
1000 scientists in specialized
facilities that have come to be
regarded as National resources
for biomedical and environmental
research. (Table 1). For example,
in FY 1985 other Federal, State,
and local agencies, and private in-
dustry invested over $115 million
in DOE laboratories to conduct
health and environmental research
to help address their own mission
needs. Additional research sup-
ported by the OHER Program is
conducted at some 100 academic

\

rable 1. Health and Envircmrnental
Research ~aborat6ries

1. Multi program Laboratories
Argonne National Laboratory

(ANL)
Brookhaven National Laboratory

(BNL)
Lawrence Berkeley Labclratory

(LBL)
Lawrence Livermore National

Laboratory (LLNIL)
Los Alamos National Laboratory

(Los Aiamos)
Oak Ridge Nationad Laboratory

(ORNL)
Pacific Northwest Laboratory

(PNL)
Savannah River Laboratory

2. OH ER-Dedicated Laboratories
Environmental Measurements

Laboratory
Inhalation Toxicology Research

Institute
Oak Ridge Associated Univer-

sities
University of California, Davis

Laboratory for Energy-Related
Health Research

University of California, Los
Angeles Laboratory of
Biomedical and Environmen-
tal Sciences

University of California, San
Francisco Laboratory of
Radiobiology and En-
vironmental Headth

University of Georgia, Savannah
River Ecology Laboratory

University of Rochester Bio-
medical Laboratory

University of Utah Radiobiology
Laboratory
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campuses, hospitals, and other
research institutions. Hundreds of
OHER-funded scientists hold aca-
demic appointments and serve as
important resources in the formal
education of the Nation’s scien-
tists, engineers, and physicians.
Many of the research projects
supported at the laboratories also
serve as vehicles for training
predoctoral students, as well as
postdoctoral investigators. In addi-
tion, opportunities are provided
for research collaboration with
visiting scientists who stay for ex-
tended periods of time.

Throughout its history OHER’S
philosophy has been to encourage
prompt dissemination of research”
results at scientific meetings and
in the scientific literature. Scien-
tists currently supported by the
program make nearly 2000 presen-
tations each year at technical
meetings and document their
work in more than 2000 journal ar-
ticles that have been peer-
reviewed prior to publication.

In addition to the intellectual and
scientific resources which have
made these advances in knowl-
edge and technologies possible,
the National Laboratories possess
multiuser facilities that are having
a major impact on the rate of
progress in elucidating the struc-
ture of biological molecules. Such
structural determinations are a
prerequisite for solving molecular
design problems; for example, the
modification of proteins so that
they have a specified type of ac-
tivity. Moreover, the unparalleled
computational resources available
at the laboratories and the broad
capability to exploit them fully
also provide the environment
necessary for major advances in
predicting small molecule struc-
ture and activity, which are central
to identifying mutagens and car-
cinogens and designing drugs and
vaccines. Together, these struc-
tural biology activities will provide
the firm foundation crucial to
maintaining America’s competitive
advantage in private sector bio-
technology during the coming
decades.

The funding for the Biological and
Environmental Research Program

is shown in Table 2, which also
defines extensively the organiza-
tional structure of OHER. As in
any large-scale research program,
activities being conducted vary
from year to year as existing proj-
ects are completed and new proj-
ects or lines of investigation open
up. A synopsis of the principal
research activities currently under
way is presented in the Appendix.

The following descriptions of pro-
gram accomplishments provide a
glimpse of some of the more tan-
gible products of the OHER re-
search process. Having provided
the background for the presenta-
tion of these products, some
caveats are in order.

As in any other research enter-
prise, there is a continuum of ef-
fort, and a “snapshot” of selected
OHER Program accomplishments
can easily create a distorted view
of the overall workings of the pro-
gram. It has already been noted
that while many of the accom-
plishments described have proved
to be of considerable economic
importance, that is not necessarily
a measure of the effectiveness of
the research within the context of
the OHER mission, nor is it a fac-
tor in shaping its research agen-
da. The course of research is
complex and can lead to a num-
ber of “dead ends,” as well as to
successes and breakthroughs. A
seemingly fruitless effort can
sometimes be useful by virtue of
its indication of more productive
pathways, and one of the ac-
complishments described, which
eventually ended in a treatment
for Parkinson’s disease, provides
a case in point. Basic research, a
key part of the program, is long-
term and often not immediately
and measurably beneficial. Yet
even in the event of no immediate
product, the insights gained into
the operation of biological proc-
esses improve our capability to
anticipate or predict how the
system will respond to new or
untested events for which data
are sparse or unavailable. The
bone-marrow transplantation work
undertaken early in the program is
an example of basic research that
ultimately provided much of the
information that supports the

current state-of-the-art for organ
transplantation work in medicine.

Thus, in summarizing the accom-
plishments of a research program
designed for a mission as far-
-reaching as that of OHER, its
worth should not be judged solely
on the basis of economic benefit
or immediate applicability. The
result of research may be a tangi-
ble product (e.g., a nuclear scan-
ner or radiopharmaceutical) of
readily calculable value. But the
“product” may also be the answer
to the riddle of self-repair to cell
injury, the mechanism by which a
particle is transported, or the defi-
nition of the risk of bone cancer
from radiostrontium. Thus, it is
equally valid to judge the benefit
of a research contribution in
terms of its reduction of uncer-
tainty or its description of a
previously unknown mechanism.
These criteria have been in con-
sonance with the energy develop-
ment missions of OHER’S parent
agencies (AEC, ERDA, and DOE),
which, in an anticipatory manner,
have made use of its research to
prevent, modify, or mitigate poten-
tial health and environmental ef-
fects before an emerging tech-
nology reaches maturity. The con-
trast between the anticipatory
nature of OHER research and that
which is conducted by the regu-
latory agencies is readily apparent
from the differing content and ob-
jectives of their respective
research programs. The ultimate
goal of the research program is,
therefore, not so much to find ef-
fects as it is to aid in their pre-
vention. The extent to which that
goal is realized is the true meas-
ure of its benefit to the Nation.

The following sections contain
descriptions of selected, definitive
research contributions resulting
from the program—accomplish-
ments of the many individuals in
National Laboratories, universities,
and research institutes who con-
duct this work under contract to
OHER. In some instances the
research has been cofunded or is
now pursued under auspices other
than OHER.
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Table 2. Funding for Biological and Environmental Research
(Dollars in Millions)

.l &

Research Appropriations
FY 1984 FY 1985

Human health research to quantify risks of late
effects of acute and chronic exposures via
epidemiological studies of workers and the
general population and to develop methods to
detect and measure latent disease induction or
identify highly susceptible individuals

Health effects research in biological systems to
define experimentally dose-response relationships
and the factors influencing carcinogenic, muta-
genic, and toxicological risks of energy-related
exposures; and basic biological research to
elucidate the mechanisms by which physical and
chemical agents may cause their effects

Environmental research to determine the mech-
anisms that control and influence total
ecosystems and the cyling of energy by-products
through them

Physical and technological research to characterize.
energy-related emissions to which humans may
be exposed and improve measurement and
dosimetry instrumentation

Health and environmental risk analysis of emerging
energy technologies

Nuclear medicine: research to develop new radio-
isotopes, labeled compounds, clinical procedures,
and visualization devices for improved diagnosis,
treatment, and study of human diseases

co:
Program direction

Total operating
Capital equipment and construction

Total

25.6

57.0

23.8

27.6

1.8

20.8

24.8

59.5

21.3

35.4

0.0

21.8

12.4
3.3

173.3
10.7

184.0

13.3
3.5

179.6
10.9

190.5

‘C02 research is managed by the Basic Energy Sciences Program staff
but is budgeted under the ‘Biological and Environmental Research Pro-
gram. C02 research is not discussed in this report.
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Emerging
Energy -
Technologies
OBJECWE: Through Research,
Examine the Potential for Adverse
Effects on Human Health and the
Environment from Emerging
Energy Technologies.

It is the purpose of this Act...
to advance the goals of resfor”
ing, protecting, and enhancing
environmental quality and
assuring public health and
safet~...

.
—Sec. 102, Public Law 95-91

The functions which the
Secretary shall assign...shal~
include..~onducting a compre-
hensive program of research
and development on the en-
vironmental effects of energy
technologies and programs...;

—Sec. 203, Public Law 95-91

This new organization act iden-
tified, for the Department of
Energy (DOE), responsibilities for
public health and safety that were
virtually identical to those of the
AEC in its nuclear development
and production programs and
ERDA in its development of
energy conservation and both
nuclear and non-nuclear energy-
supply technologies. In all three
charters the intent of Congress
was cleac to foster a better under-
standing of the potential Iy adverse
effects on human health and the
environment of emeraina enercw
technologies. The dr~m~tic di~lo-
cations following the oil embar-
goes of 1973 and 1979 gave
impetus to the development of the
emerging technologies—synthetic
and renewable, as well as nuclear,
fuels—and, thus, added to the
urgency of these responsibilities.

Identification of Human
Health Effects

Early in the OHER Program, con-
cerns centered around the re-
sponses of humans and animals
exposed to radiation. Specific ex-
periments to measure radiation ef-
fects were initiated and led very
quickly to the realization that to
recognize damage, scientists first
had to understand the structure
and functioning of healthy cells,
tissues, animals, and, ultimately,
humans. The resulting research
program would make, and contin-
ues to make, major contributions
to biology, medical diagnosis and

:reatment, ecological science,
genetics, biophysics, immunology,
3NA repair, and the study of the
>auses of cancer, to mention only
~ few of the affected and enriched
scientific areas.

The next decades could see a ris-
ing potential for new pollutants’
from such technologies as oil
shale and synthetic oil from coal
w from diesel emissions. ‘Ttie
movement of these pollutants
through the air, land, and water
and possibly back to human be-
ings would have to be evaluated.
It is important to understand the
ability of the environment to break
down, detoxify, and absorb the
residuals from these new chem-
icals. Testing their ability to cause
cancer, mutagenic effects, or .“
somatic damage is also needed to
help minimize health and environ-
mental effects. The time when
guidance can be most helpful and
least expensive is before billions
of dollars are invested in new
energy technologies.

Finally, shou’d the unexpected
occur, the OHER has developed
capabilities to respond to emer-
gency situations and realistically
assess the potential public health
hazards of toxic releases to the at-
mosphere. These systems were
originally designed to predict fall-
out from atmospheric nuclear
weapons testing but have evolved
into an especially effective atmo-
spheric-dispersion forecasting for
chemical releases as well.

Nuclear Technology The biolog-
ical and medical research program
initiated during the World War II
“Manhattan Project” has spon-
sored extensive research studies
and measurements to determine
the mechanisms and extent of
radiation effects on human health
through direct studies on exposed
human populations and by experi-
ments on animals, tissues, cells,
and individual molecules of in-
terest. Data on the health impacts
of different types and levels of
radiation exposure, the interaction
of radiation with living tissue, and
the manner in which radioisotopes
are taken up into the body have
been evaluated and used to deter-
mine the risks posed by radiation

11



to industrial workers and the gen-
wal public. Such risk analyses
have been used in the develop-
ment of industrial hygiene prac-
tices, radiation exposure control
guidelines, and regulatory criteria
for the location, design, and
operation of nuclear facilities.
From the collective effort, a new
scientific discipline, radiation biol-
ogy, emerged and revolutionized
the study of biological, ecological,
and medical systems. Radiation
biology has increased our under-
standing of fundamental proces-
ses by enabling greater quantifi-
cation of results through new in-
struments and techniques and by
applying the multidisciplinary
skills of physical and biological
scientists to vital questions of
health, illness, and life.

Ovemlew Major research and edu-
cation programs to study radiation
and its effects were first under-
taken in the 1940’s and 1950’s.
These programs provided system-
atic assessments of the immedi-
ate or genetic effects of various
levels and types of radiation on
both humans and animals. Most
data on radiation risk before this
time had been estimated from
measures of effects in persons in-
volved in diagnostic and medical
X-ray irradiations or from special
studies dealing with issues such
as the effects of radium ingested
by workers painting watch dials.
The epidemiological study of the
long-term effects on the survivors
of Hiroshima and Nagasaki began
with the establishment of the
Atomic Bomb Casualty Commis-
sion, now called the Radiation
Effects Research Foundation.
Their studies provided initial. infor-
mation on a wide range of doses
of ionizing radiation from many
radioactive isotopes, including
information on those common to
the defense and nuclear power
industries.

By the 1960’s, comparative evalua-
tions of health risks from radio-
nuclides in defense and energy
production included studies at
each stage of these industries,
from mining and production
through storage and disposal of
nuclear material. Insights gained
from these studies permitted the

12

correlation of results from cells,
mimals, and humans to provide
nsight into the biological impacts
of radiation. Moreover, they pro-
fide the scientific information
required to establish realistic ex-
posure limits for both nuclear in-
~ustry workers and the general
population.

The primary unresolved issue in
human health-effects studies is
the effect of long-term exposure
to low levels of radiation. Over the
next decade the study of health
~ffects will benefit from its first
direct information as many of the
workers urider study complete ex-
pected latency periods (time from
exposure to possible cancer on-
set). Any variations from popula-
tion norms will provide first-hand
data for drawing conclusions
about radiation effects. Without
this confirming evidence, health
effects from low-level exposures
would continue to be based on in-
direct information of three kinds:
(1) the lack of adverse effects in
the workers under study, (2) esti-
mates obtained from the use of
animals as substitutes for humans,
and (3) data from the studies of
Japanese atomic bomb survivors
exposed to medium-to-high levels
in a single exposure event. Thus,
although enough data for positive
confirmation may be 10 or more
years away, the fact that the esti-
mates have held year after year for
the last 35 years has allowed in-
dustries involved with radiation to
gain increasing confidence in the
standards by which they operate.

The next sections will outline the
research areas undertaken by
OHER in an attempt to gain a
working understanding of the
potential human health effects
from nuclear technologies. The
complementary research efforts of
radiation biology, epidemiology,
and animal studies support the
evaluation of public and worker
exposure standards. These sec-
tions are followed by a sample of
the benefits that have accrued
from OHER research in human
health effects.

Radiation Biology Radiation
biology is the study of the effects
of radiation on biological systems.

%

The emergence of radiation biol-
~gy as a major area of scientific
research resulted fronn the estab-
lishment of the AEC and its Divi-
sion of Biology and Medicine
[later called the Office of Health
and Environmental Research).
Large-scale programs designed to
examine the biological effects of
atomic radiation were initiated at
a number of the OHER-supported
laboratories, including those at
Oak Ridge, Brookhaven, Argonne,
Los Alamos, and Hanford F}acific
Northwest Laboratory (PNL), as
well as within several nonglovern-
ment institutions, notably the
Universities of California, Floches-
ter, and Utah, and the Lovelace
Foundation (Inhalation Toxicology
Research Institute). A smaller pro-
gram of university-based, contract-
supported research was also
instituted.

Undoubtedly, one of the mi~jor im-
pacts on the expansion of biology
in the 1950’s and 1960’s resulted
from the close interaction among
physicists, engineers, biologists,
and physicians at the radiation
biology laboratories. interdiscipli-
nary research and training with
added emphasis on quantification
were very effective in bringing
about rapid advances in bcth
basic and applied aspects of
quantitative biology and medicine.
The general trend towards quan-
titative biology can be seen in the
increased emphasis placedl on
physics, chemistry, and physical
chemistry content in biology
courses taught at the university
level. The value of a solid back-
ground in physical science to the
biological or medical student is
now wel I accepted.

Discoveries within the fielcl of
radiation biology have had a major
impact in many areas of science:
genetics, biophysics, immunology,
nucleic acid structure and func-
tion, DNA repair, cell biology, and
cancer research. Radiation biology
research provided the basis for
major advances achieved in
research related to human health
effects, environmental effects, and
nuclear medicine, all discussed
elsewhere in this report. Some ad-
ditional examples willl serwe to il-
lustrate the breadth clf impact of
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radiation biology on biomedical
research: basic ‘and applied in-
vestigations in molecular biology,
cellular biology, genetics, and the
mechanisms involved in the devel-
opment of cancer.

The continuity and diversity of life
forms depend upon the replication
(duplication of genetic material),
the recombination (the exchange
of genetic material, to yield genetic
diversity), and the repair (the re-
moval of darnage resulting from
environmental agents or from mis-
takes in replication) of DNA. When
DNA repair mechanisms are func-
tioning normally, cell survival in-
creases while the mutation rate
and the probability of cancer or
other abnormal changes in tissues
resulting from exposure to radia-
tion or a toxic chemical decreases.
The discovery of DNA repair, a
landmark achievement, was a di-
rect outcome of OH ER-supported
investi,gati.ons in radiation
biology—in this case, research on
the genetic effects of ultraviolet
light.

Cell cycle studies using agents
such as radioactive thymidine (3H-
thymidine) and radioactive iodine
(iodine-125) have led to increased
understanding of DNA replication,
DNA repair, and the genetics and
biochemistry of specific phases of
the cell life cycle. In addition,
many effects of endogenous and
exogenous environmental agents
on these cellular functions have
been determined. Drawing on this
research, more rational and scien-
tific uses of chemotherapy for the
management of cancer and other
proliferative diseases have been
formulated and adopted.

The ability to perform many of the
procedures in molecular biology
now common in laboratories
throughout the world clearly
resulted from earlier work on radio-
active precursors of DNA, as well
as from the development of techni-
ques for manipulating, isolating,
and analyzing radiation-damaged
DNA. Today, these techniques are
being put into practical use in
genetic engineering for the produc-
tion of insulin, growth hormones,
and other biological materials of
great utility to mankind. Another

consequence of the early studies
of DNA synthesis is the current in-
terest in human genetic diseases
associated with defects in the
DNA repair mechanism or in the
proteins that, along with DNA,
form the genetic material of living
cells, known as chromatin.
Diseases of this type include xero-
derma pigmentosa, ataxia telangi-
ectasia, Bloom’s syndrome, and
Fanconi’s anemia.

Knowledge of DNA repair and
other cell cycle phenomena arose
from attempts to understand
radiobiological phenomena. The
concepts and methodologies of
DNA repair research have now
been extended to two other impor-
tant areas of biological research—
the study of the chemical causes
of cancer and aging. The connec-
tion between the chemical and
radiological causes of cancer
arises from the important discov-
ery that the modes of repair of
chemical damage in DNA of
human cells mimic either ultra-
violet damage and repair or radia-
tion damage and repair. Hence,
DNA repair is a general phenom-
enon, not one peculiar to ‘radiation.
Active repair of DNA in bacterial or
mammalian ceils treated with
potential mutation or cancer-
causing substances, mutagens or
carcinogens, respectively, is taken
as evidence of DNA damage and is
the basis for several rapid tests for
agents that cause harm or destroy
genes. The use of bacteria that
lack the ability to repair damage to
DNA in such tests, for example,
the Ames test, enhances by orders
of magnitude their sensitivity for
detecting cancer-causing
chemicals.

In 1974 researchers at the Brook-
haven National Laboratory (BNL)
made the intriguing finding that
the ability of cultured cells from
different mammalian species to
carry out the repair of ultraviolet-
induced DNA damage increased as
the life span of the species in-
creased. Human cells are very
good at excision repair mouse
sells are poor. The notion that
there is a correlation between ag-
ing and DNA repair ability was
derived from early experiments at
Oak Ridge National Laboratory

(ORNL) on the accumulation of
single-strand breaks in the DNA
of tissues of old mice. This area
of new and fruitful research was
opened up by OHER support for
radiation biology and DNA
repair.

Radiation biology has had massive
impacts on human medicine since
the late 1940’s, as discussed in the
section entitled “Nuclear Medi-
cine.” We can get a glimpse of its
significance in another important
area of medicine from two sum-
maries on the use of bone marrow
transplantation in contemporary
medical treatment. Bone marrow
transplants were first used as a
treatment for radiation-induced
damage to blood-forming cells in
bone marrow. R. A. Good writing in
The New England Journal of
Medicine in 1982 said, “Indeed
more than 20 previously fatal
diseases can now be successfully
treated with bone marrow trans-
plantation. These disorders range
from genetically determined severe
combined immunodeficiency
diseases to acute Ieukemias.”
Similarly, E. Beutler of The Journa/
of the American Medical Associa-
tion in 1981 pointed out, “Until
recently, our mind-set was that leu-
kemia was not curable.” In selected
leukemia patients and under ap-
propriate circumstances,

the vast majority (well over 90’Yo)
survive the transplantation pro-
cedure and the extent of morbidity
does not differ great/y from that
associated with ordinary induction
chemotherapy Despite the occur-
rence of graft-vs-host disease and
occasional relapses, the overall cure
rate of this selected group of pa-
tients seems to be between 700/0
and 80°7’0.

Epkfemlology of Radkzflon h
POSUfWQuantitative data have
been produced from epidemiologic
studies of the genetic (on the
germ or reproductive cells) and
somatic (on the body as a whole
or on cells other than germ or
reproductive cells) effects ob-
sewed in humans exposed to
radiation. These data allow the
establishment of upper-bound
estimates of the genetic risk and
numerical estimates of the
somatic risk of such exposures.
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N a more basic scientific level,
“esearch in molecular epidemiol-
ogy on understanding the molecu-
ar basis of predisposition toward
md resistance to damage by
‘adiation and toxic chemicals now
s extremely promising. The iden-
tification of populations that are
particularly susceptible or resist-
ant to certain types of insults is
not only of the greatest signifi-
~ance to medical sciences, but it
will have a major positive impact
m Federal regulatory activities by
providing data for setting health
standards that take into account
both variations in the population
md the doses to which human
~opulations are ordinarily
~xposed.

The study of atomic bomb surviv-
ors in Japan has provided the best
wailable estimates of the risk of
tarious types of cancer resulting
from exposure to external low-
energy radiation. Some of the char-
acteristics that make this study
particularly useful are as follows:

1. The survivors are the only large
population with a wide range of
whole-body exposures, or ex-
posure over the entire body.

2. The population was compara-
tively random with respect to
health and work history.

3. An elaborate dosimetry program
has yielded individual dose
estimates for major organs.

4. The family registration system
of Japan ensures 100 percent
followup on mortality.

Although intensive study has been
under way for over 30 years, the
past decade has seen the idem
tification of new potential cancer
sites and revisions of previous
estimates of risk. Most recently, a
reassessment of calculated gam-
ma and neutron dose received by
individuals has led to a major
change in the carcinogenic, or
cancer-producing, role assigned to
neutrons and to a modest revision
in estimates of gamma doses.

A series of epidemiological stud-
ies designed to detect genetic
effects among the offspring of
atomic bomb survivors has shown
no statistically significant differ-

.

ence between them and the
~ffspring of groups not exposed
to the radiation. The genetic
studies have provided valuable
assurance that the use of animal
data (see section on “Animal
Studies’~ does not seriously
underestimate the effect on
human populations. The epidemi-
ological results are consistent
with the mouse data and also
allow us to confidently place an
upper bound on the level of
somatic effects in irradiated
humans.

Although the study of bomb sur-
vivors was the predominant factor
in developing a quantitative ‘esti-
mate of the effects of various
levels of exposure, i.e., a dose-
response relationship for radi-
at ion-induced cancer, it has in-
herent limitations, notably that the
data were compiled from a single
exposure at a high dose rate and
the population samples are not
large enough to define with any
confidence the risk of very low
dose rates. These factors made
questionable the extrapolation of
the dose-response curve to lower,
prolonged exposures without addi-
tional information. Moreover,
animal studies had shown that the
results of high doses of low
energy-transfer radiation (low
energy particles or gamma radia-
tion) received over a short period
of time are of far more conse-
quence than the same dose re-
ceived over a long period of time.
As a result, studies of industrial
workers were begun by the AEC
as early as 1964. The initia
studies of Hanford and other
DOE-contractor employees have
subsequently been expanded to
include naval shipyard workers
and soldiers present at nuclear
weapons tests in Nevada. The
results to date have reinforced
the low risk that would be
predicted for workplace external
exposures.

The AEC initiated a study of
radium-dial painters subjected to
radiation from internal radium
deposits accumulated in the era
before the health effects of radia-
tion exposure were generally
known. Radium emits high energy
alpha-particles and a gamma ray.

,

rhese epidemiological studies
~ave provided the primafy basis
‘or setting all such standards fol
‘adium and for transuranic ele-
nents such as plutonium, which
Nso emit alpha-particles and gaf
na rays. Epiderniological r’esear[
m chronic internal exposure ha:
more recently been expanded to
nclude plutonium workers, at
several DOE facilities. Results o
[his ongoing work halve corrobo-
rated the adequacy of current
>tandards for these alpha
smitters.

dnhnal Studbs Impcwtant infor-
mation about the risks from ex-
~osure to radiation has been
Serived from large-scale animal
~xperiments. These studies dete
mined the potential cancer or
genetic effects from internally
deposited radionuclides or from
sxternal radiation an~drevealed t
Importance of the rate with whit
the radiation is received, as well
as the relative biological effec-
tiveness of different types of
radiation.

Because there was minimial
human data on the effects of
long-term exposure to low level:
~f radiation, animal ciata ftad to
play a significant role in
estimating guidelines for
allowable human exposure to di
Ferent types of radiation. 13etwe[
1956 and 1966, three large studi~
on mammals were conducted to
determine (1) the latent effects [
plutonium exposure in dogs and
rodents, (2) the relative toKicity (
strontium-90 and radium-226
deposited in the skeletons of
humans and other mammals, an
(3) the genetic effects of exterm
radiation in mice. By 1974 ten m
jor animal experiments were in
place to determine tlhe uptake,
metabolism, dosimetry, and earl
and late effects of exposure to
most major fission products of
concern. There were also con-
cerns about the importance of
chemical forms of plutonium ad
ministered by different exposur(
routes and the importance of dc
(quantity and rate) of external
gamma ray or fission enetrgy
neutrons in the induction of Iatt
somatic or genetic effects.
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Following are five examples of
some df the sludies developed to
investigate these important” issues:

1. Relation of Human and Animal
Effects of Bone-Seeking Radio-
nuc/ides. The radium-dial-painters
study provided a quantitative
epidemiological data base for
humans exposed to, and carry-
ing gradedbody burdens of, the
natural bone-seeking radio-
nuclide radium-226. By obtain-
ing comparable data for
radium-226 in a long-lived
animal species (dog), a radiation
effects ratio (RER) for radium-
226 can recalculated as follows:

Z~Ra-effects (man)
RER =

~Ra-effects (dog) ‘

Assuming the same interspe-
cies relation holds true for
other bone-seeking radionu-
clides, such as plutonium-239,
and using the following expres-
sion, the data from the dog
studies can be used to estimate
the potential hazards from these
radionuclides to humans:

z~Pu-effects (man)
= RER x ‘gPu-effects (dog).

These studies provide vital data
for predicting human risks of
radiogenic bone cancer from im-
portant man-made radionuclides,
which are already present in our
biosphere. The data derived
from these experiments have
demonstrated that the present
guidelines are scientifically
defensible for radiation ex-
posure by workers and the
general population.

2. Determination of Dose-Rate Ef-
fects of External Sources on
Radiation Risks. Most of the
early data on radiation risk
estimation were derived from
studies of people involved in
diagnostic and therapeutic
medical X-ray exposure.
Although there was strong
evidence that low dose rates or
protracted radiation exposure
was less harmful than high-
dose-rate single exposures, no
systematic assessment and
measurement of the magnitude
of the dose-rate effectiveness
factors had been made for

either heritable or genetic
effects or for delayed toxicolog-
ical effects and cancer induc-
tion. OHER-supported studies
showed that genetically dif-
ferent mouse strains responded
similarly to the varying dose
rates. These findings prompted
studies in which gamma and
neutron irradiation would be
compared as a function of dose
rate.

3. Potential Health Risks in
Nuclear Research, Weapons
Programs, and Power Produc-
tion. Multispecies animal ex-
periments were initiated in
several laboratories to validate
the acceptability of standards
and guidelines for radionuclides
produced by nuclear fission:
Priority among the fission prod-
ucts was established based on
their relative fission yields, their
half-lives, and their propensity,
due to the metabolic character-
istics of the exposed animal, to
be deposited and retained in
specific organs of the body.
These studies showed that
radiation responses could be
altered by different routes of ex-
posure, by differences in local-
ized dose and dose rate, and by
other variables such as the
chemical characteristics of the
radioactive compound and the
type of radiation produced by
its decay products. Develop-
ment of nuclear power reactors
led to expansion of the OHER
effort to include evaluation of
important radionuclides en-
countered at each significant
stage of the nuclear fuel cycle,
from uranium mining through
storage and disposal of nuclear
waste.

A major fraction of OHER’S
research has involved animal ex-
posures by inhalation, one of
the most significant routes of
exposure for products of the fis-
sion process, especially pluto-
nium. These animal studies
were instrumental in developing
models describing the distribu-
tion and fate of various soluble
and insoluble aerosols in the
lungs, including movement to
remote critical organs at dif-
ferent times after exposure.

Determination of the Genetic Ef-
fects of Radiation in Mice. Until
1947 estimates of the genetic
hazards of radiation were based
entirely upon the data derived
from the fruit fly (Drosophila).
Because it was essential to ob-
tain information on a mam-
malian species to provide a
closer correlation with man and
because a genetic study re-
quires data over many genera-
tions, a long-term, very
large-scale study of radiation-
induced genetic effects in mice
was begun. Pending definitive
results from the epidemiological
studies discussed earlier, the
results of the mouse studies
still provide the basis for our
estimation of genetic risk to
humans.

The large mouse study required
the development of new tech-
niques and methods for detect-
ing radiation-induced mutation.
One of these, the specific locus
method, has found wide applica-
tion in determining how muta-
tion rate varies with changes in
radiological and biological pa-
rameters such as dose rate,
dose fractionation, total dose,
radiation quality, sex, stage in
the cell life cycle, and age at
exposure. The specific locus
method is also being applied to
the study of the processes by
which some chemicals cause
mutations, called chemical
mutagenesis, and to the possi-
ble effects of energy-related and
other environmental pollutants.

It was found that the mouse
was considerably more sensitive
than the fruit fly to the induc-
tion of mutations by large,
rapidly administered (acute)
doses of radiation. This result
was an important factor in the
subsequent lowering of recom-
mended permissible levels for
human exposure to radiation.
Additionally, it was discovered
that the level of mutations pro-
duced in male and female mice
was different over a range of
dose rates. in males this was
manifested by a one-third reduc-
tion in mutation rate when the
same dose was absorbed at a
low, as compared with a high,
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rate of exposure. It was also
found that the germ cell in the
female mouse is so resistant to
mutation induction by radiation
that no significant increase over
naturaiiy occurring, spontane-
ous mutation rates has been
detected in the irradiated
animai.

These iast two findings together
suggested that genetic risk in
man is only about one-sixth of
what it was estimated to be
when radiation exposure limits
were based on high dose-rate
resuits and on the assumption
that femaies and maies were
equaiiy sensitive. Although the
findings did not iead to the rais-
ing of permissible levels of
radiation exposure, they did pro-
vide a cogent argument for no
further iowering of permissible
Ieveis.

5. Supporting Animal Studies. To
interpret experimental resuits, it
was necessary to understand
the natural changes occurring
in animals being studied, that is
to study the roie of aging and
to gain a better understanding
of the biological process of
aging itself. Strong support was
given to recording and anaiyzing
specific biological parameters
such as brain mass, metaboiic
rate, body temperature, and
body mass—important param-
eters that correlate with and
serve as actuarial predictors of
longevity in animal species. The
white-footed field mouse and
the common laboratory mouse
were particularly usefui in this
regard. Although these two
species are similar in colora-
tion, form, and size, the field
mouse has a iifespan of neariy
8 years whiie the laboratory
mouse seldom lives longer than
3 years. Additional aspects of
aging and iongevity are being
expiored and inciude immuno-
logic factors and possible rela-
tionships between the aging
process and ceiiuiar DNA repair.

Evaluation of Exposwe Wtentiai
to Workers and the Pubiic De-
tailed information on appropriate
industrial hygiene practices was
developed to ensure safe operation
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~f industries that use radiation
sources and radioactive isotopes
and to ensure public safety. This
information was deveioped
through major OHER-supported
research and educational pro-
grams in the areas of radiation
monitoring; dosimetry and tox-
icoiog~ air, water, and soii
anaiysis; bioassay; and health risk
and analysis. These are now
broadly inciuded in the fieid of
heaith physics.

To evaiuate radiation exposures of
workers in nuciear industries,
health physicists needed devices
to measure radiation from externai
sources and bioassay methods to
determine the amounts of radioac-
tivity that may have been taken
into the body. Personai dosimeters
were developed, first from radia-
tion sensitive fiim and then from
thermoluminescent crystais. Bio-
Iogicai assay or bioassay tech-
niques were developed that used
radiation counters that measure
radiation absorbed by the body,
excretion assays, and biomathe-
matical models of the metabolism
of internai iy deposited radio-
nuclides. These techniques have
provided working lifetime records
of external radiation exposures
and the amounts of radioactivity
that may have been taken into the
body. Exposure records are avaii-
abie today for most workers in
industries using radioactive proc-
esses or equipment and can be
used to evaiuate the potential for
an individual developing a
radiation-reiated injury.

Extensive research programs were
initiated and expanded to develop
models needed to project the
dispersion of radioactivity in the
environment and its uptake and
retention by peopie. Modeis are
currently available to predict trans-
port of radioactivity through air,
groundwater, and soii. Other bio-
logical research programs have
produced modeis to project the
transfer of radioactive isotopes
through food pathways to man and
their uptake from food, water, and
air.

Large research and educational
programs were established during
the 1940’s and 1950’s to study

radiation concern$ of thq future.
Graduate ievei training programs
were begun at the University of
Rochester, Harvard University,
Vanderbilt University, and the
University of California, among
others. They were also coupled to
research programs at sevelrai Na-
tional Laboratories supported by
the AEC. The majority of trained
health physicists working in nu-
ciear industries today are grad-
uates of these programs.

The radiation monitoring instru-
ments, measurement techniques,
and models described above are
the major tools used by heaith
physicists in industry and Govern-
ment safety programs to evaiuate
human radiation exposures at
operating plants and facilities.
They were mainly developed in
DOE-supported research programs
and have been used for many
years to provide expc)sure records
and risk evaluations for radiation
workers and members of the
general public. The nuclear in-
dustry is unique amcmg industries
that handle potentially toxic sub-
stances because of the state of
development of its detailed
methods to characterize or docu-
ment human exposures.

Currenti y, about 200,000 peopie in
the United States have occupa-
tions that involve handiincl radia-
tion sources and radioactive
isotopes. Their safety depends on
proper application of radiation ex-
posure standards and the abilities
of health physicists to measure
and record exposures. Thus, the
most important uses of technol-
ogy developed in radiation
research programs supported by
DOE and its predecessor agencie:
are in industrial hygiene and radia
tion safety.

BenefMs of Nuclear Technology
Researoh The bulk c)f worldwide
regulatory and envircmrnental
assessment act ion rlegarding
nuciear power is based iargely on
the body of knowiedge acquired ii
the OHER Program.

A concrete exampie of a i)enefit a
this information is to United
States electric power consumers
in a recent decision by Federal
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regulators to, maintain standards
in the workplace at the same level
as those maintained for the past
25 years. It can be estimated what
a given reduction in the worker ex-
posure limit would cost; and, thus,
what value these studies have had
for the consumer/taxpayer. For ex-
ample, a reduction of the annual
worker exposure limit from the
current 5 rem●/year to 0.5 rem/year
would cost the Government and
industry nearly $2 billion/year. In
both commercial and DOE facili-
ties, moreover, the increase in
number of work crews required to
reduce exposure times would, in
turn, increase cumulative ex-
posure because each worker
receives some fraction of his or
her exposure during the non-
productive time spent in removing
contaminated protective gear. The
greater the frequency of such
changes, the greater cumulative
exposure to perform the same
amount of work. For a 0.5-rem/year
limit, the Atomic Industrial Forum
estimates an increase of 5400
man-rems/year for the power-
reactor industry and an increase
of 2300 man-rems/year for DOE’s
various programs. While there is
substantial uncertainty in the
financial evaluation of increased
radiation exposure, the 7700 man-
rems/year increase is certainly
significant.

Because research supported by
DOE and its predecessor agencies
has put industrial radiation protec-
tion practices on a firmer scien-
tific basis, these practices can
readily be defended in legal ac-
tions taken against the United
States Government and its con-
tractors. OHER’S research does
not serve as part of Government
advocacy but, rather, provides a
scientific basis upon which claim-
ants’ injuries can be assessed and
equitable decisions can be
reached. One example involved a
claim against the DOW Chemical
Company, Rockwell International,
and the United States Government
for $200 million in damages al-
leged to have been caused by

●The amount of ionizing radiation re-
quiredto produce the same biological
Effect as one Roentgenof high-
penetrationX-rays.

plutonium spilled at the Rocky
Flats nuclear weapons facility be-
tween 1959 and 1965. Small
amounts of plutonium were blown
by the wind into neighboring
lands. The claim, filed in 1975 in
District Court in Denver, Colorado,
was dismissed in May 1982
because the Government, and its
contractors were able to demon-
strate acceptably to al I parties
that the level of plutonium outside
of the Rocky Flats facility did not
represent a significant hazard.

Our understanding of the role of
dose rate in risk estimation was
significantly enhanced by the
animal studies. Studies on mice,
for example, demonstrated for the
first time that for the same cumu-
lative dose of radiation, fewer mu-
tations and cancers are produced
in animals receiving low dose rate
exposures than in those receiving
the same exposure at a high rate.
Furthermore, it was shown that
the same total amount of radiation
delivered in smaller increments to
mice was less damaging than
when delivered as a single ex-
posure. These data showed that
mammals other than man are
capable of repairing damage to
cells involved in transmitting the
genetic information from one
generation to the next. A careful
evaluation of the same endpoints
from the radiation exposures of
mice, dogs, and man has provided
a model for the scaling of radia-
tion effects between the species.
Animal studies are also providing
information on differences in
radiation sensitivity as a function
of the age when irradiated. The
positive contribution is to provide
sound scientific data that are
essentiai for those charged with
developing guidelines for the pro-
tection of human health.

The radiation biology research pro-
gram and the appiied studies in
radiation effects continue to hoid
great promise of a better under-
standing of biological processes
and of treatments and therapies
for a number of human diseases.
Research to date has led to a host
of theories on the possible causes
of genetic diseases, birth defects,
aging, and cancer, as well as to

advances in immunology and treat-
ment. Much of this research may
eventually resoive the question of
the existence of a threshoid for
radiation damage.

Simple discoveries, such as the
use of tritium-labeled thymidine as
a DNA precursor, were instrumen-
tal in helping characterize DNA
replication and recombination in
mammaiian ceiis, as well as the
properties of the different phases
of the cell cycle. A knowledge of
such phases is important not only
in the estimation of mutagenic
and carcinogenic risk, but aiso in
radiation therapy as weil.

Synthetic Fuels Human epidemio-
Iogical studies provide the most
direct information for developing
relationships between levels of ex-
posure and health risks. However,
these studies are rareiy avaiiabie
for industrial products not already
on the market, as is the case for
the products of such technologies
as oii shaie or synthetic oil from
coal. Thus, laboratory studies are
generally undertaken to provide
the needed information. These
usually begin with studies using
bacteria and mammalian cells in
cultures (see Fast Test for Cancer-
causing Chemicals in “Detection
and Measurement of Human Health
Effects”) and may progress to ex-
posures of whoie laboratory ani-
mals by skin painting, inhalation,
or ingestion. Because costs of
these studies increase markedly
with the level of complexity, most
elaborate life-span studies using
laboratory animais are undertaken
only when the less costly cell cul-
ture assays indicate a potentially
important human health concern.

Mathematical methods are aiso
being developed to combine the
resuits of short-term bioassay
tests, whole animal studies, and
human epidemiology to predict
the health risks associated with
new chemicai substances. With
these methods the toxic potential
of new substances is determined
through comparison with other
substances that act in simiiar
ways and for which human health
risks have been measured. Human
health risks can thus be estimated
per unit of exposure, providing the
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nformat ion necessary to establish
reasonable human exposure
guidelines.

Research on the health risks
associated with exposures to
substances produced in coal con-
version and oil shale recovery
processes will also provide a firm
basis for the development of ex-
posure control guidelines for
workers in these industries. It is
important for the orderly develop-
ment of safe working conditions
that the health-effects research
precede the large-scale deploy-
ment of fuel production facilities.

Coa/ Gas/t/@XkwJ Procedures
have been developed and their
validity demonstrated for (1)
analyzing chemical toxicants in
compound mixtures, (2) monitoring
human and environmental ex-
posures, and (3) mitigating ex-
posures and their effects. These
procedures have been proven ef-
fective in characterizing the toxic
chemical species in the process
and effluent streams of coal gasif-
ication pilot plants and process
development units.

Mstory Epidemiological informa-
tion on workers in turn-of-the-
century coal gasification plants (in
England and Japan) and more
recent experience in coking opera-
tions indicated that a coal gasifi-
cation industry might present
significant potential for adverse
human health effects (e.g., in-
creased incidence of lung and
bladder cancer). Likewise, the
tremendous amounts of coal that
would be consumed in a gasifica-
tion industry suggested that the
entire conversion system had
potential to create a number of
adverse environmental impacts.

In the mid-1970’s OHER initiated a
broad program of health and en-
vironmental studies at operating
coal gasification development
units and pilot plant facilities to
obtain definitive information on
the potential health effects of
modern coal gasification technol-
ogy. These studies, which use
state-of-the-art toxicological and
ecological testing methods and
procedures, are coordinated with
and complementary to, studies
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supporting the development of ad-
vanced high-Btu and low-Btu coal
gasification technology.

Studies to identify and character-
ize the extent of toxins in gaseous
products from coal focused on the
potentially carcinogenic organic
compounds in process streams
and effluents. Ecological studies
addressed the effects of air emis-
sions, liquid effluents, and solid
waste disposal. Industrial hygiene
studies included workplace moni-
toring, medical surveillance, and
evaluations of the adequacy of
measures to limit exposures and
effects. Finally, an initial risk
assessment of coal gasification
was performed.

Benefits As a direct result of the
studies at pilot plants, toxicolog-
ical evaluation of process streams
and effluents from full-scale gas-
ifiers can be limited to screening
tests for most streams. Detailed
analysis is necessary only for
those streams or stream compo-
nents with previously identified
toxicity. This practical research
has established that (1) the muta-
genicity of organic compounds is
limited principally to chemicals
called the higher molecular weight
polynuclear aromatic hydrocar-
bons, making it necessary to
study and characterize the toxicity
of less than 1 percent of the
material found in most process
streams, and (2) the more volatile
hydrocarbons found in the pro-
cess stream (e.g., naphtha with up
to 1000 tons/day output) do not
contain new toxins, need not
come under Toxic Substances
Control Act regulations, and thus
will not require extensive tox-
icological study.

This means that it should be
possible to design facilities to
recover these commercially
valuable chemicals rather than
burn them as in-plant fuels or to
dispose of them as waste mate-
rials. The evaluation of process
streams for toxins has also been
greatly simplified by the develop-
ment of sophisticated procedures
for separating the complex coal-
derived products and isolating and
identifying toxic chemicals. New
instruments for vapors and iiquids

,

~ave been developed and field-
tested for monitoring confam-
‘nation by polynuclear aromatic
Hydrocarbons in the workplace.
These instruments provide a
Simple method for directly
waluating exposure and can
monitor the effectiveness o’F
mitigating procedures, which
is almost impossible without such
instrumentation.

Ecological studies have indicated
that the effects of atmospheric
emissions on vegetation decrease
with decreasing humiclity. Thus,
judicious site selection criteria
could yield economies, in emission
Control requirements without sac-
rificing air quality.

Evaluation of environmental con-
trol technologies has provicled in-
formation that will permit health
and safety considerateions to be in-
corporated in process design. In a
low-Btu industrial gasifier, com-
mercially available cleanup
devices have been shc)wn to be
effective in removing materials
of health and environmental
concern. On the other hand,
solvent extraction of wasted
water from tar-producing gas-
ifiers does not completely re-
move all products of potential
concern; further treatment may
be required before discharge to
the environment. Similarly,
leaching of the large amount of
solid waste produced in a
commercial-scale facillity might in
the long term have adverse en-
vironmental effects even though
the concentration of toxins in the
waste is low.

As a result of the knowledge
gained through this program, the
scope of health and environmental
studies required at any future full-
scale commercial facilities will be
greatly reduced, information on
toxic substances and their loca-
tion in the product or waste
stream is avai Iable, validated
methodologies are avi~i Iable for
obtaining meaningful data,
sophisticated procedures for ~
isolating and identifying toxins
have been developed, and many of
the problems that can be
prevented by careful plant design
are known.



Coal Liquefaction Less costly
technologies can be used to con-
trol the toxic side effects of coal
liquefaction processes while still
meeting health standards likely to
be established for the direct coal
liquids industry. The carcinogenic
and mutagenic activities of coal-
derived liquids from numerous li-
quefaction processes occur only
in a fraction of the liquid product
and can be reduced through proc-
ess modifications.

HMOW In the early 1970’s, interest
in producing liquids from coal as
a means of reducing United States
dependence on foreign oil sources
was heightened. However, the
possibly deleterious effects (e.g.,
lung, skin, and scrotal cancers) of
coal processing and, perhaps, pro-
ducts were known to both in-
dustry and Government agencies
interested in developing coal li-
quefaction processes. Great care
was taken in research and
development (R&D) facilities to
minimize the exposure of workers
to process stream materials. In ad-
dition, careful medical surveillance
programs were carried out to
monitor the health of workers in
pilot plants. Concern by industry
and Government regulatory agen-
cies led to preliminary commercial
plant designs that would reduce
the exposure of workers to all pro-
cess stream materials and fugitive
emissions. However, there were
lingering concerns that excess
costs were being incurred in safe-
ty systems and that equal or bet-
ter worker safety could be
obtained in a more cost-effective
way.

To obtain the data necessary to
evaluate the potential health
impacts of coal liquefaction, a
broad-based research program was
undertaken to examine materials
from a number of different coal li-
quefaction processes. Substantial
effort was directed toward using
simple tests to screen for possi-
ble carcinogens and mutagens.
Other studies investigated the oral
toxicity and teratogenic potential,
or the ability to cause fetal malfor-
mations, of the materials.

Benefits The tests demonstrated
that coal liquefaction products

with boiling points below approx-
imately 650 “F were not active
biologically. This was true when
the tests measured mutations in
microbial changes in cells taken
from mammals. Further examina-
tion showed that both the. mutat-
ions and cancers observed
resulted from fractions boiling
above the 650 “F to 700 “F range.
Moreover, the rates of occurrence
increased markedly in fractions
that boiled above 800 “F.

It appeared, therefore, that miti-
gating procedures might be ap
plied to a more limited set of
materials than had been previous-
ly thought possible, with corre-
sponding cost savings. For.
example, for a SRC-11(Solvent-
Refined Coal) fuel oil blend (with
boiling points ranging from 350”F
to 900”F), materials boiling above
700 ‘F represent about 25 percent
of the total mass of material in
the blend, and materials boiling
over 800 “F represent less than 10
percent. Thus, only the heaviest
10 to 20 percent of the product
stream required treatment. It also
appeared that hydrotreatment, a
common petroleum-refining in-
dustrial process of hydrogenation
using catalysts, might be effective
in neutralizing the biologically ac-
tive materials. Studies using the
Ames assay or mammalian cell
transformation assays indicate
that hydrotreatment is effective in
reducing the biological activity of
coal-derived liquids. Skin-painting
studies demonstrated that
hydrotreatment dramatically
reduces the potential for causing
cancer.

This research also led to the defi-
nition of components acting as
potential agents causing skin
cancer. These are tentatively iden-
tified as compounds known as
polyaromatic amines (PAA) and
polynuclear aromatics (PNA).
Although test data are incomplete,
they provide a basis for more
specific monitoring and the devel-
opment of more reliable criteria
for preventing worker exposure to
potentially cancer-causing
materials.

Research results also have an in-
fluence on the conceptual market-

ing strategy for coal liquids. An
initial approach was to market the
high-boiling materials as boiler
fuels. As a result of the research,
a second strategy has been iden-
tified, namely to market products
with boiling points below 750”F
for use without further treatment.
Under this approach, the higher
boiling materiais wouid be con-
sidered for use as in-piant energy
sources or as candidates for
hydrotreatment to iower their boii-
ing points.

The substantial difference be-
tween the capitai and operating
costs of hydrotreating aii versus
part of the materiai with high boii-
ing points (heavy distiiiate) pro-
vides the basis for quantifying a
portion of the potentiai benefits
associated with OH ER research.
Four sets of capitai and annuai
operating costs deveioped by the
Chevron Research Company for
the SRC-ii process (a nominai
50,000-barreis/day piant) were
studied, inciuding hydrotreating
the whoie heavy distillate and
hydrotreating oniy that fraction of
the heavy distillate boiling above
750 “F. For the Phase Zero design,
SRC-ii produces about 11,000 bar-
rels/day of heavy distillate prod-
uct. Materiai boiiing above 750 ‘F
amounts to 2700 barrels/day. The
estimated cost savings per year
for a single SRC-11piant vary from
$98 to $174 miiiion for capitai
costs and from $7 to $14 miiiion
for annuai operating costs. The
projected cost savings per barrei
of product produced are in the
range of $0.69 to $1.14.

Risk Anaiysis Risk anaiysis is a
system of principles, practices,
and procedures that uses the in-
formation generated in scientific
experiments to estimate the
potential heaith and environmentai
consequences of man’s activities.
It is this measure, a probability or
chance of an effect occurring, that
is needed by poiicymakers, regula-
tory bodies, and insurance groups
to formuiate goais, criteria, and
standards. Such estimates have
proved particularly usefui where
atmospheric particies pose the
principai concern, as in the ex-
hausts of automotive dieseis and
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>Iectric power plants. Moreover,
vhat began as developing meth-
]ds for estimating the health ef-
ects of particles and sulfates
‘ounctapplication in a wide range
If analyses of the risks of other
]ollutants.

Fva/uafion of Health Risb frvm
~tmospheric Particles A com-
xehensive body of information is
>eing developed to evaluate the
lealth risks associated with the
nhalation of atmospheric particles
“eleased from energy-related
ndustries.

rhe human health risks associated
~ith exposure to atmospheric
)ollution depend on many factors,
ncluding the physical and chem-
cal composition of the pollutants,
:heir transport and transformation
n the environment, the amounts
:hat may be inhaled or ingested by
lumans, and their toxicity. DOE-
wpported research is playing an
mportant role in identifying the
>ollutants of greatest concern, the
nanner in which they can enter
:he body, and their potential for
>ausing adverse health effects.
rhe research provided methods for
characterizing and evaluating
>missions from different types of
>oal combustion plants, coal con-
version processes, oil shale recov-
try, and the use of petroleum
fuels in diesel and gasoline
mgines. In some cases, new in-
Nruments were invented, for
sxample, a family of particle
samplers for use under normal at-
mospheric conditions and at high
temperatures and pressures. New
techniques were also developed
Ior chemical fractionation and
identification of pollutants and for
~haracterization of their toxicities.

WsforyWork dealing mainly with
radioactive aerosols began in the
late 1950’s at the University of
Rochester, PN L, and the Lovelace
Fission Product Inhalation Labora-
tory (now the Inhalation Toxicology
Research Institute). This research
was expanded after 1970 to include
studies of aerosol particles origi-
nating from many different energy-
producing, consuming, and con-
servation activities. These studies
have examined the ranges of parti-
cle sizes that can be inhaled by
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humans and test animals, to
ascertain the fractions that de-
posit in the respiratory tract, and
the potential mechanisms of their
toxicity. Several such studies are
now under way but will require
several years to complete because
lifetime observations of large
groups of laboratory animals ex-
posed to the toxic substances are
necessary.

Each research project evaluates a
single energy technology and esti-
mates the risks resulting from
human exposures to its products,
by-products, and waste products.
This research integrates diverse
types of information, most of
which has been developed in DOE-
supported health and environmen-
tal research programs, on pol-
lutant sources, characteristics,
movement through the environ-
ment, human exposures, and
health effects. These analyses are
expected to provide the informa-
tion necessary for cost-effective
regulation of future energy indus-
tries, including models of expo-
sure and risk from atmospheric
particulate.

At present, the estimation of
health risks from particles emitted
by energy technologies is a compl-
icated and uncertain process
because of incomplete information
regarding which components of at-
mospheric articulate matter are
toxic and may cause illness or
death in humans. As the toxicity
of atmospheric particles becomes
better understood, this information
can be combined with knowledge
of the atmospheric dispersion of
particles to decrease the uncer-
tainty involved in projecting the
health risks that energy technol-
ogies might pose to the general
population.

BeneMs Two major benefits of
research to evaluate the health
risks associated with exposure
atmospheric particles follow.

to

1. Development of the scientific im
formation base. The fossil fuels
research program has focused
mainly on characterizing emis-
sions from electricity-generating
power plants and light-duty vehi
cles used in road transportation,

2.

These two categories of energy
use account for nearly 50 per-
cent of the emissions of regu-
lated pollutants in the United
States. The physical and chem-
ical characteristics of these
emissions are now well known.

The research program has also
contributed greatly to an under-
standing of the depositicm,
retention, and health effects of
atmospheric pollutants in gen-
eral. It is now known that future
regulations should be aimed at
controlling respirable-size par-
ticles, that is, those with aero-
dynamic diameters below 10
microns. It is also known that
sulfur dioxide emissions con-
tribute greatly to the formation
of sulfate particles, which are
mostly in the small respirable
particle-size range. Automobile
emissions have alsm been
shown to be respirable. This
knowledge, along with the rank-
ing of the toxicity of various
respirable particles., is crucial to
the development of cost.
effective pollution control
guidelines.

Development of atmospheric
dispersion models. An important
aspect of evaluating the health
and environmental impacts of
new pollution sources is pro-
jecting the atmospheric concen-
trations of pollutants in nearby
populated areas. This must be
accomplished before new indus-
trial sources are permitted.
Mathematical models have been
developed for projecting the at-
mospheric dispersion of pollu-
tants; an example of these
efforts is the Handbook on At-
mospheric Diffusion published
in 1982 (Steven R. Hanna et al.,
DOE/Technical Information
Center, DOE/TIC-11223). Al-
though the value of these
research programs lies in the
development of new knc)wl-
edge, it appears reiasonalble
to assume that the enforce-
ment of air quality standards
would be on a “trial-and-error I

basis” if acceptable means of
projecting environrnental disper-
sion of pol Iutants ‘were not
available.



Evaluation @ Pubiic Heaith Risks
from’ Diese[ Engine Exhaust The
public health risks associated with
exposure to diesel engine exhaust
were evaluated based on informa-
tion on the physical and chemical
characteristics of diesel engine ex-
haust, the transport of particles
and gases in the atmosphere, and
the potential health effects of
diesel emissions. Health risks
were stated in terms of the in-
creased probabi Iity of persons
living in congested urban areas
developing chronic respiratory
diseases or cancer. This risk eval-
uation is being used to focus
related health effects research pro.
grams on areas where uncertain-
ties remain about the effects of
emissions from light-duty diesel
vehicles.

History The attraction of diesels is
largely that they achieve 10-25
percent higher fuel efficiencies
than equivalent-sized gasoline
engines and, thus, can make an
important contribution to reducing
U.S. dependence on foreign
sources of oil. However, because
current diesel engines emit more
visible smoke and odors than
gasoline engine vehicles, concern
has been expressed that they may
also involve new health risks. in-
deed, particles emitted by diesel
engines have been found to con-
tain small amounts of known
cancer-causing chemicals, which
also have been shown to be muta-
genic when tested in cell cultures.
These particles are small enough
to be inhaled by humans and de-
posited in the lungs. Although
these are both signs of a potential
health risk, epidemiological stud-
ies of workers who were exposed
to high concentrations of emis-
sions from diesel buses in
garages showed no detectable in-
crease in lung cancer incidence.

To understand this apparent
anomaly, mathematical models
were used to predict future air
concentrations of diesel exhaust
in congested urban areas. Rela-
tionships between exposure con-
centrations and health risks were
developed by combining the
results of short-term bioassay
tests, whole-animal studies, and
human epidemiological studies.

Because human epidemiological
studies of workers exposed to
diesel exhausts were not sensitive
enough to detect changes in
cancer rates of the general popu-
lation, the mathematical models
used results of human epidemio-
Iogical studies of populations ex-
posed to coke-oven emissions,
cigarette smoke, and urban soot.
All of these represent exposures
to the combustion products of
fossil fuels that are similar to
diesel emissions in their physical
and chemical characteristics.

Overall, the health risk evaluation
concluded that future diesel light-
duty vehicles are n“otlikely to in-
crease significantly the risks of
developing respiratory diseases or
cancer over those already present
from atmospheric pollution. The
projected risks were also much
less than those associated with
cigarette smoking or exposure to
levels of cigarette smoke that are
commonly found indoors. The
potential reductions in health risk
that could be achieved with pollu-
tion controls on diesel vehicles
were also evaluated.

Benefits The analysis performed
for OHER is being used to (1)
guide the development of research
programs aimed at directly meas-
uring the relationships between
levels of exposure and risk, (2)
identify populations that may be
at greatest risk from future diesel
emissions, and (3) formulate cost-
effective emission control stand-
ards for future light-duty diesel
vehicles. The health risk analysis
was incorporated into the Environ-
mental Protection Agency’s (EPA’s)
summary publication Toxico/ogica/
Effects of Emissions from Diesel
Engines [J. Lewtas, Developments
in Toxicological and Environmental
Science 10, 1982 (Elsevier Science
Publishing Company)].

The health risk analysis indicated
that if 20 percent of the light-duty
vehicles in the United States were
to use diesel engines, fewer than
400 lung cancers/year would likely
occur as a result of exposures to
diesel engine exhaust—even if no
further emission controls were
applied to reduce particulate ex-
haust. Fewer than 200 lung

cancers/year are projected if the
proposed post-1985 emission
standards reduce current particu-
late emissions by about 50 per-
cent. This increased incidence
would be a small fraction of the
100,000 lung cancers that already
occur in the United States each
year.

Thus, the research program devel-
oping risk analysis for the health
“effects of diesel engine exhaust
has provided information that can
serve as a basis for the cost-
effective regulation of vehicle
emissions.

Evacuation of Pubiic Heaith Risks
fmm Atmospheric Suifates A prob-
abilistic health-damage function
that yielded a “best” estimate for
increased mortality as a result of
exposure to atmospheric sulfate
particles, which included a con-
fidence interval expressing the
range of uncertainty of the esti-
mate, was derived.

History Of the various pollutants
produced in the combustion of ‘
fossil fuels, the chemically trans-
formed products of sulfur dioxide
and atmospheric sulfates have
been of particular concern with
respect to potential increases in
human mortality. Numerous epi-
demiological studies have been
conducted, generating a broad
range of sometimes conflicting
results. These studies were
assessed for scientific validity and
then aggregated into a single
probabilistic function that ex-
presses the uncertainty of the in-
formation available.

This probabilistic health-damage
function has now become stand-
ard in the air pollution health im-
pact literature, and the general
methodology has been extended
to a broad range of risk assess-
ment and policy analysis applica-
tions. The function has served as
an important tool in educating
policy makers and the general
public regarding the potential
health impacts of future emis-
sions. A recent state-of-the-art
assessment of fossil fuel combus-
tion stated that the probabilistic
function might be regarded as the
best available indication of the
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magnitude of the effect of air pol-
lution on health. In addition, the
function was selected by the Of-
fice of Technology Assessment for
use in estimating the health ef-
fects of sulfur dioxide emissions.

f?eneflts Concern about the health
and environmental impacts of
sulfur dioxide emissions has been
evident in bills placed before the
United States Senate. One such
bill required a reduction of sulfur
dioxide emissions from about 22.5
million to 12.5 million tons/year in
the states bordering on and east
of the Mississippi River (a reduc-
tion of about 45 percent of 1980
emissions), while another required
a total emissions reduction of
about 8.2 million tons annually in
these states. Although these bills
were aimed primari Iy at reducing
the environmental damage caused
by acid rain, they also have impli-
cations for human health. In re-
sponse to these bills and hearings
on revision of the Clean Air Act of
1970, the Office of Technology
Assessment prepared a technical
report for Congress on sulfur diox-
ide emissions. The health impacts
portion of that report is based on
the probabilistic sulfate/particle
damage function. The cost of the
emissions reductions specified in
the first bill was estimated to
range from $3.9 billion to $4.9
billion/year (1981 dollars) and the
cost of the second bill to range
from $2.6 billion to $3.1 billion/
year. In a separate study the Con-
gressional Budget Office esti-
mated that simply maintaining
current sulfur dioxide emissions
standards would cost $36.5 billion
(1981 dollars) in capital costs and
~05&billion in annual operating

To bring these numbers into per-
spective, the probabi list ic sulfate
damage function was used to es-
timate the health impacts of both
bills. The reduction in excess
deaths that might result from a
reduced level of emissions was
calculated along with the invest-
ment costs required to meet the
reduced levels. The cost per death
averted was found to vary in the
90 percent confidence range, from
$59,000 to infinity, with the median
at $180,000 to $230,000.
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With a method available to quan-
tify potential sulfate health
effects, both proponents and
opponents of emissions-control
legislation are able to generate
widely varying, but defensible
health-impact estimates to support
their respective positions. General
acceptance of the probabilistic
damage function enables decision
makers to place extreme estimates
in perspective and provides them
with a common basis for compar-
ing alternate regulatory options
and approaches.

Responding to Hazardous
EventsEvents in recent years,
such as the reentry of Cosmos
942 and the atmospheric testing
of nuclear weapons by foreign
powers, have led to the develop-
ment of a capability to react to
such possible emergencies and
evaluate their consequences. Two
complementary systems that pro-
vide such a capability were devel-
oped under the OHER research
program and are operational today.
Both were initiated in the 1960s
because of concern about fallout
from atmospheric testing of
nuclear-weapons.

Atmospheric Release Advisory
CapabMfyThe ARAC is a vali-
dated system for predicting the
transport and dispersion of sub-
stances released into the atmos-
phere. ARAC provides real-time
analysis and interpretation of
the dispersal of atmospheric
releases of potential Iy harmful
substances that are used to
support on-site decisions. Output
containing position- and time-
dependent concentrations is
provided by telephone lines to
user terminals, telecopiers, and
computers.

ARAC can independently predict
the dispersion of materials re-
leased simultaneously from
several locations. The real-time
estimation results from a predic-
tion of the concentration of the
toxic material in the atmosphere.
ARAC includes (1) the ability to
use a variety of dispersion models
that range from complex to sim-
ple; (2) the capability to include
terrain effects; (3) a centralized
computer facility with access to

terrain data for any’ location in the
United States; (4) the ability to use
terrain information from outside
the United States; and (5) access
to real-time data on local weather
conditions and winds {Noft.

Inputs to ARAC are (1) the types of
substances released, (2) the quan-
tities of material released over
time, and (3) the altitude of the
release. If these factors are not
known quantitatively, preselected
approximations can be usecl in
calculations. With these inputs,
supplemented by current meteoro-
logical data and the internall ter-
rain data base, ARAC can initiate
its predictions. The AFIAC system
is activated through direct re-
quests from ARAC sites anc~
through DOE headquallers for
non-ARAC sites.

Those users who are dlirectly
connected to the ARAC system
are able to make fastelr and more
accurate predictions. LLsercosts
vary according to equipment
availability, software, and interface
but generally range from $10,000
to $55,000 (not including man-
power costs) for initial install-
ation and 4 to 5 months of
operation.

Wsfofy The ARAC project was
initiated as a result of AEC~ con-
cerns regarding the fate of radio-
active debris from nuclear tests in
the 1960’s. Originally, the project
focused on fallout and Iong.range
transport and diffusion (thousands
of kilometers) to ensure that the
United States did not violate inter-
national agreements by nuclear
debris from the Nevadia Test Site
crossing National boundaries. This
capabi lity was improved, verified
by measurements, and expanded
to include real-time predictions.

In 1972 the AEC decidled to
develop a real-time assessment
capability for accidental radioac-
tive releases from industry. The
ARAC project was initiated by
Lawrence Livermore National
Laboratory (LLNL) in 1!373.Current-
ly, ARAC is being upgraded to
state-of-the-art technology, and the
staff is expanding to 24-hour
coverage for Federal and state
emergency response support,



Benefits ARAC is supported direct-
y b~ subscribers who are con-
;erned about both nuclear and
Ion-nuclear releases. ARAC’S sub-
scribers include the following
agencies:

L

>-.

3.

4.

DOE. Several DOE sites are tied
directly to the ARAC system:
Savannah River, Rocky Flats,
Mound Laboratory, LLNL, and
Sandia National Laboratories
Livermore (SNLL).
Department of Defense (DOD).
DOD was scheduled to have
about 50 sites tied into ARAC
by 1984.
Federal Aviation Administration
(FAA). The FAA found ARAC to
be very responsive in providing
input for the development of air
traffic advisories subsequent to
foreign atmospheric nuclear
tests.
Federal Emergency Manaw-
ment Admini~tration -
(FEMAL FEMA cwovided SUDDOrt

5.

6.

for New York and California “and
the commercial nuclear power
plants at Rancho Seco and ln-
dian Point to tie into ARAC.
ARAC will be used to provide
calculations of estimated dis-
persion for use in emergency
planning.
Environmental Protection
Agency (EPA). ARAC provided
EPA with an independent (ver-
sus power company) source of
information during the con-
trolled krypton release at
Three Mile Island (TMl) in July
1980.
Nuclear Emergency Search
Team (NEST). DOES NEST relies
on ARAC for assessments asso-
ciated with nuclear extortion
threats.

ARAC provides analyzed informa-
tion in circumstances where the
paucity of data could lead deci-
sion makers to overrespond,
resulting in an unnecessarily
expensive emergency evacuation,
or underrespond, leading to a
compromise of public health and
safety. To date almost all of the
ARAC applications either indicated
no threat to public health and
safety, thereby avoiding unneces-
sary evacuations, or were used in
managing the release to minimize
overall risk.

\n example of a major benefit of
he use of ARAC was at the TMI
mclear power plant. Even though
rMl was not tied into ARAC, DOE
Jut the system into service. ARAC
~as operational during the first
‘ew days of the accident and pro-
~ided dispersion calculations to
he DOE Emergency Operations
2enter, the DOE emergency-
‘esponse site commander, and
Nuclear Regulatory Commission
NRC) representatives. The ARAC
calculations indicated that an
wacuation of the population
~round TM I was not necessary.
rhis evaluation was consistent
with other calculations and recom-
mendations; and, therefore, no
general evacuation was ordered.
14RACalso supplied the FAA with
jose calculations for the Harris-
~urg airport, which allowed of-
ficials to avoid closing the airport.
In addition, ARAC was employed
to help manage the controlled
release of radioactive krypton in
July 1980 by tracking the release
and advising EPA regarding the
best ground sites for portable
monitors and routes to be flown
by sampling aircraft. Good agree-
ment was found between the
model calculations and the obser-
vations. Fewer monitoring stations
were required because of ARAC’S
use. ARAC was also used in a
postaccident detailed analysis of
population dose around TMI for
the President’s Commission on
the accident.

Less tangible but very important
benefits have been reported by
DOE site users. SDecificallv, ARAC
has been of great. benefit in assur-
ing local, state, and Federal of-
ficials responsible for protecting
~ublic health that they have an
adequate capability tb respond to
accidental releases. Some of the
DOE users have conducted public
tours of their ARAC site facilities,
receiving press and television
coverage.

Fallout Forecasting Fallout fore-
casting is a system for collecting
data on nuclear detonations, alert-
ing users of nuclear events, and
providing forecasts of the atmos-
pheric spread of the radioactive
debris. The National Oceanic and
Atmospheric Administration

NOAA) is responsible for pro-
Iiding the forecasts to users. To
‘ormulate these forecasts, NOAA
Jses meteorological input pri-
marily from the Air Force and
30E.

rhe detonation of a foreign
luclear device during peacetime
[riggers a coordinated Federal
response to ensure maintenance
~f public health and safety.
Through a multiagency memoran-
dum of understanding, the follow-
ing responsibilities have been
~stablished:

1. NOAA collects data from the Air
Force and DOE to develop the
official fallout forecast; this

2.

3.

serves as the basis for all
public announcements on the
movement of airborne radioac-
tivity and areas of potential rain-
out of nuclear debris.
The Air Force provides classi-
fied data to NOAA on nuclear
debris samples, including the
location, time, altitude, and
concentration of airborne
samples.
DOE gathers information on the
nature of the nuclear detonation
(such as location, time, yield,
and height) and reports this in-
formation to NOAA for input to
the fallout forecast. DOE also
provides NOAA with advisories
released by its ARAC center at
Livermore, California. Data col-
Iected from radiation measure-
ments at DOE facilities are
made available to user agencies.

History OHER has sponsored fall-
out research at the NOAA Air
Research Laboratory since 1952.
The fallout forecasting system was
developed in response to general
public concern about the potential
hazards of foreign nuclear detona-
tions. It was a natural outgrowth
of the Laboratory’s research in at-
mospheric transport and disper-
sion, which became the focal
point of the forecasting when the
interagency fallout response team
was formally established in 1976.
Since that time the fallout fore-
casting element of the research
program has cost approximately
$300,000. OHER currently provides
funding as necessary to maintain
its operational status.
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‘nefifs The primary benefit of the
lout forecasting is its triggering
a network to alert officials in
~iation-sensitive industries.
ice the news of a nuclear event
released, NOAA notifies the Na-
mal Association of Photographic
mufacturers (NAPM), EPA (usual-
a joint announcement with
)E), FAA, NRC, the Food and
ug Administration (FDA), and
[MA.

lch organization responds ac-
,rding to the needs of its users.
merally, the actions taken are
wentive in nature. The kinds of
~blems prevented and the ac-
res taken as a result of the alert
twork and subsequent forecasts
> user-specific.

1.

2.

3.

The photographic industry is
concerned about potential
damage to sensitive materials
during manufacture. The most
sensitive are scientific plates
and X-ray film. NOAA alerts
NAPM, which in turn notifies 16
member-plant officials (DuPont,
Kodak, 3M, and Polaroid, for ex-
ample). If radiation levels rise
sufficiently, filtered air and
water may be recirculated to
avoid contamination from exter-
nal sources. Only in the early
1950s (from United States tests)
has fallout been severe enough
to damage materials and cause
a production shutdown.
The EPA (a) disseminates to
Federal agencies and the gen-
eral public predictions from
NOAA on pathways of contam-
inated air-mass movements over
the United States and areas of
possible rainout of radioactive
materials and (b) activates the
standby portions of the Environ-
mental Radiation Ambient Moni-
toring System (ERAMS). EPA
also recommends necessary
radiation surveillance or protec-
tive actions to appropriate state
agencies.
The FAA uses data from NOAA,
the Air Force, and DOE to devel-
op air traffic advisories for ap-
propriate air traffic control
centers, airman’s information
centers, and airlines regarding
airspace that should be avoided
because of potential or actual
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4.

5.

radioactive contamination.
These advisories depend most
heavily on Air Force and ARAC
information.
NRC is concerned about the
possibility that fallout may trig-
ger on- or off-site monitors at
nuclear faci lit ies. Local severe
weather following a nuclear test
can cause monitors to show
significant increases in radia-
tion levels that can be confused
with a radiation leak from a
reactor. NRC alerts all reactor
facilities and has thereby
avoided costly power plant
shutdowns that might last from
hours to weeks at a potential
cost of $500,000/day.
FDA receives information from
NOAA regarding the probable
location of fallout contamina-
tion and consults with EPA con-
cerning radiation surveillance
and protective actions. FDA
then provides guidance to state
and local Governments regard-
ing appropriate responses for
evaluating and preventing
hazardous radioactive contami-
nation of foods and animal
feeds, as well as guidance on
the control and use of such
products should they become
contaminated.

Detection and
Measurement of
Human Health Effects

No area of science can develop
very far without special tools,
methods, and instruments. During
the early stages of a science,
observation with available instru-
ments is usually sufficient. At
some point, it becomes necessary
to measure events that have not
been measured before. A new tech-
nology often provides the means
of developing new, more efficient
or more cost-effective instruments
that find applications outside the
original thrust of the research.

The instruments developed in
OHER programs have found spe-
cialized applications in hospitals
and clinical laboratories, research
laboratories, Government, and in-
dustry. They have brought true
automation, as opposed to mech-
anization, to the areas of cell

.

counting and blood:chemistry
analyses. The methods and pro-
cedures of short-term bioassays,
fast tests for screening materials
for potential cancer-calusing
agents, have revolutionized tthe
field of testing new chemicals for
potential hazards.

Instruments originally designed to
measure radiation doses to biolog-
ical systems are now found in
operating power reactcmsand
metal recovery plants, as well as
in the delicate interior of electron
microscopes. The concepts of per-
sonal badges and on-tlhe-spot
dosimeters are providing new ways
to further increase employee safe-
ty in chemical processing facili-
ties. The United States has a way
to track and measure the path of
dangerous substances relea~sedto
the atmosphere shoulcj an a\cci-
dent or mishap occur.

In the 1960’s the emphasis of en-
vironmental research shifted to
the support of a civilian nuclear
industry, and research efforts were
directed toward perceived prob-
lems of nuclear power plani:s.
Although all types of power plants
release heat to the rivers used to
supply their cooling water, 1he ef-
fect of the increased heat releases
from the Iaraer nuclear Dower
plants need;d to be understood.
Plans to construct ocean-ccioied,
off-shore reactors focused
research on the Continental Shelf
and near-shore areas amd provided
valuable information for norl-
nuclear energy development, such
as ocean thermal energy conver-
sion (OTEC), and information nec-
essary to evaluate ocean waste
disposal. Research in the c!/cling
of transuranic elements (man-
made elements heavier than
uranium, primarily plutonium) in
the environment turned to the con-
cern about their potential uptake
by crops such as wheat, corn, soy-
bean, and root crops.

Efforts to understand the innpact
of radioactive materials inadver-
tently introduced into the ecosys-
tem by nuclear bomb tests led to
a clearer understanding of how
ecosystems operate. The ccm-
trolled use of radioisotopes to
further this understanding has



incre~ed our knowledge of the
fate of nonradioactive hazardous
waste, the metabolism of plants,
and many other subjects.

The extremely high detectability of
radioactive atoms makes them
easy to trace as they move
through nature’s cycles and
migrate from one place to another.
Their known decay rates, decay
products, arid ratios have led to
greater understanding of physical,
biological, and climatic processes
over whole ecosystems and of
biological and life processes at
the microscopic level. This use of
radioactive tracers enabled man to
understand the process of photo-
synthesis vital to plant growth and
food production.

In the 1970’s health and environ-
mental research in AEC and its
successor agencies broadened to
support all energy sources and
uses. Basic research on toxic sub-
stances and cancer-causing
agents focused on applying known
methods to new substances. New,
unique concerns, such as reclaim-
ing of land affected by strip
mining, were brought forward to
be addressed and solutions
identified.

Cell Sorting and Blood Analysis
Two devices for biological analysis
widely used in laboratories, hos-
pitals, and clinics are the flow
cytometer and the centrifugal fast
analyzer. The flow cytometer was
developed in 1965 to distinguish
cells damaged by radiation from
normal cells. Since then, the meth-
ods used for cell sorting and their
applications have continued to in-
crease. Today the flow cytometer
is used routinely for performing
complete blood counts (its great-
est single application), detecting
cancer and monitoring its treat-
ment, detecting genetic abnor-
malities, and isolating specific
chromosomes for analysis of their
genetic composition.

The centrifugal fast analyzer also
had its beginnings in the search
for tools to measure radiation ef-
fects in humans. The analyzer,
which exploits advances for proc-
essing uranium made in centrifuge
technology in the 1960’s, can

handle a large number of samples
for automated analysis simultane-
ously. It is used principally to test
blood and other body fluids for
diagnostic purposes.

Flow Cytometry The flow cytom-
eter characterizes and sorts in-
dividual cells, permitting the
measurement of cellular properties
and changes in those properties
on an individual rather than on a
population-average basis. The cells
are suspended in a fluid droplet
stream flowing past one or more
optical or electronic sensors that
measure cel I characterist its.
Typically, for characterization, a
cell is stained with ‘a fluorescent
dye and passed through a focused
laser beam. The fluorescent light
emitted from the cell is analyzed
and recorded. Cell sorting is a
related procedure in which drop-
lets with particular characteristics
in the stream are charged elec-
trostatically and then diverted.
This separates relatively pure
populations of the selected cells
from the main sample.

The advantages of flow cytometry
and cell sorting over other tech-
niques include:

1.

2.

3.

4.

5.

6.

Rapid analysis of single cells
and subcellular components
(10,000/second versus about
100/minute with a microscope),
Statistical analysis of large
numbers of individual cells,
Rare cell identification (one cell
in 10 million can be detected),
Greatly enhanced resolution
(the 9 percent difference in the
DNA content of human male
versus female cells can be
measured),
Simultaneous analysis of many
parameters of individual cells,
and
Sorting of selected cells at
rapid rates.

HlstoryThe first device capable of
separating biological cells was
developed in 1965 by M. J. Fulwy-
Ier at Los Alamos National Labora-
tory (LLN L) as part of research
into the effects of plutonium radia-
tion. The flow cytometer was
developed to provide a means of
rapidly scanning for and separat-
ing cells damaged by radiation.

Further developments in the
analysis of cell populations were
based on optical phenomena such
as absorption, light scattering, and
fluorescence. The first sorter
based on fluorescence analysis
was developed in 1972. Almost
simultaneously, a multiparameter
cel I/particle separator was devel-
oped. Recent developments in the
field of flow cytometry and flow
sorting have stressed the use of
new or improved sensors for cell
physical and chemical properties.
Analytical capabilities such as
the development of low-resolution
morphological information (cell
and nuclear size, chromosome
length, and location of the
chromosome constriction) offer
the potential to detect impor-
tant genetic defects and low-
Ievel background mutational
events.

Since 1964 at Los Alamos and
1972 at LLNL, flow cytometry” R&D
has totaled about $6.5 million
(1982 dollars).

Four companies currently offer
flow cytometry systems at an
average cost of about $100,000 per
system. The number of instru-
ments in place is estimated at
350. All companies contacted
believe that there is a strong
growth market for flow cytometers
and are investing in new
developments.

llenefifs The flow cytometer cell
sorter, originally intended to
separate radiation damaged cells
from normal cells, has been used
extensively as both a biological
and clinical research tool. Its ma-
jor commercial potential, however,
lies in its capability for automated
diagnosis and economical popula-
tion screening in the fields of
hematology, immunology, cancer

I diagnosis, and genetics.

More recently, improvements in
the method have permitted the
creation of a chromosome-specific
DNA library which scientists
believe will advance the course of
human genetics by a decade; an
advance which will certainly be a
major step forward in the diag-
nosis and treatment of genetic
diseases.
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lfemato/ogry. Complete blood
counts, which are performed
routinely in the clinical labora-
tory, represent the single largest
current application of flow
cytometry. Several dedicated,
single-purpose commercial ma-
chines have been developed for
this purpose. Reticulocyte and
platelet counting are examples
of two recent developments
that are moving immediately in-
to the clinical consulting
laboratory. The efficacy of diag-
nosis and radiotherapeutic and
chemotherapeutic treatment of
leukemia is being assessed by
flow cytometry.
/mmuno/ogy. The clinical signif-
icance of circulating mono-
clinal B-lymphocytes in non-
Hodgkin’s Iymphoma has
recently been demonstrated.
Accurate monitoring of new pa-
tients and those in remission is
being performed, and definitive
markers useful in determining
the results of therapy and the
prognosis for relapse have been
developed.
Onto/ogy. Considerable effort
has been directed to modifying
the basic flow cytometric in-
strument to allow automation of
Pap smear analysis for detect-
ing cervical cancer. The ob-
jectives are to reduce costs,
increase the information con-
tent ,and statistical reliability of
the tests, and increase the
number of early detections.
Genetics. Several genetic abnor-
malities involve chromosome
duplication beyond the normal
human complement of 46 chro-
mosomes. Flow cytometry is
used not only to detect these
gross changes in the number of
chromosomes, which typically
result in severe mental retarda-
tion, but also to detect more
subtle polymorphic events that
promise the first means of diag-
nosing several inheritable
diseases.

enirlfugal Fast Analyze~ The
mtrifugal fast analyzer is an
strument used for medical
agnostic purposes to perform
Iutine and special blood chem-
try tests in hospitals, clinics,
Id research laboratories.

The centrifugal -fast analyzer tests
multiple samples simultaneously.
It is built around a flat rotor with
numerous sets of wells arranged
radially. Measured quantities of
the samples and reagents are in-
troduced into individual wells
toward the center of the rotor.
Centrifugal force mixes each sam-
ple and its reagent and moves
them into transparent reaction
cells at the periphery of the rotor.
During each revolution a time-
synchronized measurement is
made of light transmittance, color,
fluorescence, or other relevard
property. The course of the chem-
ical changes in each reaction ceil
is monitored by an on-line com-
puter, and analytical results are
developed simultaneously for all
samples on the rotor. The result-
ing data are stored, interpreted,
and provided to the laboratory
technician very rapidly. One run
of the analyzer performs the
same analysis on from 1 to 42
samples.

H/sfory R&D of the centrifugal fast
analyzer was an outgrowth of Na-
tional Laboratory expertise in
biological sciences and separa-
tions science. The original funding
for the project was shared by the
National Institute of General Med-
ical Sciences and the AEC. The
original name of the device, GeM-
SAEC, is an acronym of these two
contributors. The National Aero-
nautics and Space Administration
(NASA) provided support from 1974
to 1976 for a zero-gravity cen-
trifugal fast analyzer. Invention of
the centrifugal fast analyzer is at-
tributed to Dr. Norman G. Ander-
son while he was Director of the
Molecular Anatomy Program at
ORNL in 1968.

The original GeMSAEC system
received the Industrial Research
Magazine 1R-1OOAward as 1 of the
100 most significant new tech-
nical products of 1969. A second
1R-1OOAward was awarded in 1977
for the portable, miniaturized, cen-
trifugal fast analyzer developed at
ORNL.

Transfer of the analyzer to industry
occurred very rapidly. In late 1968
and early 1969, representatives of
Electro-Nucleonics, Inc., Union

Carbide Corporation, and the
American Instrument Company ap-
plied for and were granted royalty-
free licenses from AEC to com-
mercially produce a centrifuflal
fast analyzer. Today, five domestic
companies sell centrifugal
analyzers. Both industry and DOE
researchers have made major con-
tributions to its continued devel-
opment analyze~ for example,
improved sample handling, minia-
turization, and microchemistry
techniques to save reagent costs
and laboratory workspace and per-
mit improved blood analyses in
areas such as pediatrics and geri-
atrics, where only small samples
are obtainable.

Benefits Major markets for thle cen-
trifugal fast analyzer are hospitals
and laboratories with lc~w-to-
medium dai Iy test volumes. These
include small-to-moderate-sized
hospitals, specialty laboratories in
large hospitals, and commercial
laboratories. Major advantages of
the centrifugal fast analyzer are it~
throughput capacity, flexibility to
perform any type of assay, concur
rent ability to perform economical-
ly single tests and batches clf
tests, and ability to perform lemer-
gency tests. At the time of its in-
troduction, the centrifugal fast
analyzer represented a :25to 50
percent cost savings over the
discrete analyzers then available.
The centrifugal fast analyzer also
represented an 80 percent cc~st
savings over the manual methods
that predominated in srnall-to-
medium-sized hospitals, Then, as
now, existing continuouls-flow
analyzers perform a fixed baltery
of tests (a “profiIe”) for less cost
than a centrifugal analyzer, but
this economy is only ok)tainable by
a laboratory that has a Ihigh
enough volume of tests to justify
purchasing the larger, more expen-
sive continuous-flow instrument.

The significant benefits arising
from the development of cen-
trifugal fast analyzers include:

1. Introduction of true automation
to clinical chemistry (as differ-
ent iated from mechanization);

2. Improved precision fcw certain
tests, thus eliminating the need
to retest;
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3. Availability of test techniques
not .~eadily avaiIable wit h other
equipment;

4. Data reduction in “real time” us-
ing an on-line computer

5. Flexibility to serve institutions
having small-to-medium testing
loads; and

6. Cost savings to users.

Sales of the centrifugal fast
analyzer are estimated by industry
sources to be at least 500 units/
year, amounting to approximately
$25 million/ year. Industry sources
indicate that the current number
of centrifugal fast analyzers in
operation is about 4000 in the
United States and as many as
10,000 worldwide at purchased
prices ranging from $20,000 to
$70,000. While there are no sta-
tistics on the number of tests per-
formed with the analyzer, two
estimates are available: (1) approx-
imate y 175,000 tests per year per
analyzer and (2) 10 to 25 percent
of the 2 to 4 billion clinical chem-
istry tests performed in a year,
probably closer to 10 percent of
the total tests.

Owners indicated that they save 10
to 30 cents/te’st performed on cen-
trifugal fast analyzers, mostly in
reagent costs. Applying these fac-
tors to 300 million tests/year
yields the estimated savings of
$30 to $90 million/year.

Fasf Tesf for Cancer=Causing
Chemicals Short-term cell bio-
assays are used as inexpensive,
fast screens prior to more costly
animal tests in screening chem-
icais for cancer-producing or ceii-
aitering characteristics. A number
of tests are included within the
scope of short-term ceii bioassays.

One of the most wideiy used is a
test using speciai strains of the
bacterium Sa/mone//a deveioped
by Dr. Bruce Ames of the Universi-
ty of California at Berkeiey. The
uniqueness of this test invoives
the use of a mutant strain of this
bacterium that is unabie to pro-
duce the amino acid histidine,
which is necessary for its repro-
duction. if the chemicai being
screened causes the organism to
undergo a genetic change that
aiiows it to produce histidine and,

therefore, reproduce itself, then
the chemicai is considered a
mutagen and potentiai cancer-
causing agent. The mutational
potency of the chemicai under
test is expressed in terms of the
number of growing bacterial col-
onies that are observed after a
period of incubation. The equip-
ment required is minimai and a
single technician can perform a
number of tests in a day.

Because a negative Ames test
does not absolutely ensure that a
compound is inactive in humans, a
“tiered” strategy in which the next
ieveis of testing may include mam-
malian ceils in tissue culture and
acute animai studies is often
employed. Although not quite as
simpie or inexpensive as the
Ames test, such assays are stiii
orders of magnitude quicker and
cheaper than iong-term, whoie-
animai testing.

Chromosomai aberration and
sister chromatid exchange meas-
urements are common bioassays
performed with cuitured mam-
maiian ceiis. These assays are run
either on ceiis grown in tissue
cuitures or on bone marrow ceiis,
spermatogonia (a ceii structure
that precedes development of a
sperm), or lymphocytes (a white
biood cell formed in lymph nodes
and severai other organs) from ex-
perimental animals and human
donors.

lffstory Although short-term cell
bioassays are most commoniy
used for measuring the response
to chemicai agents, the majority
were deveioped from radiation
studies sponsored by OHER. Their
roots iie in two areas of investi-
gation in radiation biology—
chromosomai effects and genetic
toxicology.

Scientists in the OHER-supported
laboratories were the first to
reaiize that the induction of
chromosome aberrations—other
than normal changes in genes
manifested as mutations caused
by the abnormal breaking and re-
ioining of chromosomes—couid
be used as a biological dosimeter.
This was first demonstrated by ex-
posing cells from a plant that is

extremely sensitive to radiation
damage to radioactive ciouds dur-
ing the atomic bomb test, Opera-
tion Greenhouse, in 1951. Later it
was found that chromosomai aber-
rations in lymphocytes couid also
be used to measure dose. Addi-
tional studies, combined with ad-
vances in the science of somatic
ceii genetics, were instrumental in
developing the mammalian cell
assays noted above.

Genetic toxicology—the study of
the nature, effects, and detection
of radiation and chemicais on
genes and, thus, on the character-
istics passed from one generation
to another—is a new fieid of sci-
ence that developed from the
discovery of DNA repair. Studies
by Rasmussen and Painter at the
Radiobioiogicai Laboratory, Univer-
sity of California at San Francisco,
in the 1970’s demonstrated that
exposure to radiation (and other
toxins) caused some DNA to un-
dergo unscheduled DNA (repair)
synthesis (UDS), and that this UDS
is quite separate from the normai
synthesis p,ocess in DNA. This
observation forms the basis of the
commoniy used UDS assay. The
abiiity to construct and character-
ize bacteria with deficient DNA-
repair mechanisms was a cruciai
step on the path to the Ames test.

Beneflfs The testing of new prod-
ucts using short-term ceii bio-
assays has resuited in reduced
costs and increased productivity.
Many different new substances
have been created and introduced
to the environment in recent years,
some of which have the potential
to cause genetic damage. Before
the early 1970’s, animai testing
was the only accepted means of
evacuating a substance for car-
cinogenic activity. With the advent
of the Ames test and other short-
term ceii bioassays, however, it
has become possibie to test sub-
stances for mutagenic or carcino-
genic potentiai far more rapidiy
and cheaply. The Ames test, for
exampie, presentiy costs $1000 to
$1500 and takes only 48 hours.
These bioassays are used routine-
ly by many drug and chemicai
firms to screen substances for
potential mutagenic activity before
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arge expenditures are made to de-
felop them into marketable
xoducts.

4 measurable benefit of the Ames
and similar tests is the amount of,
money manufacturers save by
woiding the development of po-
tentially hazardous products. Be-
cause drug and chemical firms are
the most active users of short-
term bioassays, a very rough esti-
mate of benefits can be developed
based on calculating the amount
of development money saved as a
result of

A=

uVhere

A=
D=

Fm =

T=

prescreening:

(

DxFm _T
l–Fro )

net annual benefits,
annual R&D outlays by
drug and chemical firms,
fraction of compounds
shelved as potential
mutagens, and
annual cost of bioassays.

An estimate of the annual R&D
outlays by drug and chemical
firms is contained in the National
Science Foundation publication
Research and Development in in-
dustry 1979. The figure is $1.99
billion in 1979, or about $3.3 bil-
lion in 1982 dollars. Based on an
informal survey of a number of
firms, 5 percent appears to be a
fair estimate for the fraction of
compounds found to be potential
mutagens. Dr. Ames estimated
that over 3000 laboratories world-
wide use his test routinely, result-
ing in an estimate of $35 million
to the annual cost of bioassays.
This results in an estimated an-
nual cost savings of some $140
million/year in 1982 dollars.

Use of these low-cost tests to
screen existing products that have
never been examined for muta-
genic potential represents a poten-
tial future benefit. Thousands of
man-made compounds are current-
ly in use. To date EPA has inven-
toried under the Toxic Substances
Control Act over 60,000 such com-
pounds that have never been testec
for carcinogenic potential. Becaus(
the present capacity for animal
testing in the United States is lim-
ited to a few hundred compounds
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per year, short-term cell bioassays
are the only feasible means of
screening these substances.

Analyzing Complex Mixtures for
Toxic Agents By the early 1960s,
existing instruments were reach-
ing limits that would adversely af-
fect important areas of health and
environmental research and prog-
ress in increasing industrial safety.
Two such limits were the inability
to determine the elemental com-
position of nonradioactive mix-
tures suspected of containing
trace amounts of toxic materials
and the inability to ascertain the
isotopic composition of complex
mixtures of radioactive elements
such as those being encountered
in nuclear reactors and laboratory
analysis. Solutions to both of
these problems emerged from the
OHER research program. The first
solution, a semiconductor X-ray
spectrometer, has been widely ap-
plied to detect pollutants in the
environment, identify unknown

] materials in the scrap metal and
metal manufacturing” industries,
and to locate sites for examination
by electron microscopes. The sec-
ond solution, a high-resolution
gamma-ray spectrometer, is com-
monly used for identifying the
elements in the cooling water of
nuclear power plants that cause
radioactivity, logging oil wells,
studying distant planets, and
analyzing laboratory samples.

Semiconductor X+ay Spectmm=
eter (SXRS)This instrument is
widely used in industry, medicine,
and scientific research to deter-
mine the elemental composition of
nonradioactive materials. The
SXRS is a member of the family of
X-ray fluorescence spectrometers
and is also known as the energy-
dispersive X-ray spectrometer.

The SXRS has three primary com-
ponents: a radiation source, a
semiconductor detector, and a
processor. The radiation source
can be any material or device that
emits X-rays; an isotope of iron
that naturally emits X-rays is fre-
quently used. X-rays from the
source are directed at the sample
to be analyzed, causing the sam-
ple to emit other X-rays. The semi-
conductor detector is made of

silicon with lithium adcled (lithium
~rifted into it) to obtain the
~esired detection capability. When
(-rays enter the detector, the
‘esulting interaction or ionization
xoduces current pulses that are
~irectly proportional to the energy
of the X-rays from the sample. The
processor, an electronic logic cir-
suit, counts the number of pulses
and records the patternl of X-rays,
the distribution of measured
mergies. Because each element
emits a unique pattern of X-rays,
the elemental composition of the
sample is identified. The typical
wtput produced by the processor
is a table showing the percentage
composition of the sample.

History X-ray fluorescence spec-
trometers have been in use since
the 1930’s, when the wavelength-
dispersive X-ray fluorescence
(WDXRF) spectrometer was devel-
oped. However, the WDXRF spec-
trometer has limited resolution
and can only analyze one element
at a time. It is, thus, a very costly
method, particularly when a large
number of elements must be ana-
lyzed. Older methods of cherhical
analysis, particularly wet chem-
istry, which is very slow and de-
structive, were still predominant in
1960.

Research on alternative methods
was undertaken on a large scale in
the 1950’s in the Unitecl States and
other countries. The electronic
properties of silicon and germa-
nium were discovered during this
period, and the first silicon detec-
tor was developed in 1960. The
lithium-drifting process, which per-
mitted construction of detectors
thick enough to totally absolrb the
X-rays, was developed in 1960 and
1961.

These first semiconductor detec-
tors provided improved resolution
to distinguish element% but the
associated electronic processors
were too poor to maintain thle
resolution. From 1963 to 1969,
research to improve the associ-
ated electron ics was undertaken.
By 1965 a high-resolution SXRS
was developed. During this period,
improvements in the detectcrs and
further development of the entire
X-ray detector system also took

I



.

place. New ap@ications were ex-
plored as scientists realized that
the SXRS could potentially be
used in industry and medicine in
addition to laboratory analysis.
Commercialization of the SXRS
began in 1965, primarily to univer-
sity, Government, and corporate
laboratories. Between 1970 and
1973, trace-element analysis im-
provements were made at
Lawrence Berkeley Laboratory
(LBL). Improvements were also
made in the speed of analysis
such that a complete analysis of a
typical sample now took less than
1 minute.

Approximately 8300 commercially
manufactured SXRS units are
presently in use in the United
States. Of these, 2500 units are
stand-alone analysis systems that
include the radiation source,
detector, and processor. The users
of these systems fall into three
categories: (1) industry; (2) com-
mercial laboratories; and (3) Gov-
ernment, academic, and medical
laboratories. The remaining 5800
SXRS units are attached to scan-
ning electron microscopes.

About 350 of the 2500 stand-alone
SXRS systems are used in the
scrap metal, steel and metal
manufacturing, and durable manu-
facturing industries. All of these
units are located in the production
area and are used as part of the
production process. Approximately
1000 SXRS systems are used in
commercial laboratories where
they are typically one of many
elemental analysis instruments
used away from the actual produc-
tion process.

The remaining 1150 of the stand-
alone systems are used both for
research and analysis of trace
elements in patient specimens in
National, university, and hospital
laboratories.

The SXRSS attached to scanning
electron microscopes assist the
microscope in plotting a “map” of
a surface; the elemental composi-
tion of each small area is deter-
mined separately, and the peaks
and valleys are identified. These
instruments are widely used in
both commercial and Government/

university/medical laboratories.
They are used frequently in quality
control of ball bearings, airplane
bodies, and machine parts, as well
as in new materials research.

Eight factors are responsible for
the large number of SXRS units in
use and the wide variety of uses.

1. The SXRS analyzes all elements
of a given sample simultaneous-
ly, thereby providing a complete
elemental composition of the
sam pie.

2. The SXRSS measurement accu-
racy is tenths of parts per
million.

3. The SXRS provides information
rapidly, typically in 10 to 30
seconds.

4. The SXRS is nondestructive.
5. The SXRS is flexible and can be

programmed to analyze single
elements in less than 5
seconds.

6. The SXRS can use portable
detector attachments, and even
the non-portable units require
little floor space.

7. The SXRS system requires little
additional maintenance.

8. The SXRS does not usually re-
quire skilled personnel.

Benef/ts The benefits of SXRS
development are twofold: (1) re-
duction in the cost of analyzing
materials compared with other
elemental analysis techniques and
(2) availability of information not
otherwise obtainable.

The cost savings accumulated
through 1982 by industrial and
commercial users provide some in-
dication of the benefits of SXRS
development. SXRS users were
contacted and asked to estimate
the 1982 cost savings that could
be attributed to the SXRS, Average
annual savings for five user
groups—scrap, steel/metals, manu-
facturing, commercial (nonre-
search), and commercial (R&D)—
were estimated to total $88
million/year in 1982.

High-resolution Gamma=ray
Speohornetry Gamma-ray spec-
trometry is a method of detecting,
characterizing, and monitoring
gamma radiation. The development
of lithium-drifted germanium
[Ge(Li)] and high-purity germanium

[Ge(HP)] solid-state semiconductor
detectors and improvements in the
associated electronics have revolu-
tionized the field of gamma-ray
spectrometry, particularly with
respect to energy applications.

As a result of their much higher
resolution (the ability to distin-
guish between gamma rays of dif-
ferent energies), germanium
spectrometers have replaced other
types of gamma-ray spectrometers
in many uses. They are now com-
monly used in nuclear power
plants, industry, and research in-
stitutions for identifying the
elements in reactor cooling waters
that cause radioactivity, logging
oil wells, studying distant planets,
and analyzing biological and labo-
ratory samples.

History Until about 1970 the device
most frequently used for gamma-
ray spectrometry was the scintilla-
tion spectrometer. The most wide-
ly developed scintillator is a
sodium iodide crystal that emits
light when penetrated by gamma
rays. The light is collected and
converted to an electrical signal
by a photomultiplier tube. The
scintillation spectrometer is an ef-
ficient detector of gamma rays.
However, the resolution of the
scintillator is not fine enough to
distinguish between isotopes
emitting gamma rays of very
similar energies. The need for a
spectrometer with higher resolu-
tion in physical and biological
basic research was the primary im-
petus for germanium spectrometer
development.

The first germanium gamma-ray
detector was developed in 1962 as
a result of Federal (non-OHER),
private, and foreign-sponsored
research. The original instrument
was inferior to the scintillator in
both resolution and efficiency. im-
proved resolution was achieved in
1963 through OHER-sponsored
research at LBL, BNL, and ORNL.

By 1971 the results of OHER
research were twofold. First, the
process of drifting the germanium
crystal with lithium was improved,
which considerably enhanced the
resolution of the detector. Second,
the associated signal processing
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system was developed further so
that the resolution of the detector
was not degraded by the pro-
cessor. During this period, the
Ge(Li) detector surpassed the
scintillator in resolution, and its
use in research applications
became widespread. These detec-
tors, however, had to be manufac-
tured and operated at very low
(cryogenic) temperatures.

Research on the development of
Ge(HP) detectors was initiated at
LBL and General Electric (GE). The
first high-purity germanium detec-
tors were sold by GE in 1974.
These detectors still needed to be
cooled during operation but not
during manufacture and storage.
Manufacturing and operating costs
fell as a result.

The ability to work with the ger-
manium at room temperature also
permitted the construction of
multidetector systems. By con-
necting as many as ten detectors
to a single processing unit, the ef-
ficiency of the germanium detec-
tor array can be increased without
sacrificing resolution. These multi-
detector arrays are ideally suited
to situations such as medical
research and power plant environ-
mental monitoring. Between 1975
and 1982, Ot-tER funded develop-
ment of these multidetector arrays
at LBL.

Benefits Gamma-ray spectrometers
are used primarily for gamma
radiation monitoring and elemental
analysis of radioactive or neutron-
activated materials. Accordingly,
gamma-ray spectrometer users fall
into four main categories:

1. Nuclear power plants use
gamma-ray spectrometers to
monitor the content of gas and
liquid effluents and the environ-
ment of the plant and to meas-
ure the condition of the reactor
fuel elements.

2. Laboratories (National, univer-
sity, and commercial) use
spectrometers to monitor the
environmental conditions of the
laboratory and to perform ele-
mental analyses.

3. Resource exploration com-
panies use spectrometers in
serial and ground surveillance
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and mapping and in wellhole
iogging.
Environmental monitoring
organizations (such as s~ate
and local environmental protec-
tion agencies) use spec-
trometers to monitor levels of
radiation being emitted into the
environment.

For users of gamma-ray detectors
and spectrometers who require a
high level of resolution, the only
alternative in these applications is
time-consuming chemical separa-
tions. The real choice to be made
by users, therefore, regards the
degree of resolution required.
None of the competing detectors
has the resolving power of a Ge(Li)
or Ge(HP) detector.

Discussions with representatives
of gamma-ray spectrometer sys-
tems and detectors indicated that
the market is approximately $7 to
$8 million annually. One major
manufacturer offered a distribution
of units by type of usen

Percent
User of units

Public utility <lo
Laboratories 75
Resource exploration 5
Environmental monitoring 10

The major manufacturers of Ge(Li)
and Ge(H P) detectors are Canberra
Industries, EG&G Ortec, and
Princeton-Gamma Tech Inc.

The use of germanium detectors
is most often justified by the need
for fast, high-resolution measure-
ments. Fairly short scan times are
reported for Ge(Li) detectors, rang-
ing from 100 to 1000 seconds. The
time for radiochemical analysis to
perform the same analyses ranges
from one-half day to several days.

Cost savings associated with us-
ing germanium detectors were es-
timated based on discussions with
the staff of approximately 20 utili-
ties operating power reactors.
Based on this survey, the annual
cost saving in 1982 was estimated
as $21.2 million. Past savings were
estimated as $230 million (present
value). Almost all of these benefits
represent cost savings associated
with measurements for which the
alternative is radiochemistry.

It appears that other irnpo,rtant,
but”difficult to quantify; benefits
are beino realized. For exam~le.
much of-the scientific work ~n ‘
nuclear physics could not be per-
formed without the germani urn
detector. Interestingly, a number
of isotopes have been discovered
by scientists using the Ge(Li)
detector. The device is currerrtlv
being used to determine wheth~r
the neutrino has mass,, Also, the
germanium spectrometer is now
a primary method of gi~mma,-ray
spectrometry in astronomy.

/ndustrial Hygiene Monitors The
expertise and methods in meas-
UHTWW SCh?nCtX aCCllnNk3kd in
the nuclear energy program served
the Nation well in the 1970’s when
complex chemical mixitures be-
came an area of vital concern in
exploring the potential of syn-
thetic fuels from coal. Lapel and
pocket dosimeters for monil:oring
exposure to polycyclic aromatic
hydrocarbons [(PAHs), known car-
cinogens] were developed tc~meet
the needs of industrial hygiene.
Sensitive instruments to measure
skin contamination anc~spill spot-
ters able to measure previously
undetectable amounts of chemical
contamination also emerged from
the OHER Program. In addition to
monitoring devices, scientific pro-
cedures such as biodirected
chemical analysis were developed
to measure the carcinclgenic; and
mutagenic properties c~fcomplex
mixtures of chemicals derived
from coal liquefaction and
gasification.

As part of the efforts slimed at
detecting toxic chemicals, a
survey of instrumentation for en-
vironmental monitoring was
published, and an instrument for
monitoring concentrations of PAH
compounds, a hydrogen flucmide
monitor, and a portable elemental
survey meter were developed. The
three monitors are in the proto-
type stage of development. A
handbook The Survey of Ins fru-
n?entation for Environmental
Monitoring* has been in use for

*LBL, Environmental Instrumentation
Group, Vol. 1(4), 1972-1980, John
Wiley and Sons.



several, years and will soon be
issued by a private publisher. This
handbook provides baseline refer-
ence information to assist re-
searchers and industrial hygienists
in selecting the appropriate
method for measuring energy-
related toxins.

Instrumentation under develop-
ment will provide simple and
passive methods of monitoring
worker exposure to hydrogen
fluoride, more sensitive measure-
ment of worker and skin contam-
inat ion and work area surface
contamination by PAHs, and a
nondestructive method of measur-
ing formaldehyde emissions.
These monitoring techniques ad-
dress the critical health-related
measurement needs associated
with these toxic chemicals.

History The Industrial Hygiene
Measurement Science and instru-
mentation Program was initiated
to develop new or improved meas-
urement tools and techniques to
address a broad range of health
protection problems. Since its in-
ception in the late 1940’s, the pro-
gram has focused on concerns
associated with chemical toxins
related to atomic energy defense
activities.

With the creation of ERDA, then
DOE, and with broader missions
to cover all energy and conserva-
tion measures, increased empha-
sis has been placed on chemicals
related to energy development.
These include PAHs, which are
inherent in synthetic fuel produc-
tion; hydrogen fluoride, an impor-
tant chemical in DOE uranium
enrichment activities; trace ele-
ments, which include respiratory
and inhalable toxic metal particu-
Iates and vapors; and formalde-
hyde, a potential carcinogen found
in materials used for building
energy conservation.

Benefits The major benefit of this
measurement science and instru-
mentation research is improved in-
formation aimed at protecting the
health of industrial workers and
the public. Advanced instruments
are used to develop new and im-
proved data to identify health
hazards. The use of overly con-
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rvative and expensive health
otection measures or, converse-
underestimation of the risks of

Iman exposure to chemical pol-
tants is thereby avoided.

The survey of instrumentation
for environmental monitoring.
This handbook was compiled by
LBL to assist users in efficient-
ly selecting appropriate instru-
mentation. It is based on
responses by over 4000 users,
including state and Federal en-
vironmental agencies, analytical
laboratories, instrument manu-
facturers, and technical
libraries. Separate volumes have
been published on air, water,
and radiation monitoring
methods, with each volume
organized by pollutant. There
are three major sections under
each pollutant. The first section
discusses the reasons for moni-
toring the properties of the pol-
lutant, information on health
and environmental effects, and
regulatory standards and re-
quirements. The second section
describes, compares, and con-
trasts the principles used by the
commercially available instru-
mentation methods. The third
section presents a one-page
summary for each of the com-
mercially available instruments.
The water volume, with a cur-
rent circulation of 4000 copies,
has been purchased by most of
the water pollution control
agencies in the United States.
The volumes on radiation and
water have been published and
marketed by John Wiley and
Sons.
Monitorirm of PAH compounds.
The Spill spotter and the pas-
sive vapor dosimeter provide the
capability to monitor routinely
and cost-effectively PAHs in the
workplace. The Spill Spotter is a
device that illuminates PAHs
with light of a specific color,
causing them to fluoresce. The
instrument then measures the
fluorescent light emitted. The
instrument is a hand-held
optics unit similar in size to a
small video camera and is con-
nected to a small electronics
module. Easily changed excita-
tion and emission filters provide
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selective detection of classes of
organic compounds. This instru-
ment also permits discrimina-
tion between organic and
inorganic compounds. The Spill
Spotter is simpler and safer to
use and provides quantitative
results comparable to existing
methods. Its development was
recognized by an 1R-1OOAward
in 1980.

The vapor dosimeter is a pas-
sive air sampler that can be
worn conveniently by the worker
as a lapel badge or used as an
area monitor. It is a unique
device designed to measure the
overalI exposure to PAH com-
pounds with three or more rings
and can measure dosages as
low as parts per billion. The
dosage is read by placing the
badge in an optical analyzer us-
ing the room temperature phos-
phorescence technique. The
passive vapor dosimeter is
faster, simpler to use, and less
expensive than existing instru-
mentation. An IR-1OOAward in
1981 recognized its invention.
Hydrogen fluoride passive
dosimete~ A hydrogen fluoride
passive dosimeter was devel-
oped by ABCOR, Inc., under
contract to DOE. This monitor is
used for industrial health moni-
toring at the ABCOR enrich-
ment facility. Uranium hexafluo-
ride breaks down into uranyl
fluoride and hydrogen fluoride
when it comes into contact with
water vapor in the air. This
dosimeter detects the hydrogen
fluoride reaction product and
has advantages over the ex-
isting methods for measuring
hydrogen fluoride. It is small
and simpler to use, and it can
be worn on the lapel. In addi-
tion, it requires no pumps, im-
pingers, sampling tubes, or
calibration. The collection ele-
ment can be analyzed quickly
and easily with a fluoride-
selective ion electrode. Further,
it can be used either as a per-
sonal or an area monitor.
Portable elemental survey metez
The portable elemental survey
meter was developed under
a DOE contract by Columbia
Scientific Instruments for rapid,
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on-the-spot, elemental analysis
of air particulate collected on
filters (including respirable and
inhalable particulate) and
vapors collected on membranes
by chemical adsorption. It was ~
designed to meet the accuracy
requirements for sampling in
the workplace. The sampling
method is nondestructive and
can detect 23 elements. The
survey meter provides imme-
diate elemental analysis of air
particulate and vapors present
in the work environment; the
alternative is to send the sam-
ples to an analytical laboratory.
The meter can be used for rapid
on-site checking of air contami-
nants in the case of accidental
releases, as well as for routine
monitoring purposes. For exam-
ple, it can be used in the metal-
lurgical and energy production
industry to monitor welding
fumes (which contain toxic
metallic elements) or to meas-
ure air contaminants found in
other workplace environments.
The device is portable and is
enclosed in a small compact
carrying case. It uses a micro-
processor-based, energy-
dispersive, X-ray fluorescence
technique to measure sequen-
tially the concentrations of
selected sample elements
whose calibration parameters
are stored in memory. Analysis
time is on the order of 100
seconds/element.

Predicting Poiiution Pathways in
the Atmosphere Although great
improvements have been made in
our understanding of the proc-
esses that move pollutants
through the atmosphere and
deposit them in aquatic or ter-
restrial ecosystems, an even
greater understanding is neces-
sary to solve the problems
presented by acid rain and the
change in the heat budget of the
earth caused by carbon dioxide in-
creases. A step in this direction
has been made by the production
of stable, nontoxic tracer gas that
can be released from source areas
and detected at great distances.

Understanding and predicting pol-
lutant transport are important
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because it is a principal means by
which health effects might be pro-
duced in the public by an emerg-
ing technology. The OHER
research program pioneered the
mathematical modeling, or predic-
tion, of pollutant behavior in the
atmosphere because of the early
responsibility for understanding
the possible effects of radioactive
contamination. Models of the
movement of materials through
and chemicals reaction in the air
and soil are crucial to rational
decisions related to citings of
toxic waste dumps and to optimal
decisions on mitigation to correct
past mistakes. However, the valid-
ity of models and predictions
must be tested, and OHER has
also supported the development of
the necessary tools for
verification.

Although gas tracers have pro-
vided valuable information of this
kind, it is also known that pollu-
tant gases often interact with
minute particle clouds (aerosols)
from which the particles may be
deposited on the ground or be-
come resuspended in air. Pollu-
tants themselves may even
originate as aerosols. New instru-
ments were needed to understand
the transport and cycling of par-
ticles in streams, lakes, oceans,
and the atmosphere. This need
was met by developing aerosol
and particle analyzers for both at-
mospheric and aquatic studies. To-
day these analyzers form a vital
part of the Nation’s ongoing
research into the effects of air-
borne chemical pollutants, notably
acid rain.

The major benefit of this research
has been a sounder understanding
of the relationships between pollu-
tant releases and their concentra-
tions in the human environment.
information of this nature is
essential to regulation of pollu-
tants in the general interest and
for sound industrial planning.

Atmospheric 11’acersSeveral
nonradioactive, chemically inert
systems have been developed to
trace the dispersion of materials
released into the atmosphere.
These include tracers, samplers,
and extremely sensitive analyzers

that can detect materials at con-
centrations as low as 2 parts per
quadrillion (10-15).Such systems
can be used to trace dispersions
at ranges of over 100 kilometers.

Increased concern over the re-
gional and international aspects of
air pollution has created a need
for reliable model calculations of
concentrations as far as 1000
kilometers from pollutant sources.
Experimental verification of these
calculations, as well as environ-
mental assessments biased on
model simulations, is essential to
establish the credibility of models
of dispersion processes. One way
to verify the models is to trace the
movement of actual rnaterialls in
the atmosphere. This requires
cost-effective, nonreactive and
nondepositing tracers for local
(less than 100 kilometers), irlter-
mediate (100 to 1000 kilometers),
and long-range (greater than 1000
kilometers) dispersion of pollu-
tants. The tracers must also be
nonradioactive, nontoxic, and inex-
pensive and have low natural back-
ground to perform adequately.

Three sampling systems for
perf Iuorocarbons have been devel-
oped. The BNL automatic tracer
sampler was designed to be easily
portable (15 pounds), alutomatie,
and reliable. Each sampler can
take a sequence of 23 samples of
air. The start/stop time, fiow rate,
and total volume through the
sampling tubes can be controlled.
Each sampling tube contains 150
milligrams of Ambersolrb, which
traps all of the perfluorocarbon.
The tracer is then recovered by
thermal resorption from the sam-
ple tubes and separated by !gas
chromatography. An ek)ctrorl-
capture detector provides meas-
urement accuracy of lC)to 20 per-
cent at concentrations as low as 2
parts per quadrillion (background
concentration) with an 8-litelr
capacity air sample.

A second sampler, the prototype
called the “dual-trap salmplelr:
combines both sampling and
analysis. Using two samplin!J
tubes, it simultaneously traps a
new sample as it analyzes the
previous sample. This device can
provide analysis of one air sample



containing perfluorocarbon tracers
every 5 ‘m~n-utes.It can detect
perfluorocarbon tracers at their
ambient levels with 15 percent
accuracy essentially in real time.

The third prototype sampler is a
real-time continuous monitor in-
tended primarily for use in aircraft
sampling. Air is drawn through a
catalytic reactor that removes the
oxygen and other electron absorb-
ers, leaving the perfluorocarbons
and nitrogen in the remaining air.
This air is passed directly to an
electron-capture detector that pro-
vides continuous readout of
perfluorocarbon concentration
with only a 3-second delay. When
completed, this sampler should
yield accuracies of 0.1 parts/trillion
in measuring perfluorocarbon
traces.

History In the early 1970’s, the only
available atmospheric tracer with
acceptable physical properties
was SF~. The difficulty in meas-
uring trace amounts of SFG
against natural and man-made
backgrounds limited its use-
fulness to a range of about 150
kilometers. Recognizing the need
for longer-range tracers, OHER
initiated research into two tracer
types:

1. Perf/uorocarbon tracer. Invest i-
gations reported by 1974 in-
dicated that a perfluorocarbon
tracer system could be devel-
oped that would be ideal for
long-range dispersion studies.
The NOAA Air Resources Labo-
ratories contracted with Love-
Iock to develop the three
different samplers as the first
step in the development of the
new tracer system. Prototype in-
struments were delivered by
Lovelock in 1976. Since then the
laboratory has been working
closely with DOE’s Environmen-
tal Measurements Laboratory
(EML) and BNL in a cooperative
effort to develop a practical
perfluorocarbon system.

2. Heavy methane tracez Follow-
ing the observation that air
contained an insignificant
number of atoms with an
atomic mass of 21, Los Alamos
initiated work in 1973 to
develop a tracer with that

atomic mass by synthesizing
carbon-13 and deuterium into
heavy methane, CDZ. Both
carbon-13 and deuterium are
available from other Los Alamos
programs. Concurrently, scin-
tillation techniques for detec-
ting single ions using mass
spectrometry were being devel-
oped at the Atomic Weapons
Research Establishment
(AWRE), United Kingdom. After
the initial tests of heavy meth-
ane tracers at AWRE were com-
pleted, OHER funded the
development of a mass spec-
trometer analytical capability at
Los Alamos to measure the
tracer levels in ecological
samples.

Several field experiments have
been conducted to test the per-
fluorocarbon and heavy methane
tracer systems. The most impor-
tant of these were two demonstra-
tions conducted in July 1980. In
the first demonstration, SFGper-
fluorocarbons and heavy methane
tracers were released and sampled
at distances of 100 and 600 kilo-
meters. The second trial used only
perfluorocarbons and SFGwith
sampling only at 100 kilometers.

The key issue to be resolved by
the experiments was whether the
tracers and the analysis systems
were similar; that is, if equal
amounts of the two perfluorocar-
bons were released, would equal
amounts be detected at every
location? Even more crucial were
the direct comparisons of different
tracers, such as the perfluorocar-
bons and the heavy methanes.

The experiments proved that the
perfluorocarbon and methane
tracers behaved the same in the
atmosphere, faithfully following
the air motions and remaining in
the air streams out to 600 kilo-
meters from the source. Consider-
ing that the heavy methane and
perfluorocarbon determinations
are conducted by totally different
analysis techniques (mass spec-
trometry for the methane and gas
chromatography followed by
electron-capture detection for the
perfluorocarbons), these results
inspired confidence in both tracer
systems.

BenefBs Atmospheric tracers are a
recent development that may find
applications in several research
areas. These tracers allow the
validation of computerized models
to describe atmospheric transport
and dispersion, as well as the
investigation of fundamental as-
pects of dispersion or dynamic
meteorology not accessible by
other means.

These tracers will find applica-
tions in facility siting and empiri-
cal studies of specific situations
where there is no adequate model
of the dispersion of emissions or
when existing models are inade-
quate because of the complexity
of the terrain. For example, in a re-
cent DOE study of drainage winds
in complex terrain, the tracers
were used to determine the
capability of existing wind pat-
terns to remove pollutants vented
from geothermal wells.

Aetvsol Instrumentation, Dry
Deposition, and Resuspension In
an effort to predict the fallout of
minute particles of radioactive
debris from weapons tests, re-
search was undertaken in the
science and technology of aero-
sols. Subjects studied include par-
ticle behavior in the stratospheric
air, tropospheric interactions with
rain and snow, and deposition in
lungs from inhalation.

Dry deposition is the process by
which particles and gases are
transferred to the earth’s surface
from the air. Research into dry
deposition has made possible the
development of predictive models
that relate deposition velocity to
particle diameter. Although these
models still contain considerable
predictive error, the results are
typically an order-of-magnitude im-
provement over earlier practice.

Resuspension is the process by
which particles and gases become
reintroduced into the air from the
cart h’s surface. Research into par-
ticle resuspension has made pos-
sible the development of models
to predict resuspension rates,
which are used as boundary condi-
tions in air transport models
needed to reliably predict what
will occur downwind.
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Wstory Research on dry deposition
stems from attempts in the 1960s
to measure worldwide fallout of
radioactive debris from weapons
testing. Dry deposition on grazing
lands was of particular concern
because it introduced radioiodine
into the food chain. Researchers
identified the phenomenon and
developed a now widely used
system that collects dry and wet
deposition separately. The early
monitoring efforts resulted in a
body of data but also made clear
the inadequate understanding of
the unde~lying physics. The
results of OH ER-supported re-
search into aerosol phenomena
was combined in 1973 with other
advances in aerosol research and
with the emerging electronics
technology to produce a new elec-
trical aerosol analyzer for surface-
Ievel use. Compared with the
preceding electrical analyzer, the
prototype achieved an approximate
sixfold reduction in size and
weight. Recognizing its potential,
TSI, Inc., an instrument manufac-
turer, completed the design and
engineered a reliable electronics
package for the unit. After its
market introduction in 1974, the
unit quickly became the standard
method for measuring the number
and size of submicron-sized par-
ticles or drops in aerosols.

flenetlls Over 200 units of the elec-
trical aerosol-size analyzer have
been sold since its introduction in
1974j nearly one-half of these
sales have been to overseas cus-
tomers. TSI supplied the following
approximate domestic sales by
category:

Number
of units Applications
50-60 Air pollution monitor-

ing and research
12-15 Diesel combustion

research and health ef-
fects research

10-12 Military research on
smokes, obscurants,
and aircraft condensa-
tion trail suppression

Other applications include com-
mercial smoke detector develop-
ment and calibration, research
on commercial air filters and
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demisters, sem,i,conductor clean
rooms, and particle-size control of
carbon black in tire manufac-
turing.

A number of health, safety, mili-
tary, and industrial benefits are
associated with the use of elec-
trical aerosol-size analyzers. Air
pollution monitoring and research
benefits include accuracy in quan-
tifying airborne pollutants, identi-
fying particles small enough to be
respirable, and improving the abili-
ty to enforce emission regulations
for point sources. Benefits arising
from diesel combustion and
health-effects research include the
ability to monitor more precisely
the diesel combustion exhaust
and to evaluate more effectively
the effect of design changes on
exhaust products. Research on
smokes, obscurants, and aircraft
condensation trail suppression
enhances the survivability of
military personnel and equipment.
Industrial benefits include clean-
room monitoring, leading to a
lower rejection rate of electronic
components and assemblies;
particle-size control of carbon
black used in tire manufacturing,
resulting in greater tire treadwea~
and miscellaneous applications,
such as smoke detector develop-
ment and calibration, information
on the effects of pollutants on
plant growth, and development of
commercial air-cleaning filters and
demisters.

A sound understanding of the
complex relationships between
pollutant emissions and pollutant
concentrations in the environment
is essential for promulgating
sound environmental policy. In this
regard, research on dry deposition
and resuspension can benefit
society in one of two ways: by pro-
viding basic data needed to
demonstrate that human and en-
vironmental exposures to harmful
aerosols are less than currently
believed or by demonstrating that
the threats are greater than cur-
rently believed. In the former case,
society can benefit from this infor-
mation by devoting fewer of its
scarce resources to emission con-
trols, and in the latter case, it
benefits by taking actions to
reduce emissions.

An additional benefit Ifrom
research on resuspension relates
to windblown soil erosion. “rhe
physical processes of resuspen-
sion and soil erosion are essen-
tially the same. Hence, the results
of research on resuspension can
be applied directly to the SIudy
and prevention of windblown soil
erosion.

Identification ancl
Evaluation of
Environmental Effects

The concerns resultin!~ from
energy production andl use have
ranged from disturbance of natural
systems by mining, deforestation,
and drainage to offshctre dri Iling,
toxic waste disposal, thermal
discharges, and the ccmtamination
or pollution of sources of fc)od.
Research initiated to gain an
understanding of the effects of
fallout from weapons tests, poten-
tial discharges from weapons pro-
duction facilities, and pathways
radioactive materials and other
energy-related materials follow in
moving from their source to the
size of potential danger has been
expanded to encompass pathways
of substances through the food
chain, underground migraticln of.
substances, as well as aspects of
radioecology, geology, and many
other fields.

Rlverlne Ecology “Riverine
Ecology” is the title given to a
group of studies and models
developed to understand and
describe the environmental impact
resulting from industrial heating of
river water.

HistoryBeginning in the late 1940s,
the environmental impi~cts clf
once-t hrough cooling c)f reactors
built for the United States nuclear
weapons program at Siavannah
River and Hanford were the object
of research on riverine ecology by
the AEC Later, environmenti~l im-
pacts resulting from once-through
cool ing of power reactors
prompted a major research pro-
gram at Oak Ridge on riverine
ecology. The program focused on
power reactors in an effort to an-
ticipate problems the nuclear in-
dustry might face in complying



with the N,ational Environmental
Policy Act and other environmental
laws. The problem of heating river
waters is primarily nonradiological
in nature and, thus, also germane
to coal-fired plants, pumped-
storage reservoirs, and other oper-
ations that have the potential to
cause large-scale changes in river
conditions.

By reviewing and analyzing world-
wide experience and by conduct-
ing laboratory experiments,
researchers were able to compile a
data base on aquatic ecology im-
pacts and establish criteria for
altering water quality. From these
data was developed a set of
models of fish population dynam-
ics, entrainment and impingement
at plant intakes and discharges,
and transport of water and en-
trained fish and larvae. The focus
of this research was on the
striped bass population of the
Hudson River, site of the Indian
Point Unit 2 nuclear plant. Later,
the scope of the program was ex-
panded, both in depth (to include
more detailed studies of factors
governing entrainment and im-
pingement) and breadth (to in-
clude studies of other fish
populations).

Benefits This basic research on
riverine ecology led to the devel-
opment of a body of knowledge
that could be applied to a variety
of problems arising in the design
and construction of large electric
power plants. The information was
used specifically to evaluate the
need for cooling towers planned
for several power plants on the
Hudson River.

Riverine ecology research was in-
strumental in the negotiated
resolution of the longstanding
dispute over the impacts of power
plants at Indian Point (nuclear)
and Bowline and Roseton (oil-fired)
on the ecology of the Hudson
River. At the time of the settle-
ment (December 1980), EPA had
entered its fifth year of admini-
strative deliberations over whether
the plants would be required to be
retrofitted with cooling towers.
Previous studies had alleged that
the plant’s emission of warm
water and its huge withdrawals

of river water for once-through
cooling would kill mature fish
(through collision or impinge-
ment) and would draw in and in-
jure or destroy (entrain) juveniles,
larvae, and eggs and, thus,, con-
tribute to a serious depletion of
the Hudson River population of
striped bass.

The use of the models developed
in the OHER research indicated
that the impacts on striped bass
were smaller than alleged but
determinable. With the boundaries
of the dispute settled, the parties
were able to reach a compromise
solution that served both their
plan and the public interest. This
is, perhaps, the major significance
of the Hudson River case. Follow-
ing its settlement, Russell Train,
former EPA Administrator and
mediator for the Hudson River
case, stated, “the settlement
demonstrates that acceptable ac-
commodations can be reached
which effectively balance the en-
vironmental and energy needs of
the Nation . . . [through] media-
tion and negotiation, rather than
by sole reliance on the more
traditional adversarial legal
procedures!’

Ecology of the Continental
Shelf The continental shelf, which
accounts for less than 10 percent
of the total ocean surface area,
produces most of our seafood.
This shallow perimeter of water off
our coast receives nearly all of the
contaminants that wash off the
land and flow downstream. Be-
cause it is the more productive,
the coastal area is more suscepti-
ble to damage from pollution than
are deeper parts of the ocean.
Research on the continental shelf
was initiated to determine the en-
vironmental impact of effluents
from nuclear and fossil power
plants on coastal areas and also
to predict the effect of energy
discharges over the coastal zone.

The sea, like the lowest region of
the earth’s atmosphere near the
surface, is self-cleansing. Thus, it
has a carrying capacity for con-
taminants. We need to know this
carrying capacity to be sure that
the sea is not used beyond its
capabilities.

Hisfory The continental shelf pro-
gram evolved from work that grew
out of concern about nuclear
fallout from weapons testing in
the Pacific. Work began in the
deep ocean, following the move-
ment of the radionuclides from
Eniwetok and Bikini in the Kuro-
shio Current toward Alaska. It
soon became apparent, however,
that the primary route of radioac-
tivity to humans from the ocean
was through seafood. Fallout on
land was washed into the coastal
zone, raising interest in the natural
processes that move contaminants
in this area.

The first integrated program dedi-
cated to coastal transport was
begun by DOE in 1975, using
oceanographers from Skidaway in-
stitute, the University of Georgia,
the University of Miami, and North
Carolina State University. The
study began with an investigation
of coastal currents that move dis-
solved contaminants, specifically
the Gulf Stream that sends
tongues of water twisting into the
coastal zone, causing quantities of
contaminant-laden water to move
offshore. The scientists then
moved inshore to study the
mechanism driving freshwater
runoff from rivers through the
“dam” of saltwater offshore, carry-
ing contaminated coastal water
out to the deep ocean. Their re-
search has shown that the coastal
zone is regularly flushed and the
buildup of contaminants is reduced
periodically.

In the Northeast, oceanographers
from the Woods Hole Oceano-
graphic Institution, Yale University,
the University of California at Los
Angeles, North Carolina State
University, Columbia University,
and Brookhaven National Labora-
tory studied, and continue to
study, the movement of natural
particles and the manner in which
they attract contaminants. The im-
portance of this research was
highlighted by the earlier dis-
covery, in which DOE played an
important role, that many, indeed
most, pollutants tend to attach
themselves to particles that gradu-
ally fall to the bottom of the sea.
Also, since many of the particles
involved are photoplankton cells
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rich in carbon, this line of re-
search is important in understand-
ing how carbon dioxide is being
removed from the atmosphere and
stored as deposits of organic car-
bon in the ocean at the edge of ~
the continental shelf.

Present research continues to
study the processes that move
contaminants in the coastal zone.
The scope of studies has been ex-
panded to include the Pacific
Ocean off California. Special in-
terest is in those processes that
transport materials across the
shelf and into deeper waters of
the open ocean, where their direct
impact with humans and natural
coastal systems is minimized.

Benef/fs This continental-shelf
dynamics program benefits many
users, including:

c DOE. DOE is responsible for
cleaning up several sites con-
taining materials associated
with earlier nuclear activities
through the Formerly Utilized
Sites Remedial Action Program.
Data developed by the conti-
nental-shelf dynamics program
are a key element in deciding
whether sea disposal is safe.
The program has also provided
models to predict the fate of
spilled materials, such as the
oil from the Argo-Merchant. The
information developed is also
used by other agencies involved
in modeling oil spills. Moreover,
the modeling capability provides
crucial information required to
support the leasing of offshore
tracts for oil development.

● State and Federal regulatory
agencies and utilities. In Wash-
ington and Oregon, the program
identified sites where industrial
activities might harm the razor
clam fisheries. Work at the
Scripps Institution of Oceanog-
raphy helped establish the
chlorine release standard for
the California coast. Studies at
the University of Washington
have shown that mercury is
rapidly removed in coastal
waters and could, therefore, be
safely released at higher levels
than previously anticipated. In
the past, floatable in municipal
wastes drifted onto the beaches
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of Long Island, closing more
than 100 kilometers of beaches
and causing an estimated
$20-million (1976) loss in the
tourist and related industries.
The coastal-shelf model pre-
dicted the path of the wastes
and showed that dumping far-
ther off-shore or storing wastes
for later dumping during favor-
able conditions could help avoid
these damages.
fishing industry. Based on a
consid~ration o~ fronts, temper-
ature, and upwelling, the
coastal-shelf dynamics work
helps determine where the fish
are located. The impetus for
fishery development was pro-
vided by a NOAA Sea Grant, and
the information was provided by
the coastal-shelf dynamics pro-
gram. Dockside values of fin
fish which landed in Georgia
rose from less than $38,000/year
from 1969 to 1975 to over
$230,000/year from 1976 to 1979.
The program has similarly
benefited fin fisheries in South
Carolina.

In 1976 there was a major kill of
shellfish along the New Jersey
coast with estimated damages
of $50 miIlion. The coastal-
dynamics program investigators
identified the conditions and
implemented an early-warning
system in case similar condi-
tions recur. Fisheries experts
estimate this knowledge would
enable them to save one-half of
the shellfish. It is estimated that
the peculiar oceanic conditions
that lead to fish kills would oc-
cur about one year in ten.

Tracing Pathways of Nuclear
Wastes In the Life Cycie Small
amounts of transuranic elements
produced by nuclear energy ac-
tivities may move through the en-
vironment and back to humans or
other biological organisms. (Tran-
suranic elements are those with
atomic numbers greater than
uranium; they are radioactive and
can be toxic to humans.)

Hundreds of tons of transuranio
elements, mostly plutonium, have
been produced since World War II
as a part of nuclear weapons
production. Small losses to the

environment from processing have
occurred. Such losses have been
studied at the Savannah River
Laboratory and the Savannalh River
Ecology Laboratory. Plutonium
emitted from a nuclear fuel sepa-
rations pIant is followed through
the aquatic and terrestrial environ-
ments, and its dose to humans
from ingestion is asse:>sed.

Plutonium particles from the
Savannah River nuclealr fuel sepa-
rations plant attach to dust par-
ticles. Concentrations of these
particles in the air provide poten-
tial annual doses of less than 1
percent of the natural background
at the plant boundary. Wheat,
corn, soybeans, root crops, i~nd
tobacco grown in plutcmium-
containing soil—had the mcwt
plutonium on the surfalces, not in
the edible part, of the plant. The
potential dose from plutonium to
humans eating these crops after
more than 20 years of Savannah
River operation is less than from
naturally occurring radioactive
potassium-40 in the same soil.

Measurements in sediments, biota,
and water in estuarine systems
near the Savannah River indicate
that plutonium concentrations in
this watershed are not different
from those of watersheds with no
nuclear facilities, even though the
Savannah River is near one of the
highest concentrations of nuclear
facilities in the United States.

The results of all transuranic cy-
cling research up to 1980 have
been compiled in a book entitled
Transuranic Elements in the
Environment: A Sumn?ivv of En-.
vironmental Research on Trans-
uranium Radionuclides Fun[jed by
the United States Depiirtment of
Energy Through Calendar Year
1979, [cd. by Wayne C Hanson
(DOE Technical Information
Center), DOE/TIC-2280(), 746p,
1980]. These research results, plus
later scientific papers, form a valu-
able data base on transuranic cy-
cling in the environment. Perhaps
equally important is the evolution
of a group of scientists whc~can
answer questions about trans-
uranic elements that arise from
civilian and military applications
of nuclear technology.



Hisfory Befqre 1973 environmental
research’ into t~e behavior of the
transuranium elements was con-
ducted on an ad hoc basis, usually
in response to an accident, such
as the loss of nuclear material in
military aircraft accidents, or to
“hot spots” found in the environ-
ment, such as the discovery of
plutonium concentrations that ex-
ceeded fallout levels (e.g., near the
Nevada Test Site). Short studies
were usually undertaken to de-
scribe the distribution of pluto-
nium and Assess the health hazard
at the particular site. This informa-
tion provided some basis for gen-
eralized observations about
environmental movement, but
most of the in-depth studies were
only applicable to soils of high
PH.

No concerted studies had been
made of transuranic element
movement through aquatic food
chains or the marine environment.
Early studies did not address
whether biological modification of
the transuranium elements might
increase their mobilization in the
environment, with more movement
to humans. To remedy these defi-
ciencies, OHER initiated basic
research activities covering all
aspects of environmental transport
from soil processes to ecos~stem
cycling.

Bef?efifsThe major benefits of the
information from OHER’S trans-
uranic environmental cycling re-
search are ut iIized by

1. Nuclear Standard-setting Agen-
cies, both National and lnterna-

2.

tiona/. The results of research
on transuranic cycling represent
virtually the sole source of such
data which is vital to standards
writing bodies such as the Na-
tional Council on Radiation Pro-
tection for the United States,
the National Radiation Protec-
tion Board for the United
Kingdom, the International
Atomic Energy Authority, and
the International Commission
on Radiation Protection.
Defendants in Personal Iniurv
Litigation. The United States-
and its contractors have been,
and are being, sued by plaintiffs
who claim damage caused by

3.

4.
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transuranic elements and other
radioactive substances to which
the plaintiffs were allegedly ex-
posed. The body of scientific
knowledge on transuranic ele-
ments developed by OHER-
sponsored research is being
used in such litigation. The
damages sought in these suits
can be extremely large. In one
such case, the punitive dam-
ages sought were $4 billion.
Hazardous Waste Managers. The
mathematical models developed
and validated for chemicals
containing transuranic elements
can be applied to similar mate-
rials in the environment. Specif-
ically, the modeling of surface
erosion, surface water transport,
and sediment transport in the
canyons near Los Aiamos has
helped to determine remedial
actions needed to deal with
other forms of contamination in
Los Alarnos County.
Future Plutonium Facility
Design and Operation. The
transuranic cycling research at
the Savannah River Laboratory
and the Savannah River Ecology
Laboratory has verified that
technology exists for containing
plutonium in operating nuclear
facilities. The environmental
assessment methodology and
data can be applied to other
nuclear facilities where pluto-
nium is of concern.

ldioisotope Tracers Radioiso-
pe tracers can be used to follow
emical reactions in biological
d biomedical research. Radioac-
‘e isotopes, such as carbon-14
.d hydrogen-3 (tritium), can be
;ed to “tag” organic molecules.
?cause the tracer’s radiation is
lsiIy detected, its movement can
I followed through the diverse
‘ocesses and changes occurring
the biological or physical sys-

m containing the radioactive
acer.

ie following are examples of the
Iccessful application of radioiso-
pe tracer techniques in the
udy of ecosystems and biolog-
al systems. The use of radio-
otope tracers in medical
agnosis and treatment is dis-
Issed in the section on “Nuclear
edicine.”

Lh?kuges in Ecological Systems
Use of radioisotopes as chemical
tracers for food web (lateral food
chain linkages) and related studies
was developed to help understand
and project the fate of radio-
nuclides released to the atmos-
phere in weapons tests and by
nuclear production facilities.
These techniques soon played a
key role in ecosystem investiga-
tions. In radionuclide studies, the
tracers enabled researchers to
distinguish the specific chains in,
an ecological food web. With this
information they could trace the
pathways and identify the proc-
esses that concentrated radionu-
clides as they moved from the
environment to humans. More
broadly, the successful use of
radiotracers in this research area
encouraged environmental scien-
tists to use radiotracers for identi-
fying and quantifying linkages in
ecological svstems that meviously
were difficu~t, if not impossible,
trace, thereby opening a whole
new range of understanding
ecology.

Hisfory A Rrime concern of the

to

AEC and public health agencies
was that radioactive materials
might move and localize in the en-
vironment, thereby becoming con-
centrated before reaching humans.
Recognizing that food webs were
the major unknowns in under-
standing and predicting the fate of
radionuclides in the environment
and that radiotracers offer unusual
possibilities for distinguishing
specific pathways (food chains) in
an ecological food web, AEC in-
it iated a broad-based research ef-
fort on radionuclides and food
webs. This research led to an
understanding that organisms in
ecosystems form feeding relation-
ships and that these chains are
usually limited to three or four
links. A radioisotope of an ele-
ment may be transferred up a food
chain, concentrated, or discrim-
inated against, at various levels, as
it is passed to the next level
through feeding and being fed
upon.

As investigations yielded quan-
titative data on these processes,
ecologists perceived the potential
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to use mathematical models in ad-
dressing the complexity and
dynamics of ecosystems. By the
end of the 1960s, ecosystem
modeling based on radiotracer
techniques was recognized as
useful in addressing the Nation’s
environmental pollution problems.

Benefifs The analysis of food
chains with radiotracers confirms
the importance of food in passing
radionuclides to humans. Conse-
quently, calculations and estima-
tions of the radiological dose to
humans must take into account
the behavior of radioisotopes in
food chains. These data are crit-
ical because the standards for the
release of radioisotopes to the en-
vironment have become more
stringent. In contrast to the early
days of nuclear energy when esti-
mates of release were based on
limited laboratory data, detailed
quantitative information can now
be provided on the rates of ac-
cumulation and residence times of
radionuclides in a variety of organ-
isms. This ability has proven
extremely important in the prepa-
ration of environmental assess-
ments of proposed nuclear
facilities and has enabled radia-
tion protection specialists to
derive dose estimates.

Dynamics of Biological Systems
Carbon-14, which omits beta par-
ticles with a half-life of 5770 years,
with slight toxicity, and hydrogen-3
(tritium), another beta emitter with
a half-life of 12 years, are the two
most widely used radioactive
tracers in biomedical research.
Ninety-five percent of the biomed-
ical research reported in leading
journals involves the use of these
tracers. Research in biochemistry,
physiology, and pharmacology
relies on the continued use of
these tracers.

Carbon-14 is the most popular
isotope because of its favorable
combination of properties. H emits
beta particles strong enough to
measure—but weak enough to
make shielding unnecessary—and
to give good definition in radio-
graphs. Its long half-life makes it
unnecessary to correct measure-
ments for decay; and it is available
in adequate quantities, with
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suitable levels OLradioactivity, and
at low cost. Its toxicity is relative-
ly slight and is not a problem in
most applications. Tritium has
been used mainly as an auxiliary
tracer for carbon rather than as a
hydrogen trace~ its shorter half-
Iife offers some advantages.
Isotopes of other elements, such
as hydrogen, nitrogen, oxygen,
sulphur, and phosphorus, are of
secondary interest but are valu-
able for certain uses.

Hkfofy On June 14, 1946, in the
journal Science, an announcement
was made by Manhattan Project
Headquarters, Washington, D.C.,
that:

Production of tracer and thera-
peutic radioisotopes has been
heralded as one of the great
peacetime contributions of the
uranium chain reacting pile. The
use of the pile will unques-
tionably be rich in scientific,
medical and technological
applications.

On August 2, 1946, the first ship-
ment of reactor-produced radioiso-
topes left ORN L. The compound
containing carbon-14 was sent to
the Bernard Free Skin and Cancer
Hospital in St. Louis. This signal-
ed the beginning of widely avail-
able isotopes at reasonable costs
for persons trained in their use. By
1962 ORNL had made over half a
million shipments of radioiso-
topes. On July 31, 1964, there were
1085 physicians in the United
States licensed to use radioiso-
topes in private practice and some
1201 medical institutions licensed
to handle radioisotopes.

Benefifs The use of carbon-14 in
biochemical analysis is widespread.

1.

2.

Carbon-14 glucose has replaced
the classic glucose tolerance
test in measuring the absorp-
tion of glucose. Molecules
“labeled” with carbon-14 are
structurally identical to the
nonlabeled molecules and
behave exactly the same.
Carbon-14-labeled COtT)DOUndS
have simplified the study of
metabolic diseases in man
because only the amount of
carbon dioxide labeled with
carbon-14 (14C02)in expi ratory

air needs to be’measured. This
method is easily applied using
carbon-14-labeled tripalmitate or
trioleate to diagnose the malab-
sorption of fat. Problems asso-
ciated with radiochemical purity
are avoided when carbor~-14
compounds are used.

One of the most important ad-
vances in medical dialgnos!s was
made with the introductiorl of
tissue biopsies, providing informa-
tion that formerly could be ob-
tained only at a postmortem
examination. Usual chemical
methods can not be used blecause
of the small amount of tissue in-
volved. Use of carbonl-14 provides a
sensitive, specific, and technically
easy measurement of biolcjgical
reactions in these iscdated tissues,
by measuring 14C02liberated when
tissues are incubated on surfaces
containing carbon-14.

Carbon-14 is used mainly for in
vitro, or test tube, studies of cells
incubated on various carbcm-l4-
Iabeled surfaces. One development
at the Johns Hopkins, University
Hospital has been for rapid detec-
tion of bacterial contamination in
various biological specimens. For
example, blood or tissue sus-
pected of harboring bacteria is
placed in a reaction vessel in
contact with an appropriate
carbon-14-labeled material. The ap-
pearance of 14COZin the gas above
the reaction vessel will indlicate
the presence of bacteria more
quickly than routine t]acteriolog-
ical techniques.

Other advantages of carbon-14 and
tritium are the long shelf-life of
radioactive-labeled cc~rnpounds;
availability in relatively pure forms;
the ease of attaching radic)active
atoms to proteins; and broad ap-
plications in the production of
complex molecules with living
organisms, drug metabolism,
cytology, and enzyme assays.

Plant Metabolism A comp Iete
mapping of the metabolic path-
ways of carbon in the ~hotosyn-
thesis process from the initial
fixation of carbon dic)xide from the
atmosphere to the production of
glucose by green plalnts was
developed by Dr. Melvin Calvin and



associates at Berkeley from 1945
to the Ihte 1950’s. In 1961 Dr. Calvin
received the Nobel Prize in Chem-
istry for this work.

History Once radioisotopes from
reactors became avaiIable in quan-
tities sufficient for research in the
early 1950’s, AEC encouraged the
use of these isotopes and spon-
sored a variety of research relating
to problems of fundamental signif-
icance. The association with the
field of photosynthesis arose
because the chemistry of metallic/
organic compounds had been ap-
plied to the purification of pluto-
nium and uranium during the
Manhattan Project. Chlorophyll,
the key molecule in photosyn-
thesis, is one such metallic/
organic compound and had been
an area of research for Dr. Calvin
prior to his work on the Manhattan
Project. AEC subsequently pro-
vided both funding and isotopes
to him for extensive fundamental
research on tracing the complex
physical and chemical processes
involved in, or metabolism of,
photosynthesis.

Other current directions of re-
search, based upon understanding
the physics and chemistry of
photosynthesis, include the devel-
opment of devices to convert solar
energy directly into stable chem-
ical forms and, on a longer-term
basis, to reduce carbon dioxide in
the atmosphere.

Beneflfs The scientific benefits of
this work were twofold. First,
understanding of the photosyn-
thetic process was greatly en-
hanced. This understanding of the
detailed biochemistry of the proc-
ess laid the groundwork for fur-
ther developments leading to an
understanding of metabolic con-
trols in plants. Such an under-
standing was a prerequisite to any
genetically engineered plant mod-
ifications and led to commercial
applications of chemicals specif-
ically designed to accelerate plant
growth and inhibit photorespiration.

The second early benefit was the
demonstration of powerful re-
search techniques that have since
found extensive use in studies of
“both plant and animal metabolism.

These techniques include the use
of radioactive carbon-14 as a tracer
to provide detailed autoradio-
graphs (pictures revealing the
presence of radioactive material,
the film being laid directly on the
object to be tested) of the phys-
ical movement of carbon atoms
through tissues or samples and
the use of autoradiography com-
bined with paper chromatography
(the separation of mixtures into
their constituents by preferential
adsorption by a solid, as a strip of
filter paper) to identify the inter-
mediate chemical products and
enzymes associated with the
metabolic path.

Extensive research has continued
at Berkeley and throughout the
world to further define photosyn-
thesis, not only in terms of carbon
dioxide fixation, but also in terms
of photochemistry, electron trans-
port, and the metabolic mecha-
nisms that regulate plant
chemistry and structure subse-
quent to the formation of glucose.
The development of further meta-
bolic understanding, the codevel-
opment by other researchers of a
spectrum of genetic engineering
techniques that permits the inser-
tion of gene fragments into single
plant cells, and the ability to grow
many types of plants from a single
cell have made it possible to mod-
ify selectively plant characteristics.

A potential future benefit of
research of this type is the trans-
fer of the light-hydrocarbon manu-
facturing capability of certain
tropical species into plants that
could be grown in the United
States. Another possibility is the
genetic improvement of the effi-
ciency of the photosynthetic proc-
ess itself.

Land Reclamation The program
in reclamation of surface-m! ned
land was begun in 1975 and has
demonstrated that reclamation of
such land is feasible both in the
arid West and in the Midwest.

Hlsfory Two fundamental research
efforts in soil science and plant
ecology aim at understanding the
processes leading to long-term
changes in soils and plants. This
information is needed to define

whether restoration following strip
mining of coal is acceptably com-
plete. OH ER research focuses on
plant competition, plant response
to salt and water stress, soil bio-
chemical processes, nutrient avail-
abiIity, and ecological processes
Qf long-term significance affecting
plant succession on disturbed
landscapes.

The following examples of re-
search efforts show that accept-
able reclamation of surface-mined
land is feasible.

Demonstration field plots at the
Jim Bridger Mine in western
Wyoming show that areas with
unstored topsoil deposited directly
on graded overburden can develop
a stand of naturally occurring
native plants 400 percent greater
than that of a similar area covered
with topsoil stored for 2 years
prior to reapplication. Vegetation
cover on the unstored topsoil plot
almost equaled that on unmined
areas after 5 years. With this infor-
mation, the Bridger Coal Company
now reapplies fresh topsoil when-
ever feasible. Because of weather
and other factors, however, topsoil
cannot always be deposited direct-
ly on graded overburden but, in-
stead, must be stockpiled. How
long can topsoil be stored before
degrading? In 1981 DOE built an
experimental topsoil stockpile,
planted thousands of native plant
seeds of known viability, and in-
stalled tubes for sampling gas and
measuring soil density. With peri-
odic testing of the viability of the
seeds in the pile, the maximum
period of storage for acceptable
levels of seed germination is be-
ing determined. Periodic changes
in soil microbial activity are
observed in soil and gas samples
from the pile. Results suggest that
direct reapplication will enable
operators to meet the 10-year re-
vegetation period for arid sites
mandated by the Office of Surface
Mining, but use of stored topsoil
may not.

A second, related project is the
development of “super plants”
adapted to mined-land reclamation
in the arid West. The hybrid native
shrubs are in the genus Atriplex
(saltbush and shadscale) and,
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]Ianted in the dry saline/clay en-
honment found on mined land at
he Navajo Mine in the ForJrCor-
lers region of New Mexico and
:he Jim Bridger Mine in Wyoming,
Iave survived better than any ex-
sting native plants. Current efforts
nclude the development of opti-
mum cultural practices and
machine-harvesting methods for
Mriplex seed. Commercial produc-
tion of large quantities of im-
woved hybrid seed is possible in
:he near future. A similar project
brasconducted on prime farmland
rather than on arid desert) at the
Burning Star Mine in southwestern
Ilinois.

Benefits Coal companies, under
the exemptions to current regula-
tions allowed in some states, are
>eginning to use these innovative
and reclamation methods. Pro-
~osed changes in requirements by
[he Office of Surface Mining will
make these new methods available
LOal I United States’ coal firms.

Current estimates indicate that as
much as 45 percent of the strip-
~able coal reserves in the mid-
~estern United States lies beneath
wime farmland used for crops,
areas similar to the OHER test
area in southern Illinois. The
method prescribed under the Fed-
eral performance standards for
returning surface-mined land to
row crop production is to remove
and stockpile the topsoil, segre-
gated by soil horizon, and then
replace the horizons in their
original order once mining is com-
pleted and the overburden is
regraded. Not only is this elabo-
rate procedure very expensive, but
research shows that it is counter-
product ive.

The experiments performed at the
Burning Star Mine in southern 11-
Iinois have so far revealed no dif-
ference in crop yield between seg-
regated and mixed soi I materials:
removing, storing, and replacing
the soil horizons did not increase
productivity any more than dump-
ing newly dug and mixed soils
from the bucket-wheel excavator
(“wheelspoil”) directly onto pre-
viously mined land in a single
operation. The ANL land reclama-
tion program has calculated the
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:ost of the latter procedure as
122,700/hectare in 1979, compared
o $61,800/hectare for the practices
nandated by the Office of Surface
dining.

f the above benefits are extrapo-
lated for 20 years, the present
ralue of the benefit would be $2.3
)illion.

rhe amount of surface-mined coal
‘rem western fields was about 200
nillion tons in 1980 (assume that
vestern coal is mined at a rate of
j8,800 tons/hectare). The actual
:ost of land reclamation at a typ-
cal western surface coal mine, the
Iim Bridger Mine in Wyoming, is
~bout $54,400/hectare, of which
)arth-moving costs constitute
~bout 75 percent. The direct-
~pplication method would save
~bout one-half of this latter
imount or $20,400/hectare. The
)otential benefits summed over 20
rears would have a present value
)f almost $600 million.

:heaper land reclamation offers at
east two other types of social
)enefits of enormous significance:
1) the environmental damages
~voided, such as habitat destruc-
tion, soil erosion, siltation of
Materways, and visual degradation,
md (2) the improved market posi-
tion of an abundant domestic
resource—coal—in relation to
imported oil, and the associated
favorable impact on the United
States balance of payments and
on National Security.

Detection and Measure-
ment of Environmental
Effects

Detecting Change Over the
Ages The quantitative ratio of one
radioactive isotope of an element
to another isotope (radioactive or
stable) of the same element can
be used to date or trace the move-
ment of the material containing
those isotopes. The source of the
radioactive isotopes may be geo-
logic, continually generated natu-
rally through cosmic-ray activity, or
man-made, originating from
weapons-test fallout or accidental
releases. Many questions can be
addressed using isotope ratios; for

)xample, the age,of volcanic ash
m the ocean bottom, the rate of
JIacier building, the age of the
4ntarctic ice, the age and source
>f the water at the bottom of the
>cean, groundwater age and mo-
:ion, the speed of land ercsion,
he speed of winds traversing the
~tmosphere, and the exchimge
‘ate from the stratosiphere of the
Northern hemisphere to that of
:he Southern, to mention i~ few.

rwO important applications of
sotope ratios are the long-range
:racing of effluents amd establish-
ing a historical baseline for as-
>essing the impact cm the world
>cosystem of the recent buildup
>f radioactive and ncmradioactive
sffIuents.

Wsfor’yBeginning in the 1950’s, the
4EC undertook basic research
.rsing isotope ratio analysis tech-
niques to understanci the long-
term dynamics of environmental
~rocesses. For example, W. S.
Broecker and his colleagues used
>arbon-14/carbon-12 (’14CP2C)ratios
to estimate that the mean resi-
~ence time of carbon dioxide in
the atmosphere is about 7’years.
Bottom water in the Atlantic turns
over once in about 500 yeim and
n the Pacific once in abOIJt 1000
years.

In 1958 Goldberg suggested the
use of ionium/thoriurn ratios
(NTh/23~h) to measure the ac-
cumulation of deep-sea sediments,
A year later, he disccwered
silicon-32 in marine sponges and, ~
with it, determined the rate of ac-
cumulation of silicious deposits.
Perhaps his most important dis-
covery, published in 1972, was the
use of lead-210 for di~ting glaciers,
currently the most widely used
technique for dating recent (i.e.,
the past 100 years) lake and
coastal marine sediments. In 1973
he and his colleagues published
on the use of 228Th/232Thtc~show
that many, if not most, lake and
marine sediments have mixed, in-
dicating a greater than anticipated
role of bottom-living organisms in
stirring up the bottom. Other
OHER contractors have since
found “bomb plutonium” 5 to 15
centimeters below thle surface of
sediments laid down over many
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:entur~es,.hdipating a more dy-
Iamic environment than previously
)elieved. In 1976 Goldberg’s asso-
ciates showed that radon-226
>ould be used to help date sedi-
ments of biological origin depos-
ted over the past 5000 years.

Scientists (Harley and H. L.
Jolchok) at the DOE Environmen-
tal Measurements Laboratory
established the ratio of cesium-137
md strontium-90 in fallout and
JSt?d this information to determine
low quickly artificial radionuclides
)enetrated and moved in ocean
Maters and what factors (other
~han radioactive decay) changed
the ratios. Oceanographers at Ore-
gon State University measured Co-

lumbia River outflow to the sea by
its chromium-51 content. Natural
radon measurements were used to
study the movement of undergroum
water and the propensity of soil to
retain introduced materials to
judge the safety of waste disposal;
PNL measured the natural inter-
change of materials between the
air and seawater with beryllium-7.

Oceanographers at Hawaii and
Livermore used fission products to
measure the growth rate of corals.
Woods Hole scientists used
natural radionuclides to measure
the absorption, resorption, and
settling, that is, the processes that
remove pollutants from the water
and place them in the sediments.

lenetlfs Knowledge of how quickly
he air is purged of pollutants,
low pollutants are swept out of
:he ocean and into the sediments,
TOWfast coastal waters flush, and
~here the materials in rivers are
~eposited provides important in-
~ights into the ability of the en-
vironment to accept human
~astes. Thus, some basic issues
:an be addressed: the carrying
>apacity of nature’s major sinks;
[he rate at which the land, air, and
Nater can accept civilization’s
~astes; the time until cleansing
mechanisms are operating; and
the time and manner in which
~astes break down into compo-
lent parts.
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Nuclear
Medicine
OBJECHVE: Develop to Its
Highest Potential the Application
of Nuclear Science to the
Diagnosis and Treatment of
Human Disease.

The phenomenon of radiation was
recognized by early investigators
to provide an opportunity for both
improved health care and de-
creased health risk. It was fore-
seen that radiation provided a
unique tool that, through applica-
tion of the combined skills of
scientists from the fields of
physics, chemistry, biology, and
medicine, could be made available
in forms convenient for use by the
medical profession for the diag-
nosis, as well as for the treatment,
of human diseases. Nuclear medi-
cine would make it possible to
monitor body functions, isolate
the causes and extent of diseases,
and to treat these with methods
never before possible.

Techniques that Aid in
Diagnosis

Research programs sponsored by
OHER have improved medical
science’s capacity to diagnose cer-
tain human illnesses. The use of
radioactive elements that preferen-
tially concentrate in certain body
organs and that can be followed
with very sensitive radiation detec-
tors acts to make the body’s inter-
nal oraans visible to medical
diagn~sticians. This combination
of selective radioisotopes and
special instruments has decreased
medical cost and simplified or
made more effective some pro-
cedures. In general, radionuclides
are injected into the circulatory
system, the resulting gamma emis-
sions are viewed with radiation
detectors, and the detected
signals are sent to a computer to
be transformed into the images
used in making the diagnosis.

The development of radioisotopes
and their application to diagnosis,
therapy, and monitoring of human
health problems were accelerated
dramatically by the formation of
the AEC in 1947 and the establish-
ment of a formal program to coor-
dinate and expand efforts in this
field. Nuclear reactors made it
possible to generate enormous
quantities of suitable radio-
nuclides that could be incor-
porated into radiopharmaceuticals
at moderate cost. In August 1946
the first reactor-produced isotopes

for civilian uses (carbon-14 for
cancer research) were shipped
from ORNL. At the same time,
large quantities of radioiodine
were shipped to experimenters
and clinicians; and in late 1946
S. M. Seidlin, L. D. Marinelli, and
E. O. Shory (J. American Medical
Association, 1946), announced the
first effective treatment of thyroid
cancer using iodine-130 and
iodine-131.

Three examples of radionuclides
widely used in radiopharmaceu-
ticals are thallium-201, technetium-
99m, and gallium-67, whose use
has resulted in improved and less
costly diagnosis with lower risk to
the patient. Other medically impor-
tant radionuclides include iodine-
123, ytterbium-169, xenon-127, and
xenon-133.

Thallium=201 for Diagnosis of
Heart Disease Thallium-201 ion is
a radiopharmaceutical used pri-
marily for detecting cellular
damage and reduced blood flow to
the heart (ischemia). The thallium
ions that have been injected in-
travenously are taken up by var-
ious organs in proportion to the
blood supply of the particular
organ. Approximately 85 to 90 per-
cent of the radionuclide passing
through the heart or its blood ves-
sels is extracted during each pass.
Its use for heart imaging is based
on the relationship between thal-
lium uptake and blood flow to that
region and the integrity of the
cells themselves. Therefore, re-
duced thallium ion in the heart
region indicates either reduced
blood flow, cell damage, or both.

Thallium scans can be performed
immediately after exercise or at
rest. The combination of an abnor-
mal exercise image in the pres-
ence of a normal resting image
indicates reduced blood flow to
the heart. An abnormal exercise
image that does not differ from
the image at rest indicates previ-
ous cell damage and scarring. An
abnormal exercise image that is
more abnormal than one noted at
rest indicates both previous cell
damage and reduced blood flow.

History Heart imaging with radioac-
tive particles was performed in
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dogs in 1966, and the feasibility of
direct injection of radionuclide
labeled particles into human
hearts was demonstrated in 1970
using radioiodine. With the direct
injection technique, virtually all
radioactivity was localized in the
~eart and relative regional blood
low could be determined precise-
y. However, the inherent invasive-
ness and risks involved limited the
Implication of direct injection to
)atients requiring cardiac
:atheterizat ion.

:xercise-induced regional blood
low among patients with coronary
irtery disease using intravenously
njected potassi urn-43 and
ubidium-81 was demonstrated in
he early 1970s. Thallium-199 and
nixed thallium isotopes were used
is imaging agents for heart mus-
:Ie in the late 1960s under OHER
wpport at the Franklin McLean
ulemorial Research Institute. Sci-
mtists at BNL developed the
‘adiopharmaceutical production
echniques for thallium-201 and
demonstrated its use for heart im-
iging in the mid-1970s. This ra-
iionuclide is generated as the
]y-product of a process that starts
vith the bombardment by a parti-
:Ie accelerator of stable thallium-
!03 metal foils with protons.

rhe United States pharmaceutical
ndust ry invested between $20 and
F25 million in developing the
~apacity to produce thallium-201.
n 1981 about 370,000 thal Iium-201
jeans were performed domes-
tically.Thallium sales by the New
:ngland Nuclear Corporation
done increased from $14 million
n 1979 to approximately $20
nillion in 1981. Worldwide thallium
sales reached $28 million in 1980,
Jp from $17 million in 1979.

Beneflfs The thalIium-201 exercise
testing has filled an important gap
in the diagnosis of heart disease
between electrocardiograph (EKG)
exercise tests and the more
invasive, risky, and expensive angi-
ography using cardiac catheteriza-
tion. This is especially true for
females because false positive fin-
dings from exercise EKGs are
much more frequent. Moreover, th~
inherent invasiveness, risk, com-
plexity, and cost of angiography
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Jsing cardiac catheterization
veigh against its use to provide
he necessary diagnostic informa-
tion in a disease that affects over
jOO,OOOAmericans each year. The
hallium examination not only ex-
ends benefits to those patients
vho would not be able to with-
}tand cardiac catheterization, but
t also results in better selection
]f those patients who require car-
jiac catheterization.

rhe introduction of a new technol-
ogy into an already well-developed
)rocess produces an altered set of
)enefits and costs. For example,
~t the Johns Hopkins University
+ospital between 1975 and 1977,
57 percent of the women who had
>ardiac catheterization to investi-
~ate chest pain showed no evi-
~ence of suspected coronary heart
Iisease. In these cases, coronary
mgiography and simultaneous
~atheterization were required to be
;ertain that the women did not
nave coronary heart disease. To-
~ay, nuclear cardiology proce-
dures, chiefly thallium-201 exercise
testing, have decreased this to
less than 20 percent. Data from
Johns Hopkins also indicate the
increasing linkage of cardiac
catheterization to cardiac surgery,
with nuclear examinations solving
nonsurgical diagnostic problems.
The total National benefit has
been estimated at over $70
miIIion/year.

lechnetium=99m for Diagnostic
Scanning Technetium-99m is a ra-
dionuclide with a 6-hour half-life,
favorable gamma-ray emissions,
and no beta radiation. Depending
on the chemical form, it concen-
trates in the liver and kidneys in a
few minutes or in the skeleton in
2 to 3 hours after intravenous ad-
ministration, thus allowing imag-
ing with minimal patient radiation
dose. Use of technetium-99m
scans to examine prostate cancer
patients identifies those—about
25 percent of the total—for whom
expensive surgery or radiation
therapy could be replaced by less
expensive hormone therapies such
as bilateral orchiectomy or exo-
getieous estrogens.

Technetium-99m is considered to
have the best overall properties of

;urrently available radiorwclides
or imaging with a scintillation
:amera (considering half-life of th
adionuclide, patient radiation
lose, gamma-ray energy, availabili
y, and cost). Accordingly, it is
Ised in over 80 percent of nuclea
nedicine examinations of the
‘arious body organs.

‘or routine diagnostic studies in
idult patients, technetium-99m is
administered intravenously in
loses of 10 to 20 millicuries.
;tudies of the liver and kidney
)egin immediately. For the skel-
)ton, imaging is usually performe
) to 5 hours later.

t has been estimated that one in
our patients hospitalized (out of
)7 million admissions/year) in the
Jnited States received a techne-
ium-99m-labeled compoulnd as
)art of the diagnostic process. Al
east 6 million studies are per-
ormed annually. Industry is cur-
‘ently producing teclnnetium-99m,
rvithsales totaling $26
nillion/year.

YistoryArt if icially produced tech-
netium is usually obtained from
~ctivated molybdenulm-98. Tech-
netium was discovered by’ Emilio
Segre and Glenn Sei~borg in 1938
it Berkeley, California, in the
aboratory of Ernest Lawrence.
blolybdenum-99 and its daughter
luclide, technetium-99m, were ob
:ained as a result of the fission
wocess.

‘or many years the Imedic:alposs
~ilities of the use of technetium-
)9m were overlooked because of
ts relatively short half-lifo (6
Tours). However, L. G. Stang, Jr.
md Richards (working at BNL) in
tented the radionuclide generate+
in which the user could chemi-
~ally separate the technetium-99
[adionuclide from its longer lived
radioactive parent, molybdenum-$
This made possible the availabili
of the short-lived radionuclide at
those sites where a reactor was
not available.

Stang and Richards advel’tised
both molybdenum-99 and
technetium-99m for sale (cmthe
cover of the Brookhaven catalog
1960. In 1961 Beck published a
theoretical study demonstrating



that the,oplim~ gamma-ray en-
ergy for detecting brain tumors is
below 200 kiloelectron volts, thus
calling attention to materials such
as technetium.99m. In 1963 Harper
introduced a series of important
compounds labeled with this
nuclide. These compounds are
used in medicine to diagnose
disease, aid in planning treatment,
monitor the response to treatment,
and elucidate the cause of the
disease. Technetium-99m-labeled
compounds amenable to bone
scanning were introduced in the
early 1970s; labeled methylene
disphosphonate and related com-
pounds are now the primary
agents used in bone scanning
applications.

Benefits Technetium-99m currently
has a broad range of diagnostic
applications, as shown in Table 3.
One important application of
technetium-99m is its use in bone
scanning to detect the presence
of metastasis associated with
cancer of the prostate.
Technetium-99m replaces isotopes
of strontium that have high radia-
tion levels, long half-lives, and
poor physical properties, as well
as isotopes of fluorine-18, which
has high energy gamma radiation
and must be produced in a
cyclotron.

Table 3. Number of In Vivo
Nuclear Medicine Examinations
Performed by Organ System, 1982

Examination Number of Millions

Brain
Bone
Liver
Lung
Thyroid
Kidney
Heart
Other

Total

0.81
1.81
1.42
1.20
0.68
0.24
0.95
0.30
7.41

Source: Mettler, E A., et al., J. Nut.
Med. 26(2),201-05, February 1985.

Cancer of the prostate is the most
common cancer in men over the
age of 50. The median age for the
disease is 70. There are approx-
imately 57,000 new cases and

25,000 deaths each year in the
United States. Treatment for the
disease varies with the severity
and advancement of the cancer
and ranges from surgical removal
of the prostate (prostatectomy), or
radiation therapy in less advanced
or localized cases, to hormone
treatment for relief from symp-
tomatic pain in the more advanced
or metastasized cases.

The use of technetium-99m bone
scans enhances the diagnostic
ability for early identification.
Thus, costly radical prostatectomy
surgery or radiation therapy can
be avoided in patients with ad-
vanced cases where symptomatic
relief is the appropriate treatment.
Additionally, bone scans allow the
physician to respond to various
therapies or disease progression
safely and noninvasiveiy.

Prostatectomy has been used for
decades by pioneering institutions
such as the John Hopkins Univer-
sity Hospital as treatment for
“curable” prostate cancer. Radia-
tion therapy is an alternative treat-
ment used by such major cancer
treatment centers as Sloan Ketter-
ing Memorial Institute and is be-
coming more widespread.

A quantitative benefit of
technetium-99m scanning was
derived by computing (1) the net
prostatectomy costs and (2) the
net radiation therapy costs
avoided. Averaging the net costs
of the two treatments, assuming
that one-half of the patients would
have had prostatectomies and one-,
half would have had radiation
therapy, yields an estimate of the
cost benefit of about $92
million/year.

Gallium-67 for Diagnosis of
Hodgkin’s Disease Intravenously
administered radiopharmaceuticals
containing gallium-67 emit highly
penetrating gamma rays (with a
half-life of 78 hours) and concen-
trate in tumors and abscesses.
Gallium-67 was discovered at the
Berkeley cyclotron in the late
1930s and was demonstrated .
clinically at Oak Ridge in the late
1960s. A two-dimensional image
called a scintigraph is taken after
48 hours, using either a whole-

body rectilinear scanner, a large-
view gamma-ray camera, or a scan-
ning. gamma-ray camera. Gallium-
67 scintigraphy is of great value in
diagnosing cancer of the lungs
and peripheral lung tumors that
aie not accessible by bronchos-
copy. It is a valuable tool for
monitoring response to chemo-
therapy and radiation therapy. The
use of gallium-67 for localizing
abscesses is increasing and may
soon exceed its use for localizing
tumors. Early detection of bone in-
flammation (osteomyelitis) by
gatlium-67 scintigraphy enables
physicians to begin antibiotic
therapy before extensive bone
destruction occurs. The early use
of gallium-67 in investigating
“fever of unknown origin” frequent-
ly allows the physician to embark
on a more fruitful, cost-effective
search.

Currently, approximately one-half
of all gallium-67 studies are per-
formed for abscess localization
and one-half for tumor diagnosis.
In 1979 approximately 250,000
gallium-67 scans were performed
in the United States at a cost of
$5 million.

WsforyThe development of
gallium-67 for use in detecting
tumors and abscesses can be
traced to the early 1950s, when
HC. Dudley at the Naval Research
Laboratory (NRL) was conducting
research on the toxicity of stable
gaUium-71. In the course of this
research, it was noted that
gal,lium-71 has an affinity for
osteogenic (bone-related) activity.
This led to investigation by ORNL,
BNL, and NRL into applications of
reactor formed gal lium-72 em-
bedded in stable gallium-71 for
use in bone scanning. However,
the short half-life (14 hours) and
high energy of the gamma radia-
tiofi (4 million electron volts) made
this approach unacceptable.

In 1968 gallium-67 in gallium-71
was being evaluated as a new
alternative for strontium-85 in
bone scans. During this activity
R. L. Hayes, C. L. Edwards, and
others at the Oak Ridge Associ-
ated Universities observed that
gallium-67 in its carrier-free form
concentrates in tumors and

45



abscesses as well, permitting their
detection via gamma-ray spectrog-
raphy. This observation sparked
the development and use of
gallium-67 for detecting tumors (J.
Nuclear Medicine 13:92-100, 1972).

Benefits A single application of
gallium-67 scanning as part of a
diagnostic package for detecting
Hodgkin’s disease demonstrates
the range of potential economic
benefits from the use of this
radioisotope. In the diagnosis of
Hodgkin’s disease, patients are
classified into four stages based
on the number of lesions in the
lymphatic system. In stage one,
the disease usually involves only
one lymph node region and is
usually treated with radiotherapy.
Stage two involves two or more
adjacent lymph node regions
above the diaphragm and is also
usually treated with radiotherapy.
Stage three involves lymph nodes
above and below the diaphragm
and is treated with radiotherapy,
supplemented by chemotherapy in
selected cases. Stage four, charac-
terized by more diffuse and dis-
seminated involvement of the
lymph nodes and other organs, is
usually treated only by cherno-
therapy, with only relief and no
cure expected.

The benefit of gallium-67 scanning
arises from the ability to discrimi-
nate between advanced stages
three and four of this disease and
can be estimated as the avoided
cost, about $10 million/year, of
radiotherapy for individuals classi-
fied as stage four. Also important
is the use of gallium-67 in follow-
up treatment to evaluate remission
or relapse, especially when con-
fusing signs and symptoms
appear. Symptomatic patients
followed yearly, for example, can
have recurrent disease that
gallium-67 studies allow to be
treated early and possibly more
effectively. Conversely, many
relapse symptoms are found to be
falsely positive and not indicative
of disease.

hwtruments Tha? Aid in
Diagnosis

A key to novel and increased uses

of radioisotopes in
medicine has been

nuclear
improved in-

Xruments. Advances in imaging
~quipment that resulted from the
~ost-World War II explosion in
Aectronics and computer devel-
opment had major impacts in im-
woving detection sensitivity and
the range of diagnostic studies
that could be performed. The
high-sensitivity Anger camera
with sodium iodide (thallium)
scintillators accentuated the
significance of such radioiso-
topes as iodine-123 and techne-
tium-99m, whose low particulate
and gamma ray emissions are
appropriate for camera use. Also,
use of this modern imaging
system allowed thallium-201 to
be developed and utilized for
diagnostic scanning of coronary
artery disease.

The advanced imaging equipment
allowed temporary concentrations
of radioisotopes in various organs
to be measured with good multi-
dimensional spatial resolution.
Thus, in addition to organ struc-
tural measurements, dynamic
body functions such as circula-
tion and organ metabolism could
be measured. The Positron Emis-
sion Tomography (PET) scanner
provides a good illustration of
function-measuring capabilities.

When nuclear instruments were
first developed by isolated groups
of research scientists in different
laboratories and institutions, the
absence of standardization was
not an important issue. However,
as usefulness of these instru-
ments increased, their use
moved to other laboratories and
the medical service industry. The
demand grew accordingly, and
the total investment became large.
Therefore, plug-to-plug compat-
ibility of instruments from various
sources became both a scientific
and an economic necessity. To
address this problem, the Nuclear
Instrument Module (NIM) system
was developed under the OHER
Program to provide a basis for
replaceable plug-in instruments
that form modules in power sup-
ply and instrument racks. The
Computer Automated Measure-
ment and Control (CAMAC)

system which was tt~ provide
compatibility at other electrical
interfaces and in data formats fol-
lowed later and is now an interna-
tional standard.

The $clntiiiation Cameral The
Anger scintillation ci~mera allows
the image of a photcm (gamma
ray) source to be reconstructed.
It is the most widely used
imaging device in nulclear
medicine woridwide, bein{~ used
for 80 percent of the studies
on patients in nuclear me(dicine.
It was invented to replace
mechanical scanning.

The Anger camera uses scin-
tillation crystals and photomul-
tipliers to obtain serial images of
the distribution of a radioactive
tracer within the bocly at various
times after the tracer is injected
intravenously. The di~ta are ana-
lyzed and processed by a digital
computer and displayed on a
video screen to provide quan-
titative information about regional
biochemistry and physiolclgy
within virtually every organ of the
body.

The Anger camera consisls of a
lead, multihole, collimator, a 10-
to 15-inch-diameter sodium iodide
scintillation crystal, i~ two.dimen-
sional photomultiplier tube array
on the crystal face, and a posi-
tioning logic network. The lead
collimator allows only those
photons traveling in the preferred
direction (i.e., those that can go
through the holes without being
absorbed by the Ieadl) to strike thf
crystal and cause it to emit light.
The photomultiplier tubes closest
to the scintillation event (pulse of
light) produce the longest signal.
An energy discriminator alllows
only those photons associated
with gamma rays of :speci’fied
energy level to be detected.
Thus, the camera prclduces a
signal showing the positicm of
every scintillation event with
the appropriate photon energy.
A collection of these signials over
time produces an amalog image of
the organ being viewed in the
form of a two-dimensional pro-
jection of the three-dlimervsional
distribution of radioactivity within
the patient.
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lfWofy The scintillation camera
was invented by Hal Anger in 1958
at the Dormer Laboratory, an AEC-
sponsored facility. A number of
improved versions of the camera
have been developed, building
upon Anger’s original invention.
Paul Harper of the Franklin
McLean Research Institute, devei-
oped in the 1960s the scanning
camera concept that permitted the
camera’s field of view to be ex-
tended to make whole body scan-
ning possible. A new version of
the camera permits rotation
around the long axis of a patient.
Images acquired at a number of
angles around the patient are
used with a computer for high-
lighting three-dimensional charac-
teristics of organs or structures of
interest.

Bef?eflfi The nuclear cardiology
procedures that’ use thallium-201
and technetium-99m are performed
almost entirely with this camera.
Thus, the numbers cited for pa-
tients diagnosed and the benefits
associated with thailium-201 and
technetium-99m apply to the
Anger camera as well. About one
in four patients in American
hospitals has an examination
with the scintillation camera as
part of the process of medical
diagnosis.

Anger cameras are now being in-
terfaced with digital computers
produced by specialized nuclear
medicine manufacturers. By
enhancing the images produced,
such computers allow improved
visual interpretation. More im-
portantly, because the images are
stored in the computer as a matrix
of numbers, quantification’ is pos-
sible. Using mathematical models
of physiological processes, the
combination of Anger cameras
and computers permits nonin-
vasive measurements that were
not previously possible.

In 1981, 6740 cameras were distrib-
uted among hospitals of ail sizes
in the United States.

Scanning instruments-PET PET
scanning is a technique used in
nuclear medicine to provide vir-
tually three dimensional images of
body functions. The technique

measures the direction and inten-
sity of gamma+ays from a positron
emitting radiopharmaceutical in
the body.

Computer Assisted Tomography
(CAT) scanning, which has been
calied the most important advance
in medical diagnosis in a decade,
uses X-rays and sophisticated
computer technology to provide
views of the body’s interior, reveal-
ing in striking detail the anatomy
and structure of various organs.
PET scanning carries tomography
one step further, depicting the ac-
tive functioning of body organs,
such as biood flow and glucose
metabolism in the brain. Thus,
PET represents “new” nuclear
medicine.

A person undergoing a PET scan
breathes or is injected with a
small amount of a radiopharma-
ceutical labeled with a short lived
radioactive isotope of some ele-
ment that occurs naturally in the
body (such as oxygen, nitrogen, or
carbon). The radioisotope, pro-
duced in a cyclotron, emits posi-
trons while undergoing radioactive
decay. (Positrons are particles that
have the same mass as an eiec-
tron, but a positive charge.) The
positrons are attracted to elec-
trons associated with the normal
matter in the body, and when the
particies meet (and annihilate
each other), two gamma rays (each
with 511 kiloelectron voit of
energy) are emitted in opposite
directions (180 degrees from each
other).

The gamma rays are detected us-
ing a ring of radiation sensitive
crystais placed around the pa-
tient’s head or body. When two
gamma rays are detected by op-
posing crystals at the same time
(“in coincidence”), the site of an-
nihilation is assumed to be aiong
the imaginary line joining the two
crystals. The set of such iines
detected over time from different
pairs of crystals is fed to a com-
puter, which reconstructs an im-
age representing the internal
distribution of the radioisotope.
The image of body function or
structure of interest is then
displayed on a video terminal or
recorded on film.

HistoryThe first imaging device to
expioit the unique geometrical
properties of the positron-electron
annihilation reaction using scintil-
lation detectors was constructed
with OHER funding in 1953 by
Gordon Brownell at Massachu-
setts General Hospital. The first
PET scanner (PETT) was built by
Michel Ter-Pogossian and col-
leagues at Washington University
in St. Louis in 1974, with support
from the National Institutes of
Health (NIH). Scanners subse-
quently designed and built with
support from NIH, DOE, and in-
dustry include:

1. PETT Ill, IV, V, and VI at
Washington University;

2. Dormer 280 crystal tomograph
at the University of California at
BerkeleM

3. Emission Computed Axial
Tomograph (ECAT);

4. Neuro ECAT at the University of
California at Los Angeles
(UCLA);

5. Neuro PET at NIH; and
6. Other new tomographs at

Massachusetts General
Hospital, the University of
Texas, and the University of
Pennsylvania.

Several manufacturers, including
Positron Corporation (Houston,
Texas), Cl~ Inc. (Knoxville, Ten-
nessee), and Scanditronix
(Sweden), now market PET scan-
ners. The average cost of a unit is
around $1 million. Clinical applica-
tions of PET have included imag-
ing of the cardiac blood pool and
biood flow in the brain and heart
by the Phelps (1976); imaging of
the heart, lung, and brain by Ter
Pogossian (1976) and Budinger
(1979); and imaging of the cardiac
blood pooi and blood flow by Hoff-
man (1979).

BenefWs Perhaps the most exciting
use of the PET to date is to study
brain metabolism quantitatively. in
such studies, deoxyglucose, an
analog of giucose that is taken up
by metabolically active areas of
the brain as glucose, is Iabeied
with carbon-n or fiuorine-18 and
then injected into a patient’s
blood stream. PET provides three-
dimensional views of the brain
that quantitatively reflect the rate
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d which glucose is metabolized in
Iifferent regions of the brain.
)ome remarkable findings have re-
iuited from such studies
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Kuhl and colleagues at UCLA
have scanned the brains of
epilepsy patients, including
some during seizures. The PET
scans show that the brain cells
that trigger a seizure are meta
bolically active during an at-
tack. What surprised epilepsy
specialists is that these same
brain cells are less metabolical-
ly active between seizures than
they are in normal people. The
significance of this finding is
as yet unknown.

The UCLA doctors also have
used PET to locate precisely
the trigger site of seizures in
patients where it could not be
determined by other means.
This has led to successful
surgery in some previously in-
operable cases.

NIH researchers have confirmed
a theory that rare but deadly
brain cancers called g/iomas in-
crease their metabolism when
the speed of their growth in-
creases. Doctors may delay
operating on such tumors in
their early stages because the
surgery itself can do serious
damage to the brain. The prob-
lem is that no good way now
exists to determine the growth
rate of the cancers. PET could
be the answer.

Istrument Standardization Two
andard instrumentation systems,
Ie NIM and the CAMAC systems,
ere developed and coordinated
i a result of efforts to improve
le effectiveness and efficiency of
>ientific instrumentation.

le NIM system provides mechan-
al and electrical power supply
terchangeability of scientific in-
:ruments and encourages a pon-
derable degree of electrical
gnal compatibility. Mechanical
Iterchangeabi Iity means that any
IM module (e.g., an amplifier) will
t mechanically into any NIM bin
Lframe for holding modules).
Iectrical power supply inter-
changeabilitymeans that any NIM
Iodule, when inserted into any

cl
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~lM bin, will be connected to the
>orrect power supply. CAMAC in-
>Iudes these features plus the
compatibility of digital signals and
signal transfer processing, system
nterconnections, interfacing to
~omputers and other processors,
md associated software.

NIM and CAMAC are now the prin-
;ipal instrumentation systems used
throughout the world in nuclear
md radiation physics, nuclear
~hemistry, and nuclear medicine.
Their use has also spread into
Dther areas, including general lab-
watory and industrial research and
industrial applications in process
control and automated testing.

The CAMAC specifications a~e
now industrial standards world-
wide, having been promulgated by
the American National Standards
Institute (ANSI) and the Institute
of Electrical and Electronics Engi-
neers (1EEE), as well as by the in-
ternational Electrotechnical
Commission (lEC).

Approximately 80 firms supply
NIM instruments and equipment.
Over 50 firms manufacture CAMAC
equipment. Major manufacturers
of NIM and CAMAC instruments
estimated United States sales for
1982 to be $23 million for NIM and
$17 million for CAMAC The United
States market for NIM accounts
for about 50 percent of the world-
wide market, and the United States
market for CAMAC accounts for
about 60 percent of the worldwide
market.

H/story Prior to the development of
NIM and CAMAC, the users of
solid-state nuclear instrumentation
were severely limited in their abil-
ity to use the best available in-
strumentation. Instruments from
different manufacturers often were
neither electrically nor mechan-
ically compatible. Consequently,
the nuclear instrument user often
had to choose to bypass the most
appropriate instrument, to incur
excessive costs by replacing all
modules to obtain one new
capability, or to design expensive
ad hoc interface instruments.

In December 1963 the National
Bureau of Standards, under con-
tract to AEC’S Division of Biology

md Medicine (now OtjER), urged
hat the National f..aboratories
Ievelop a module that could
)ecome standard in all of those
aboratories. Representatives of
he National Laboratories met on
‘ebruary 26, 1964, to establish the
~lM Committee and assign
‘responsibility for developing a
}tandard module system. Pro-
otype bins and modules w~erepro-
kced by ORNL, LBL, and LLNL.
rhe specifications for the NIM
iystem were published in July
1964.

4s automated and computer-linked
mclear instrumentaticm systems
:ame into use, however, new com-
patibility problems arc)se. in late
1964 the Harwell Laboratory in
%gland took the initiative to
)rganize the development of
2AMAC In 1967 responsibility for
[he system development passed to
:he European Standards or Nu-
>Iear Electronics (ESOINE) Com-
nittee of European Laboratories,
which initiated close collaboration
~ith the United States NIM Com-
mittee (still under OHER sponsor-
ship): The ESONE NIM collabora-
tion continues.

BeneflfsThe benefits identified
with the NIM and CAMAC stand-
ards include:

1. Flexibility and interchange-
abilityy,

2. Optimization of systems,
3. Ease of restructuring,
4. Deferred obsolescence,
5. Reduction of interfaces,
6. Ready interchange between in-

stallations,
7. Reduction of inventories,
8. Increased utilization of in-

struments,
9. Ease of serviceability,

10. Reduction of design coats, and
11. Savings in software costs.

These advantages can be trans-
lated into producer surplus or cost
savings resulting from the use of
NIM and CAMAC equipment. An-
nual benefits for 1982 were esti-
mated to be $40 million. The pres-
ent value of past and preseint cost
savings associated with NI M and
CAMAC between 1964 and 11982
totals $1.9 billion. Major factors
contributing to these benefits are.



1. Fifty-percent reduction in data
transf& speeds;

2. Lower equipment costs (CAMAC
users indicated that equipment
cost for a CAMAC system can
be 20 to 40 percent lower than ~
the alternative); and

3. Reduced inventories (interviews
with National Laboratory per-
sonnel indicate that for every
NIM or CAMAC model in inven-
tory, at, least four of an alter-
native instrument would have to
be in inventory).

lteatment

Nuclear medicine has promoted
new medical treatments directly
and indirectly. Direct results have
come through the use of radioiso-
topes that are specially produced
and economical Iy avaiIable. Treat-
ment procedures have been modi+
fied by the involvement of a
broadened range of scientific
disciplines such as physics, radia-
tion health physics: and electronic
engineering. These disciplines
brought a new dimension to
medicine.

The direct use of radioisotopes in-
cludes cobalt-60 for the treatment
of tumors, cesium to power im-
planted heart pacemakers, and the
use of special radiation beams, as
well as complementary instrumen-
tation. Economic availability also
greatly enhanced the use of radio-
iodine in thyroid treatment. Among
the most recent experimental
results is the treatment of tumors
with radioactive monoclinal anti-
bodies. iodine-131 to treat hyper-
thyroidism and thyroid adenomas
(benign or low malignancy tumors)
typifies the use of radionuclides
for medical treatment.

The use of radioisotopes in diag-
nosis allowed the tracing and
understanding of body functions”
(especially the immune and blood
systems) not previously possible.
These new understandings pro-
moted the indirect benefits of new
nonnuclear treatments, For exam-
ple, studies to develop specific in-
hibitors of protease enzymes
resulted in the discovery of a com-
pound that acts against thrombin,
an enzyme that induces blood
clotting. The compound has been

patented and is used as an an-
ticoagulant. Another example is
the development of L-dopa (levo-
dopa) for the treatment of Park-
inson’s disease.

iodine-131 Therapy for Hyper-
thyroidism iodine-131 is a radioac-
tive isotope that concentrates in
the thyroid gland and, thus, can be
used in the diagnosis and treat-
ment of thyroid disorder. This
isotope has an 8-day half-life and
emits high-energy beta particles
and gamma rays in the region of
360 kiloelectron volts and higher.

Hyperthyroidism is a hypermeta-
bolic state, caused by excessive
levels of circulating thyroid hor-
mones, which contributes to a
variety of clinical symptoms. The
dose of iodine-131 that concen-
trates in the thyroid gland de-
stroys abnormal, hyperactive
thyroid tissue that is producing
excess hormone. This treatment,
therefore, allows the gland to
return to normal activity without
surgery, hospitalization, or adverse
effects on other tissues.

History In late 1939, J. G. Hamilton
and M. H. Soiey (University of Cali-
fornia-Berkeleyj published a paper
on the first use of iodine-131 in pa-
tients with benign thyroid disease.
In early 1941 the first patient was
administered a therapeutic dose of
iodine-130 and iodine-131 at MIT,
and in late 1941 iodine-131 was
used therapeutically against toxic
goiter disease at Berkeley. In
mid-1946 iodine-131 from nuclear
reactor fission products was being
shipped from ORNL, and in late
1946 iodine-131 was used by
Seidiin for successful treatment of
metastasized thyroid cancer. Until
the mid-1960’s, iodine-131 was the
main nuclide used for the diagno-
sis of many diseases. After the
mid”-1960’s,many diagnostic uses
of iodine-131 were supplanted by
technetium-99m labeled com-
pounds. iodine-131 is still extreme-
ly important, however, in evalu-
ating thyroid condition and thyroid
cancer therapy, for studying
thyroid uptakes, and for thyroid”
imaging.

Benefits Radioactive iodine-131 is
used in about 12 percent of all

nuclear medicine procedures and
is a good exmple of the use of
radioactive therapy. Over the past
10 years at the Johns Hopkins
University Hospital, surgery for
hyperthyroidism has decreased
drastically from 3000 to 4000
caseslyear to a current level of
50/year. This reduction can be at-
tributed to the use of nuclear
medicine therapy with iodine-131.

In the United States, radioactive
iodine is the preferred treatment
for adults suffering from hyper-
thyroidism. Because peak occur-
rence of hyperthyroidism occurs
between the ages of 30 to 50, ap-
proximately 85 percent of hyper-
thyroid patients are now treated
with radioactive iodine. The al-
ternative medical treatments for
hyperthyroidism are surgical re-
moval of the thyroid gland and
drug therapy. Surgery is invasive,
painful, and expensive and carries
a significant risk of complications
and, possibly, death. Drug treat-
ment can be long term, can have
serious side effects, and, in many
cases, may still require subse-
quent surgery. The comparative
costs (in 1982) of surgery and
iodine-131 treatment reported for a
medical teaching center were
$7400 and $600, respectively. The
reported overall incidence of
hyperthyroidism in females and
males is, respect ively, 4.7/10,000
and 1.06/10,000. Thus, the total
estimated savings in treatment
cost because of the use of iodine
131 could be as high as $280
million/year (based on the United
States incidence of hyperthyroid-
ism in 1980).

L-Dopa Treatment for Parkinson’s
Disease L-dopa [(-)-3(3,4-dihydroxy-
ophenyl)-L-adamine or Ievodopa] is
an amino acid used in the treat-
ment of Parkinson’s disease. Oral
administration of L dopa substan-
tially slows the rate of progression
of the disease, reduces symptoms,
and decreases the mortality rate.

Parkinson’s disease is a pro-
gressive neurological disease that
produces tremors, inability to plan
or initiate a movement, inability to
control movements, rigidity, and
disturbance of postural reflexes.
The disease is characterized by a
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marked deficiency of a chemical
called dopamine in the brain, the
cause of which is unknown in the
majority of cases. Parkinson’s
disease mainly strikes the aged,
with onset between the ages of 50
and 70 in two-thirds of the cases.
However, a rare juvenile form also
exists. The disease affects close
to one million persons, and there
are 50,000 new cases each year.

Following its clinical introduction,
L-dopa quickly became the prefer-
red treatment and remains so to-
day in a number of derivative
forms. Although it does not cure
the disease, it retards progress
toward complete debilitation so
that patients remain functional for
several additional years. Symp-
toms present at the initiation of L-
dopa treatment are generally
reduced dramatically but reappear
gradually, along with other symp-
toms that may be associated with
the therapy.

in a broader context, L-dopa repre-
sents a dramatic advance in the
treatment of diseases of the brain.
It has provided a rational approach
to medical treatment based on
brain biochemistry and has stimu-
lated interest in research on
neutral diseases based on similar
biochemical principles.

History In the early 1950’s, there
was widespread interest in the
biochemistry of trace metals, and
the use of radiotracers was devel-
oping. Dr. George C. Cotzias of
BNL was searching for a research
area employing radioisotopes of
trace metals to study the chemical
effects of the metals in humans
over long periods. Links between
manganese poisoning and Parkin-
son’s disease had been discussed
in the literature. Dr. Cotzias in-
vestigated manganese-56 because
it was easy to make and had an
appropriate half-l ife.

Although it turned out that there
was not a good connection be-
tween Parkinson’s disease and
manganese poisoning, several im-
portant new areas of research
evolved from these studies. One
stemmed from Dr. Cotzias’s
understanding, gained in his
research, of how the chemical
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Table 4. Life Expectancy for Pre-L-dopa @nc&, ,
Post-L-dopa Treatment

Age at Normal Life Expectancy
Onset of Life (Years)
Disease Expectancy
(Years) (Years) Pre-L-dopae Post-L-dopab Post-L-dopa

50 23 13 19 20
60 15 8 11 12

‘Excessmortality rates calculated from Hoen and .Yahr, “
31
9

Neurology 17,427-42 (1967).
~Excessmoflality rates calculated by Macdowell, papaVaSilOUan(~ swe~?t, 1979,
‘Excess mortality rates calculated by Diamond and Markham, 1979

balance in the body gradually
changed when a new substance
was introduced.

The deficiency of the amino acid
dopamine in the brains of persons
suffering from Parkinson’s disease
had recently been discovered.
Although it was not possible to in-
troduce dopamine directly into the
brain, it had been postulated that
intravenous introduction of its
metabolic precursor, levo-
dopamine, might correct the brain
dopamine level. Short-term clinical
trials were unsuccessful; however,
they were inconclusive and pro-
duced adverse reactions.

Dr. Cotzias recognized the need
for very gradual L-dopa administra-
tion over long periods. The re-
search hospital at BNL provided
the capability for the necessary
clinical trials, which proved suc-
cessful. The first report of long-
term L-dopa treatment was
published by Dr. Cotzias in The
New England Journal of Medicine
in 1968, and a follow-up report on
the results of a 2-year clinical
study was published in the same
journal in 1969. A February 1969
editorial described his work as
“the most important contribution
to medical therapy of a neurolog-
ical disease in the past 50 years!’
Dr. Cotzias received the Albert and
Mary Lasker Award for Experimen-
tal Medicine in 1969.

Ber)eflts The two major benefits
associated with the use of L-dopa
in the treatment of Parkinson’s
disease are extension of life ex-
pectancy and delay of disability.

1. Extension of life expectimcy.
Two studies provide a bi~sis for
measuring the effect of L-dopa
treatment for increasing the life
expectancy of a patient. The
first study followecj a group of
100 patients on L-dopa therapy
for 10 years beginning in 1968.
During that period, 56 died,
leading to a calculated excess
mortality ratio of 1,54 for un-
treated patients. The second
study surveyed a random sam-
ple of 327 patients who were
being treated with an L-dopa
derivative over a 5-year period
and found an excess mcrtaiity
ratio of 1.42 for untreated pa-
tients. These figures can be
translated into an individual life
expectancy extension for
treated patients with an as-
sumed age of disei~se onset
(see Table 4).

2. Delay of disability. L-dopa ther-
apy has also been found to pro-
duce moderate to marked
improvement in 50 to 75 percent
of Parkinson’s disease pat ient’s
ability to function. Two studies
demonstrate the initial improvem-
ent and subsequent decay of
independent performances of
patients treated with L-dopa.

A disability index related to
symptons and ability to perform
normal functions was calculated
at various times during the
10-year period. For the 41 pa-
tients who remained in the
study throughout the period, th{
average disability index im-
proved initially, but at the end
of 10 years, the index was the



.

same a$ that Rrior to treatment.
However, although the indices had
the same value and the impact on
independence was similar, the
specific disabilities at the end of
10 years were not primarily motor-
and tremor-related as in the initial
situation, but tended more toward
instability and dementia.

In a private communication, Dr.
Thomas Presiozi of the Johns
Hopkins University Hospitality
Neurology Department confirmed
that about 80 percent of the
deaths of Parkinson’s disease pa-
tients are actually due to causes
unrelated to the disease or its
effects.
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The Future This account of selected accom-
plishments over the 40-year pro-
gram of energy-related health and
environmental research only par-
tially illustrates its role in fulfilling
an important National need. Use
of this style of presentation makes
it difficult to convey the program’s
most important characteristics: an
evolutionary, integrated, and multi-
disciplinary research commitment;
a synergism between fundamental
science and applied problem solv-
ing; and an inevitable share of
scientific setbacks, as well as
achievements. Thus, in reality the
accomplishments represent a con-
tinuum of scientific development
from the basic unraveling of bio-
environmental processes and the
coupling of seemingly disparate
facts to their application to
specific problems.

These program characteristics, in
turn, lend a distinct characteristic
to the research itself; it draws
continually upon an established
base of knowledge, the rewards
becoming increasingly apparent
far downstream from the initial
thought and investment. Thus, to
large extent, the program’s future
accomplishments are already
embedded in its studies of the
past and the present.

a

As a part of the evolving National
energy mission, a responsive
research program has developed
the expertise and facilities re-
quired for its newer roles. The
evolution continues, centered
around a long term commitment
fundamental and basic research

to

and aimed at addressing problems
and issues of a high-risk nature
with an anticipatory rather than a
regulatory approach. Of particular

importance to the future is the
fact that the program’s multidisci-
plinary talent and capabilities in
unique, dedicated facilities con-
stitute a valuable National
resource.

The research program is, therefore,
as well equipped to meet future
challenges as it was to meet past
challenges. As our energy mission
continues to evolve, with changing
patterns of energy demand and
the accompanying development of
responsive new sources, it is
reasonable to expect research
contributions to assure safety, ac-
ceptability, and compatibility with
the National goal.

The promise for the future, there-
fore, lies within the Program’s
traditionally interactive and inter-
disciplinary approach to complex
problems. New biophysical and
chemical tools and techniques in
biomedical and environmental
research now make it possible to
attempt unprecedented studies
on cells, molecules, and proc-
esses relevant to the triad. These
technical advances, applied to
basic studies, will continue to
contribute answers to energy.
related questions, as well as to
increase knowledge about causes
and effects in biological systems.
As in the search for radiation
repair mechanisms that led to
discoveries of DNA behavior and
important theories of the nature of
human disease and its treatment,
the Program’s research will con-
tinue to lead in making funda-

I mental and practical contributions
in reducing uncertainties about
the health and environmental
aspects of emerging energy
technologies.
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Appendix
The Health
and
Environmental
Research
Program

The Office of Health and Environ-
mental Research (OH ER) manages
the Department’s Biological and
Environmental Research (BER)
Program. The mission of OHER is
to develop and sustain a high
quality basic and applied research
program at the frontiers of
biomedical and environmental
science consistent with the mis-
sion of the Department of Energy
(DOE) and the objectives of the
Office of Energy Research. More
specifically, the OHER program
objectives are based on the
following considerations:

1. OHER is the principal organi-
zational unit within DOE for
conducting research on environ-
mental and human health ef-
fects of energy strategies. The
objective of these research pro-
grams is to develop principles
and broadly generalizable
knowledge that will be needed
to address the wide range of
questions that must inevitably
be faced by future generations
as well as by our own. OHER,
therefore, is committed to using
the most advanced scientific
methods and technologies to
explore the fundamental issues
bearing on assuring safe energy
operations, for example, the
molecular and subcellular mech-
anisms which underlie human
cellular, genetic, and environ-
mental pathology and toxicology.

2. The Office recognizes that the
unique facilities and computa-
tional capabilities, as well as in-
terdisciplinary breadth and
depth of skilled scientists at
the National Laboratories, offer
the Nation an important oppor-
tunity for addressing a wide
range of important research and
development problems. Pro-
grams ‘in the area of nuclear
medicine have contributed sub-
stantially to the health and
economic well being of the
Nation. OHER is committed to
further development of these
and other areas, such as bio-
technology and related capital
intensive long term projects. in
structural biology, which fully
utilize the human and techno-
logical resources of the
National Laboratories.

3. OHER views the National
Laboratory system, research
universities, and the private sec-
tor, as members of the same
team working toward the solu-
tion of some of the Nation’s
most important problems. The
Office is, therefore, dedicated to
encouraging synergism between
these three research sectors by
various means, including stimu-
lating access to advanced
multiuser research facilities at
the National Laboratories; the
support of student fellowship
and faculty sabbatical programs
for collaborative research at Na-
tional Laboratories; and the
transfer of tools and technol-
ogies developed at the National
Laboratories to the private sec-
tor and universities.

To attain these goals, a number of
interdependent research objectives
are addressed. The major objec-
tives of the program are to:

1.

2.

3.

4.

5.

Develop new concepts, pro-
cedures, and instrumentation
for detecting and measuring
energy related physical and
chemical agents released into
the occupational and general
environment;

Characterize the long term at-
mospheric transport and chem-
ical transformation processes of
radionuclides and energy re-
lated chemical effluents to im-
prove estimates of dispersion
and potential human exposure;

Elucidate the mechanisms that
control natural ecosystems and
the processes that influence
cycling of nutrients and energy
related materials through ter-
restrial and aquatic ecosystems
and to measure ecological ef-
fects resulting from energy
related stresses to better pre-
dict environmental impacts and
resiliency;

Quantify the late biological ef-
fects of exposure to ionizing
radiation through long term
human and experimental animal
research;

Resolve the uncertainties as-
sociated with carcinogenic,
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mutagenic, and toxic effects of
energy related chemicals and
complex mixtures of chemicals;

Define mechanisms involved in
the induction of biological
damage following exposure to
low levels of energy-related
pollutants by supporting
research on bimolecular struc-
ture, gene function and control,
genetic damage and repair, and
cell transformation; and

Develop new approaches, in-
struments, and methodology for
the improved diagnosis and
therapy of human diseases, and
in the study of human physio-
logical processes, including the
brain and heart.

rhe research is carried out in the
ollowing major program activities.

4ealth Effects Research This pro-
]ram is primarily concerned with
waluating the delayed types of
~ealth effects—tumors, heritable
~efects, developmental effects,
md damage to body organs—that
we caused by chronic low-level ex-
]osure to energy-related physical
md chemical agents. The research
Jtilizes molecular, cellular, and
mimal test systems to obtain
~uantitative data on dose response
‘elationships and to develop an
mderstanding of differences in
\pecies sensitivity. Because credi-
)1~ extrapolation of such data to
nan requires a knowledge of the
nechanism underlying the induc-
:ion of adverse effects in different
>pecies and because the produc-
tion of delayed effects is not
>Iearly understood, extensive use
s made of generic and basic
‘esearch to provide experimental
systems, techniques, and insights
Iaving the broadest application to
neaith-risk prediction. Included is
the development of improved
biological test systems and im-
proved techniques for the extrapo-
lation of experimental data to
man.

Health effects research cuts
across virtually all of the energy
technologies. Areas of ongoing
research include those that ad-
dress health effects associated
with the broad spectrum of ioniz-
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il g radiation and a variety of
e lergy-related chemicals, in-
c Jding indoor air pollutants,
F \Hs, and related compounds
a sociated with synthetic fuels
p oduction. Extensive research is
c inducted to elucidate the mech-
a lisms which cause cancers and
n utations, metabolism of energy-
rl Iated chemicals, and mech-
a Iisms of DNA repair. Categories
a research include:

1 Carcinogenesis (the production
of cancer)— Both established
and developing energy tech-
nologies produce or involve
physical and/or chemical agents
that can cause human cancer.
Carcinogenesis research em-
phasizes evaluation of the
tumor-causing potential of such
agents, detection and character-
ization of carcinogens, elucida-
tion of pathways and ways to
detect formation and growth in-
dicators of tumor, investigations
to correlate exposure condi-
tions (carcinogen dose) with
tumor incidence in animal
populations, and elucidation of
mechanisms of carcinogenesis.

Because the production of
cancer is a complex process
that may include discrete initia-
tion and promotion steps, re-
search into cancer induction
often involves the study of com-
plex interactions among differ-
ent causative agents. Emphasis
is also being given to research-
ing free radicals and other ox-
idizing species that play a role
in both chemical and radiation
carcinogenesis.

Mutagenesis (the rwoduction of
muta~ons)—Alteration of gen-
etic material by physical and
chemical agents may produce
heritable defects as a result of
mutations in reproductive, or
germ, cells. Mutations in non-
reproductive, or somatic, cells
may result in cell modifications,
leading to cancer or other
health effects. The mutagenesis
research program emphasizes
investigations of the mutagenic
potential of energy-related
physical and chemical agents;
metabolism of chemical agents
in target cells; correlation of

mutation freqd’en~:~with level c
exposure to a muitagen; evalua-
tion of health consequences
that mutations may produce at
the population level; measure-
ment of chemical dama~geto
DNA formation; and elulcidatior
of mechanisms of mutagenesis
including the relationship of
mutagenesis to tumor induc-
tion. Effects on germ cells
(chromosomal modifications)
are also studied in detail.

1.Systems damage--Many hazarc
ous environmental agents mani
fest their toxic potential by im-
pairing one of the body’s func-
tional systems. %Ch ellfects—
particularly delayed impairment
of the respiratory, immune, ner-
vous, reproductive, and blood
forming systems or the develo~
ing embryo/fetal system —may
lead to chronic disease with at
tendant health costs. The majo
efforts in this research area in-
clude the identification of earl)
indicators of biolc)gical damag(
interspecies comparison of ma
jor functional systems and thei
sensitivity to environmental
agents, the development of im-
proved biological test systems,
and the conduct of dbse re-
sponse studies that support
risk estimates for man.

L Basic research—This is a sub-
stantial research effort aimed z
providing the mechanistic and
conceptual foundation that is
needed to understand Ihow
physical and chernicai agents
interfere with life processes.
Emphasis is on molecular and
cellular studies tc) elucidate thi
normal structure and function
of key biological systems or
processes. Included is researcl
in biophysics (structure of
macromolecules and organ-
elles), genetics (including DNA
damage and repair), and cell
biology (cell growth, cell dif-
ferentiation, and cell regulation

Human Health and Assessment
The Human Health alndAssessmc
program supports research to prc
vide information on the response
of individuals and human popula-
tions to toxicants and the feasibil
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of using nuclear technologies in
biomedical applications.

1. Human health research—This
program ascertains by epidemio-
logic studies the potential spec-
trum of human health problems
associated with occupational
and environmental exposures to
radiation and chemicals in DOE
operations and emerging energy
technologies. Investigators also
detect and measure genetic and
significant subclinical changes
in exposed humans that can
serve as early indicators of ia-
tent disease induction or to
identify particularly sensitive
individuals.

2. Medical applications of nuclear
technology—This program ex-
ploits the Department’s interdis-
ciplinary cadre of investigators
and technological resources in
physical, chemical, and com-
putational sciences to develop
and evaluate new approaches, in-
struments, and methodology for
the improved diagnosis and
therapy of human diseases and
in the study of human physio-
logical processes. Current em-
phasis is on the development,
production, and evaluation of
new radionuclides, labeled phar-
maceuticals, radiation beams,
imaging devices, and enriched
stable isotopes.

Physical and Technological
Reseamh This is the physical
sciences component of the health
and environmental research pro-
gram that addresses a broad range
of fundamental and applied activi-
ties. Many of the projects interact
with the biological and ecological
components of the program. Other
projects involve the development of
experimental techniques or ad-
vanced measurement instrumenta-
tion. The major areas addressed
are the physical and chemical char-
acterization of products and efflu-
ents of new energy technologies,
the transport and transformation of
pollutants in the atmosphere,
measurement science, health and
safety, and the fundamental
mechanisms of pollutant interac-
tion with environmental and bio-
logical systems. Categories of
research activity include:

1.’Analytical Characterization—The

2.

3.

4.

distribution, concentration, and
the physical, chemical, and
radiological properties of emis-
sions and effluents associated
with energy-technology proc-
esses are determined. Field
sampling and measurement and
laboratory studies provide de-
tailed information on the chem-
ical and physical properties of
collected materials.

Atmospheric Transport and
Transformation-This category
includes research to develop an
improved understanding of mete-
orological, chemical, and phys-
ical processes that influence the
transport, transformation, and
fate of gaseous and particulate
species emitted into the atmo-
sphere. Improved atmospheric
dispersion models are devel-
oped and validated through field
experimentation.

Measurement Science—New
concepts and improved measure-
ment systems required to ad-
dress environmental, health, and
safety concerns related to
energy production are investi-
gated. Research covers a broad
scope of activities ranging from
the basic science of measure-
ments to the construction and
evaluation of prototype instru-
mentation systems.

Radiological Physics and Chem-
istry-This is a fundamental
research program of radiological
physics and chemistry directed
toward understanding the entire
chain of events from the initial
radiation interaction process to
the eventual biological effect.
Both theoretical and experimen-
tal research investigate the
mechanisms of radiation energy
deposition and transfer in sim-
ple systems and extends this
understanding to more complex
and biologically relevant systems.

Ecclcgical Research The eco-
logical research program provides
the scientific information base
needed for appropriate siting, oper-
ation, and disposal of materials
from energy activities. To obtain
this information base, comprehen-
sive basic research in terrestrial
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Id aquatic systems is conducted
different climatic regions of the
lited States and in off-shore
gions along the eastern and
>stern United States on mechan-
ms that influence and control
tal ecosystems. The research is
~rriedout by integrating all
~pectsof the physical and
ological sciences. This multi-
sciplinary program includes ex-
wts in soil science, plant science,
limal biology, chemistry, geology,
Id freshwater and marine
iiences.

)search describes how energy by-
oducts move and are acted upon
‘ plants and animals in terrestrial
id marine systems and identifies
e major routes and rates of
insfer of these by-products back
humans. Natural and energy-

Iated stresses are studied from
e subcellular level to the com-
unity level of ecosystems to
Nerrnine the rate and
echanisms by which populations
)d ecosystems disturbed by en-
gy activities adapt or react to
ese stresses. Categories of
search opportunity include

Cycling of natural and energy
materials that include mobiliza-
tion and movement of trace
elements and compounds
through water bodies, soils,
sediments, plants, and animals.
Research into the cycling of
energy introduced substances is
coupled to research into the
cycling of normally required
nutrients to permit the most
appropriate cost effect ive meas-
ures to be developed for redis-
tribution and control of energy
materials in the environment.

Biologic responses derived from
community structure, population
dynamics, and physiological
ecology research. Knowledge of
accommodation by plants and
animals to natural stresses is
used to allow energy-related ac-
tivities to expand while taking
into consideration limits of
ecosystem stress. Processes of
natural succession are studied
to determine if disturbed land is
best left to natural revegetation
or whether revegetation can be
accelerated or improved by
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scientific means. Research is
carried out on metabolic pro-
esses that accumulate exposure
!eve!s a!iowing ecosystems to
exist without serious adverse
impacts.

Fuciiifies Facilities playing impor-
tant roles for addressing radiation
and energy-related chemical
issues include the Radiological
Research Accelerator Facility at
Columbia University, the Health
Physics Research Reactor at
ORNL, and the Janus Reactor at
ANL. These facilities provide a
spectrum of relatively pure
neutron beams over a wide range
of doses and dose rates for stud-
ies in radiation biology, radiation
dosimetry, and for training activ-
ities. The Environmental Measure-
ments Laboratory (EM L) develops
improved techniques for radiolog-

ical and chemical measurements
to characterize the chemical and
radiological content of atmos-
pheric, soil, and water samples
and provides DOE with a rapid
response capability for obtaining
needed field data. For example,
EfvlL recent Iy completed a re-
assessment of population dose in
Utah from weapons testing based
upon their measurement of soil
and water levels of cesium-137.

The National Environmental
Research Parks (representing pro-
tected sites around five National
Laboratories with a diversity of
flora, fauna, and climate) have for
two decades served as outdoor
laboratories for quantifying eco-
system responses to a wide range
of energy activities, including coal
combustion, overhead transmis-
sion lines, reactor operations, and

burial of radioactive Wastes.

A three-stage mass spectrometer,
installed at the Savannah River
Laboratory, provides accurate and
precise analysis of isotope ratios
for very low levels of environmen-
tal radionuciides, defining their
source and time sequence of depf
sition in terrestrial and aquatic ex!
periments under field conditions.

Advanced flow cytometers, devel-
oped at Los Alamos and LLN L, arc
also being used by DIOE and other
sponsors to identify and separate
specific cell populations, and purif
chromosomes for gene mapping
studies to produce template materic
for making chromosclme—specific
human gene “libraries” for distribu
tion to the scientific community.
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