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PREFACE

The Interagency Radiation Research Committee, established June 9, 1980 by the Secretary, Department of
Health and Human Services, pursuant to a Presidential Mandate, is the successor to the Committee on Federal
Research Into the Biological Effects of Ionizing Radiation. The Committee* is responsible for the preparation of
an agenda for Federally sponsored and conducted research into the biological effects of ionizing radiation and
for a strategy to accomplish the agenda.

Working Papers, prepared for the Committee and presented at the Public Meeting on March 10 and 11, 1980,
constituted the significant substance of that meeting. Authors of the Working Papers were given the opportunity
to modify their texts subsequent to the meeting.

Comments received from the general public and from scientists not involved in the presentations of the Working
Papers at the meeting, are included with the papers to which they most logically relate and are indexed
accordingly.

The authors' final versions of the Working Papers, together with the written public comments and summaries of
the discussions of the scientific issues which followed the presentations are provided here as the Proceedings of
the public meeting.
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SCIENCE PROJECTION PAPER
OVERVIEW REPORT

Reynold F.-Bnowm Chairman
Cluster Group A

This report is intended to.satisfy the assignment contained in Dr. Lowe's
letter of October 26, 1979, calling for scientific projection papers. For
those reviewers and readers who may not have had the benefit of that letter,
the following paragraph is excerpted:

"The scientific projection papers oriented towards disciplines
must have as a primary goal a justification for the inclusion
of subject matter in a federal research portfolio. They should
be neither the "state of the art" summary nor a compendium of
relevent science. Rather we would expect a carefully reasoned
document placing the particular element of research in perspec-
tive, identifying the needs and opportunities, defining the
scientific questions to be answered, and the relation of this
aspect of research to the larger total. At present we cannot
be precise about length but we do not expect to receive
voluminous documents - ten to twenty pages should suffice."

It is my understanding that the scientific projection papers are primarily
recommendations for federal research in the assigned disciplines with a brief
justification for inclusion in the total program.

It is appropriate to briefly describe the process that was used to assemble
the data base for the recommendations presented in this report. The consultants
(who met for one day under the auspices of the original meeting) prepared an
outline of subject areas that were considered appropriate to this assignment. A
narrative opinion statement was then expanded to include conclusions and
recommendations. These documents were forwarded to the Chairman as background
material. In addition, Cluster Group A recognized that the major research
potential in the United States is located in academic institutions. Therefore,
it is appropriate to consult with such institutions, both individually and
collectively through their organizations, to obtain their reactions to the goals
assigned at the initial meeting. The response to this interrogation has been
excellent. A large number of position papers has been assembled that describes
current research and potential areas for future research that are not only
pertinent to this assignment, but are also of interest to the individual academic
departments. Thus, these papers represent a commitment that implies cooperation
in many areas that may be attractive for inclusion in the Federal strategy.



Similiar solicitations for comment and recommendations were made to national
radiological societies and to individuals who by reason of position or past
publications could be identified as knowledgeable in the assigned area. A
significant number of replies has been received from these people that add to
the background for the scientific projection statement to follow. Collec-
tively these documents are so voluminous that they cannot be appended to this
Report, but they are available. Advice as to how they should be prepared for
review and circulation is requested. While there is no particular sequence to
these documents, they do represent a broad spectrum of opinion from the research
community. It must be emphasized that it is not possible to accurately forecast
important research developments beyond the immediate future. For example, ten
years prior to the development of computed tomography there would have been
no way to predict or provide for research strategy involving its subsequent
development and use. What can be said is that research continues to develop
unexpected or unpredicted major contributions that may not be identified in
advance. We can only predict that such advances will continue to flow from
appropriately funded research.

In addition to the responses described above, the Chairman reviewed reports
prepared by the United Natibns Scientific Committee on the Effects of Atomic
Radiation, International Council of Radiation Protection, the Nation Council
on Radiation Protection and Measurements, and the National Academy of Sciences
to identify suggestions for future research work. A literature search was made
of recent developments in medical imaging, the applications of digital pro-
cessing to diagnostic radiology, the adaption of other photographic systems
to radiology, and other imaging systems that were undergoing current review by
symposia. This material can also be made available.

In the memorandum from Secretary Joseph Califano to the President dated
August 2, 1979, Mr. Califano stated: "Mr. President, You asked that the program
include (1) a research program to determine the effects of radiation on human
populations exposed to it." This implies a concern by government to protect
the public from exposure to "low-level" radiation as effectively as possible.

Diagnostic radiology operates within the "low-level" dose range. (Radiation
doses below one rad are commonly referred to as "low-level.") Even multiple
radiological examinations of individuals do not significantly violate this
gross definition of low-level radiation doses. However, there are some
fluoroscopic procedures that can exceed these levels. But, because of the
small field used and because the fluoroscopic field is moving, it is most
difficult to determine meaningful doses and thus perform radiation effects
research. Our conclusion is that a scientific research program to determine
the readiation effects requested by the President cannot be designed based
upon presently available information.

This conclusion may seem inexplicable, particularly in view of the fact
that diagnostic x-ray examinations are performed at the rate of perhaps
100,000,000 per year and collectively expose t|ie population to thousands of
roentgens of x radiation annually. Because this matter is so fundamental
and so commonly misunderstood, an explanation is necessary of the problem
created by adherence to the linear hypothesis for biological effects from
low-level ionizing radiation.



The first assumption made is that cancer induction is the end-point used
to measure biological effects. A research paper published by John Boice and
Charles Land, studied 1,000 women who received doses of 100 rads to breast
tissue. They observed 40 cancer instead of the 22 cancers expected by
calculation, an excess of 18 cancers. Such an analysis is very convincing
and can be used as a basis for exrrapolation to the expected effects from low-
level radiation. The linear hypothesis would hold that if the size of the
population group were increased 100 times and the radiation dose were decreased
by a factor of 100 (that is, study 100,000 women who receive a one rad dose
to the breast tissue) the same number of excess cancers due to radiation should
be found. However, a complication arises if such a study is attempted in that
the expected number of cancers in the control population is no longer 22 but
2,200 and the change of finding a significant difference between 2,200 and 2,218
cancers makes the validity of the experiment immediately questionable. As the
population group is enlarged and the radiation exposure is decreased, the
statistical problems become more and more complicated. A conclusion can be
reached that population studies of radiation in the millirem range using cancer
as the observed effect are unreasearchable because observed cancers in the
control population are so large with respect to the number of cancers induced
by radiation that the radiation effect becomes undectable.

There are several published papers that attempt to surmount this dilemma
by one statistical method or another. None of these methods have been able to
fully withstand critical review in that a bias of one type or another has been
identified which refutes the reported findings. It is regrettable that a
dialogue of strong opinion continues to be argued in the literature by proponents
who believe that they have surmounted the problem described and who further
proposed largescale experiments to further justify their opinions.

The proposal to study the population groups surrounding the Three Mile
Island incident and the population groups in the Four Corners Area downwind
from the Nevada Test Site are just two examples of research proposals made
on the assumption that there are statistical methods capable of detecting an
increase in the cancer incidence related to this level of radiation exposure.
In fact, the linear hypothesis would argue that such excess effects would be
so small that it is an unreasearchable problem and that the larger the population
and the lower the dose, the more difficult the analysis.

A way that such research could become possible would be to find a radiation
effect almost specific to ionizing radiation. For example, asbestos workers have
been found to have an increased incidence of mesothlioma. Mesothlioma occurs
naturally but it occurs at such a low frequency that its increase can be deter-
mined with considerable confidence in the occupationally exposed group. If there
were a rare tumor that likewise was increased proportionately by radiation, then
a mechanism for showing the biological effect if ionizing radiation at low levels
would be possible. To date such a tumor has not been identified and the necessary
information does not exist to construct the research program requested by the
President. The Chairman recommends that the best epidemiologists and statisti-
cians that can be identified be assigned a project to define the limits of
research within the known scientific information so that Federal resources will
not be wasted in studies that have little change of producing useful information.



There are areas of biological research in humans at higher dose levels
(similar to those that have been used in the study of breast tissue exposure
and thyroid gland exposure) that are researchable. For example, there are
thousands of patients who received 400 rads of radiation to the midline of
the shoulder joint for the treatment of bursitis. These treatments occurred
over ten years ago and were generally confined to one shoulder. Since the
radiation area was usually small (approximately 10 cm square) and confined
to one shoulder, the individuals can serve as their own controls in terms of
the observed biological effects. The Chairman has no knowledge of large-scale
investigations of this patient group. This is not to say that such investiga-
tions would diminish the importance of the positive effects observed in the
thyroid or breast, but this type of investigation (plus any others that might
be constructed at such dose levels) would continue to add to the body of
biological effects information in humans. Perhaps the results of such studies
would allow a more intelligent appraisal of what appears to be a very complicated
multifactorial response to ionizing radiation at various dose levels in
different tissues.

In summary, there are few specific recommendations that can be made for
research to identify biological effects below one rad in populations exposed
to diagnostic radiological imaging. However, there is a great interest in
improving the understanding of the utilization of ionizing radiation in the
practice of medicine among the legislative and scientific sections of govern-
ment, the media who interpret information to the lay public (who largely
control the opinion of society), and the medical community. For example,
Cluster Group A recognized the need for developing a convention to express
radiation dosa in an understandable form. The Group identified the most common
question about an x-ray examination as "how much radiation will I receive-
from this examination?" Presently, there is no uniform convention to answer
this question. There are perhaps ten ways of expressing the response to the
word "radiation." The sections of scientific documents that deal with this
subject are excellent demonstrations of the dilemma. Note the voluminous
number of pages required io explain what is meant by radiation in terms of
exposure, skin dose, bone marrow dose, organ of interest dose, total
body equivalent, somatic index, and the further qualifications concerning the
thinckness of the part examined, the size of the field, the number of films
taken, the use of fluoroscopy, all of which taken together would argue for a
Federal strategy in research to optimize radiation exposure from diagnostic
radiology. The inability to directly implement the request from the President
and the specific assignment given to the Cluster Group does not mean that we
are without recommendations. It is our conclusion that if radiology is practiced
according to the state-of-the-art at any given time, then it has been responsive
to the implications of biological effects whether the effects adhere to the
linear hypothesis or vary from the linear hypothesis.



To organize the presentation of recommendations, we have arbritarily
divided diagnostic radiology into three sections. The first section covers
the selection of the patient. The reasons that patients are examined include
legal, regulatory, administrative mandate, uniform protocol, unselected mass
screening, as well as individual patient selection as part of a physician
consultation. However, the determination that a patient will be referred
for diagnostic radiological examination (regardless of the form of imaging
used) usually begins with physicians or persons who do not conduct the
examination. For this reason, one of the greatest potential areas for
optimization of population exposure resides in improving the education of
referring physicians.

Making the selection decision on the basis of benefit/risk appraisal
is not a simple matter (even for large population groups), and it is almost
impossible to decide on an individual patient basis. Therefore, it follows
that there should be an expansion of research in communication and delineation
of the potential information yield from diagnostic imaging for patients of
every type and class. It has been said that there is no truly negative
radiological examination. All examinations include some information and there
are serendipitous findings of disease in a silent form (a time when treatment
effectiveness may be the highest) that exists across the population at any
given time. Patient selection by criteria alone will most often miss the
serendipitous silent reservoir that would be found with r ore indiscriminate
examinations. Nevertheless, studies can be conducted that restrict the
examination benefit to the specific problem concerning the patient. However,
society (including the courts) must recognize the loss of some diagnoses if
medicine is allowed to select patients on the basis of referral criteria.

Initial exploration into studies of this type have shown that a variety
of examinations in the practice of medicine can be significantly reduced.
Improvements in other diagnostic procedures or a demonstrated decrease in the
incidence of certain diseases forms the basis for serious modification of
patient selection criteria. It is our recommendation that there be continued
government support of the medical community to assist their critical examination
of these ar^as and their intention to explore the potential for optimization
of patient selection without loss of patient benefit. In the material that
forms the background documents for-this projection paper, there are a number
of proposals for research in this area and it is noted that the Bureau of
Radiological Health, Food and Drug Administration has already formulated an
organizational pattern to allow the concept to be investigated with all
deliberate speed.

The scientific literature each year contains more articles pertinent to
this subject and it is apparent that this area, with or without government
support, will be receiving an increasing level of attention. The principal
opportunity for government is to accelerate the rate of implementation and to
improve dissemination and communication of information. It is very important
that throughout this development the invitation to freeze patient selection
characteristics is avoided.



For example, in a recent study of patient treatment, there were two groups
studied: a form of patient treatment identified as Type A and a form of patient
treatment identified as Type B. The patients who received treatment Type B
did dramatically better than those treated according to Type A. The f--st
inclination is to recommend or even require that all patients be treated
according to Type B. The dilemma is that if all patient treatment is restricted
to Type B, how are further advances made to what might be called treatment
Type C, where Type C would be an improvement over Type B.

The need to continue to provide for improved medical treatment is absolute.
Even the briefest look at diagnostic imaging shows it to be a dynamic and rapidly
improving system that could be impeded if efforts along the lines of education
and communication are not intellingently applied. Further, if a diversion into
certain forms of regulation were allowed, mediocrity would be guaranteed and
imaginative ideas that have advanced this specialty at such a remarkable rate
would be stifled.

The next section of recommended research concerns the "conduct" of the
examination. This research is directed towards improvement in radiological
equipment and accessories as well as optimizing their use. Areas identified
for study include: film screen combinations, number of films used in an examina-
tion, quality of radiation beams, scatter elimination, use of nonsilver modes
of imaging, exploration of electronic imaging systems including retention and
recall, imaging size evaluation to improve efficiency of storage and recovery,
application of different imaging systems to new problems, and microdose and
mini dose radiology. There are other recommendations that when implemented
could achieve a significant reduction in the radiation dosage used in the
examination but would increase the cost over the present systems. This creates
a new question for people concerned with medical cost containment. It is
strongly recommended that the background document for this projection paper be
analyzed in great detail.

An important question, which remains a value judgment in the implementation
of technical advances, is when to expend a large portion of resources to make
a technical change on a widespread basis. For example, if a change to a new
film-screen system that reduced the radiation exposure of all examinations by
25% was required by government regulation, what should be done if six months^
later a new technological advancement were made that would further reduce those
dosages. The question of allowing technical improvement to move by evolution
rather than revolution requires careful appraisal. There comes a time when
it seems appropriate to recommend the widespread adoption of a technical system
that appears to have achieved a state of maturity.



For example, a diagnostic radiology department that is using the instruments,
accessories, and equipment that would be considered ordinary in today's practice
could probably achieve a 50% or greater reduction in patient radiation exposure
by changing over to the latest technical equipment. A department operation of
this kind could be described as accepting a committment to "technical excellence."
This committment would also require attention to patient selection criteria,
optimum utilization of equipment and accessories, and proper operator conduct.
Such technical excellence can be achieved with wome increase in cost and moderate
changes in attitudes of practice and interpretation.

If this were an academic department training residents, it seems obvious
that this attitude would be transferred to that portion of the next generation
of practicing radiologists. If such a concept could be applied or achieved in
the majority of academic institutions responsible for training the next genera-
tion of practicing radiologists, then the next generation of radiologists would
have a significantly different attitude toward radiation exposure and the practice
of radiology. Since the numbers of these institutions are in the range of a
hundred or so, it is not beyond the available resources within the public and
private sectors to attempt such an endeavor. It would require organization,
financial support, cooperation and communication. The coordination of research
and implementation of research into education and communication could become
one of the most cost effective methods of achieving changes to optimize the
practice of radiology without resorting to the regulatory mechanisms.

The very excellent position papers that the academic departments submitted
in reply to the Chairman's request for assistence in this area lead to an
optimistic projection that the potential for reduction of radiation exposure
to the population could be as much as 75% within the next ten years without loss
of patient benefits. In fact, there should be a continuing increase in patient
imaging is further developed. This would not mean that the practice of medicine
would no longer contribute the largest amount of manmade radiation to the popula-
tion because hopefully that will always be true. (It is by and large the only
intertional exposure to the population.) The implication "that somehow the
practice of medicine should not be the largest source of manmade radiation exposure
to the population is one of the half truths or deliberately misleading conceptions
that is responsible for some of the confusion in our society.

In summary, radiology has the potential through the application of systems
readily available (some in an advanced stage of research and others in an early
stage of research) to fulfill the desire of the President to minimize the biologi-
cal effects of ionizing radiation on the public, even though we may not be capable
of defining the numbers involved. And whatever these numbers are presently, we
can achieve a division by two or four with cooperation and dedication.

The attached background papers list the specific titles and positions appro-
priate for review.





DIAGNOSTIC PROCEDURES
OUTLINE
GROUP A

The group first sought to express the principal issue or question.
There was agreement that the most important question was:

Do diagnostic radiological examinations produce detectable biological
effects?

It was agreed for doses of 1 rad that:
(a) Epidemiological studies of fetal dose could contribute
useful information to supplement the existing material. It
was emphasized care of design and dosimetry are essential to
success. End-points other than cancer, should be considered,
for example, behavioral changes or cytogenetics.

(b) Epidemiological studies in adults are not recommended
unless the difficulties in design at levels or 1 rad can be
surmounted. Epidemiological review is mandatory before any
proposal in adults is considered at diagnostic doses in the
region of 1 rad.

The Group approved:

Research to detect bio-effects at the 10 rad level if epidemiologically
sound experimental and control groups can be studied.

Candidates for Study:
In Children: Heart Catheter Patients
In Adults: G.I. Fluoroscopy

(Nuclear Medicine Mercury Brain Scans)
Scanning Techniques with and without contrast

It was again emphasized that adequate control, size and dosimetry are
essential for success.

As a significant related issue, the matter of agents used with radiation
in diagnosis that might produce or enhance radiosensitivity of cytogenetic
change were recognized as research subjects.

The second most important question was addressed, namely:

What dose did I get from this examination?

This was discussed without resolution or identification at this time as
to specific research that might satisfy the question. The group agreed there
should be research into techniques to measure or infer dose from external
irradiation.

The Group recommends research into dosimetry in nuclear medicine including
attempts to determine the relationship of dose to microscopic and molecular
level bio-effects. The reasons for the bio-effect differences between internal
and external radiation to the thyroid should continue to be investigated.



Benefit/Risk Consideration:

The Group agreed that the linear hypothesis for risk remains an acceptable
operational guide in expressing quantitative and qualitative aspects of risk.
The extrapolation from high dose information to low dose effects is useful
and probably conservative.

The benefit of diagnostic radiation in the equation is assumed to be
beneficial to individual and public, but noting the difficulty of quantifying
individual benefit.

Research in this matter should be directed at methods and information
useful in improving the benefit risk relationship. This would include, but
not be limited to:

Alternate Methods of Imaging
Dose Reduction Systems
Improved Patient Selection
Utilization Reviews
Efficacy - as variously defined: Exploration of New Techniques
Study of Benefits of Quality Assurance vs "Low Dose to Point of
Diagnosis" Techniques.

The Group Further Recommends:

Hardware Research
Phantom Improvement
Quantitative Imaging
Charged Particle Imaging
Detector-Receptor Development
Scatter-Rejection Systems

Information Research

Evaluation of Detection-Reception Performance
Importance of Threshold Images
Contribution of Resolution-Contrast
Potential for Film-Receptor Development Noise Factors
Alternate Diagnostic Techniques

Chemistry

Radio Pharmacology
Contrast Agents
Radiation Modifiers
New Ideas for Consideration

Determination of volume, distribution and dose from examinations performed
on patients with cancer, or disease with limited life expectancy, e.g., heart
attack or stroke.

10



Would this information be significant in appraising population dose and
the resultant public health concerns that influence political decisions?

Outcome analysis to assess the health benefits and psychological benefit
of negative examinations.

Review of legislative, regulatory and administrative non-selective examinations
for assessment of benefit/risk relationship.

11





The Presbyterian Hotpkt
in the City of New York
at
Columbia-Presbyterian Medical Center
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212 694-2600

November 27, 1979

Reynold F. Brown, M.D.
1344 Third Avenue
University of California
Medical Center

San Francisco, California 94134

Dear Dr. Brown:

Here at last is my contribution to the "Projection Paper" on
recommended research into technical developments leading to dose
reduction in diagnostic radiology. Also enclosed find a copy of
a letter by me to Dr. Lowe expressing my concern that diagnostic
equipment be manufactured with the option of employing dose re-
duction techniques. Since this is an "issue paper" rather than
a proposed research program, I assume it does not belong in the
projection paper. However, I certainly do not mind if you wish
to borrow or quote any ideas in it.

May I assume that I will have an opportunity to read the final
version of the projection paper?

Sincerely,

Peter M. Joseph, Ph.D.
PMJtmcm Assistant Professor of
Encl. Clinical Radiology

BABIfcS HOSPITAt. • DANA W AICHL6Y PAVILION • THE tOWARD S. I-ARKNF.SS EVE IMSTlrljlE • HARKNESS PAVI.AJ* " Nl liBOLOf-ICAL ir.bTIT^T t,
NEW YORK OBTHOPAhDIC HOSPITAL • PRESBYTERIAN HOSPITAL • SLOAN HOSPli AL • 3UUIER UI'OLCGICAi. Cl INIC • VANOERB'L ' CL!N«".

13



P.M.Joseph

Possible research in x-ray hardware development directed towards

lowering of radiation dose in diagnostic radiology.

1. Improvements due to more efficient extraction of information

from x-ray beams. A recent review by BRH physicists, Wagner and

Jenning (Proceedings S.P.I.E. Vol. 206, 1979 meeting) noted several

factors which decrease the image quality in conventional diagnostic

radiography. In most cases, the loss of image quality is presently

compensated for by increasing patient radiation dose. Thus, any

research which leads to technical improvements in these factors
2

could lead to a- reduction of patient dose. It must be understood

that the dose reducii.e factors of Wagner and Jennings are based on

a theoretical analysis of the information contained in the x-ray

photons. In sorr-i cases, sophisticated detection equipment and image

enhancement techniques will be necessary to obtain the predicted dose

reduction.Specifically, the following areas should prove fruitful for

research.

A. Scatter rejection. Can cheap and efficient scatter rejection

techniques be developed? Present research of this type by Barnes

has been promising. A theoretically perfect system could enable dose

to be reduced by about a factor of 3.

B. Improved image receptor techniques. To actually obtain the

dose reduction implied by improved scatter rejection will require

that image receptors of greater sensitivity and contrast than conven-

tional screens and films be developed. Various possibilities include

faster rare earth screens, enhancement of conventional film images

using radioactive, video, or digital techniques, and especially the

14
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development of high efficiency solid state receptors with electronic

or digital readout.

C. We can say with a high degree of certainty that almost any

successful dose reduction scheme in diagnostic radiology will

require that,in some way, image display technology be improved.

While it may turn out that photographic film is the cheapest medium

for storage of medical images, some sort of image enhancement

technology will be required to obtain low dose images.

D. Quantitative imaging. A collary of the previous point is

that quantification of the image densities will greatly expand the

ability' to use lower dose techniques. As computer technology becomes

cheaper, the use of digital enhancement techniques becomes more

attractive.

2. Use of charged particles. It is known that charged particles

are capable of imaging large body parts at a lower absorbed dose

than x-rays. The main problem is the development of a cheap and

effective machine for this purpose. Such research projects should

be supported.

6
3. It is desirable to continue research into the development of

improved phantom materials to simulate human tissues. Such work

is useful both to enable accurate dose measurements to be made and

to simulate various low contrast or marginally visible structures

for testing image quality in low dose images.

15
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14 November 1979

Charles V. Lowe, M.D.
Special Assistant to the Director
National Institutes of Health
Bethesda, Maryland 20014

Dear Dr. Lowe:

As an invited scientific consultant present at the
November 7th meeting to plan research into the biological effects
of radiation, I wish to take this opportunity to present an "issue
paper" to your attention. The issue that concerns me is the
question of ensuring that medical radiological equipment be so con-
structed that the practicing radiologist can easily employ known
dose reduction techniques. The fact is that much radiological equip-
ment today is designed so that many factors affecting radiation
dosage are "frozen" into the machine, either by the design engineer
or by the local installation team. This question relates to federal
radiation policy because (1) certain BRH regulations, while well
intended, have tended to freeze dose levels at an unnecessarily high
level and (2) both manufacturers and local hospitals are strongly
inhibited by the present regulations from making changes to rectify
the situation. I believe that BRH should institute such regulations
as would require that equipment be manufactured in such a way that
dose flexibility is achieved.

This opinion on my part has grown out of my six years of
experience as a practicing hospital physicist specializing in the
physics of diagnostic radiology. A major part of this work involved
research and education of radiologists directed towards dose reduc-
tion techniques. I have felt particularly frustrated by the fact that
in some cases, it is the more recent ("HEW certified") equipment which
was so inflexible as to prevent effective dose reduction action. I
would like to briefly mention four specific instances.

1. Flexibility to add additional filtration to the x-ray colli-
mator. The problem here is that the 1974 BRH regulations require
that the minimum x-ray filtration be permanently installed. (Pre-
viously, the filter, usually aluminum, could be easily removed and
replaced. This meant that if the patient was exposed without the
filter, whether by error or intent, excessive exposure would result.)
However, certain manufacturers responded by designing systems such
that not only was the minimum filter permanently mounted, but no
additional filtration could be added by the user without violating
certain BRH regulations.
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I and my colleagues at Columbia-Presbyterian called this
fact to attention in a published editorial in 1976 (see enclosure).
To date, the only effect of this editorial known to me was to
convince one manufacturer (Picker) to add a slot for additional
filtration. Another manufacturer (Machlett) decided that the market
demand would not warrant the cost of the conversion. However_t they
gave me no detailed analysis of why a simple slot would be so costly.
Several European manufacturers (Siemens, Philips) also provide no
s_

A common argument against my proposal is that little can be
gained by filtration adjustment, and that present filtration is optimal.
While this is undoubtedly true for perhaps the majority of radiologi-
cal examinations, it is emphatically not true of many widely used special
procedures. Specifically, from my experience, I have found that
exposure can be reduced by (1) 50% in pelvimetry, (2) 40% in chest
radiography, (3) 30% in gastro-intestinal fluoroscopy and spot filming,
(4) 70% in airway studies in infants (references 1,2), (5) 25% in
mammography. (I have emphasized pelvimetry because of the known high
radio-sensitivity of the fetus). The point here is that each of these
procedures requires a specific type of optimum filtration. In our
hospital we have achieved this partly by modifying old, non-HEW-
certified equipment, and partly because we have specialized equipment
dedicated to these procedures.

I am presenting this lengthy argument here because, in previous
communications with the BRH, I have failed to convince them of the
desireability of taking any action in this area. I am enclosing xerox
copies of a part of my correspondence with BRH which should give you a
sense of the present stalemated situation . Specifically, as I under-
stand it, BRH is demanding evidence that optimal filtration would in fact
be used by radiologists if_ available; however, since much presently
manufactured equipment prevents its use, it is clear that obtaining
such evidence is very difficult. This brings us back to my original
thesis, that equipment should be designed so that dosage can be reduced
by an operator who is both sufficiently well informed and motivated.

At the risk of trying your patience, I want to suggest a few
more areas in which dose reduction capability should be provided.

2. Variable dose adjustments in 105 M M spot film cameras. At
present, the dose per film is usually fixed by the speed of the film
used, as well as the camera aperture. Thus, the actual adjustment is one
made "in the field" by the installation technician, usually following
some sort of company recommended standards. Unless a physicist specia-
list is available, the radiologist rarely has information or knowledge
of the dosimetry. The resul^ most commonly is to opt for a higher <?ose
level than necessary to provide a more pleasing image.

I propose that such equipment should be redesigned with a variable
aperture and phototiming. This would enable the radiologist to freely
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adjust the dose level as he sees fit. (A legislated maximum dose
would be a good idea.) Since the radiologist is often personally
present at the patient's side and exposed to scattered radiation,
he could be expected to be motivated to reduce dose. At least one
result would almost certainly be a series of studies by academic
radiologists to establish the minimum acceptable dose level for
each specific type of examination. The value of such a system to
the public welfare Us, I think, obvious.

3. Fluoroscopes which operate at a fixed l!mA" current level
should be abolished. Such devices (hundreds have been made) give
2-4 times more radiation to thin patients (such as children) than
necessary or desireable. The radiologist should always be given
some sort of control or selection of the mA or kV level.

4. Fluoroscopes should be designed so that the grid is easily
removable. While grids are very desireable for most routine fluoro-
scopic examinations cf the GI system, they need not be used on
babies or young children, and are definitely contraindicated for
certain special procedures, such as arthrography. Removing the grid
in these instances will reduce radiation dose by a factor of 2 to 4.

I have attempted to convince you that some sort of federal
action in this field is necessary. In some cases, my arguments
could be called irrelevant because many manufacturers are already
following the suggested course of action. In other cases, the recom-
mended changes are extensive and would require designing a new
generation of some subcomponents. In either case, I am arguing that
we can not rely on the free decisions of manufacturers, because
their decisions (1) are dictated primarily by their perception of
market forces and (2) could as easily be based on incorrect or
inadequate analysis. I frankly find little evidence that the market
place is demanding reduced doses; most sales are based on image
quality, operating convenience, perceived reliability, and price.
Very often, it is only after installation of new equipment that the
user discovers he does not have the dose controlling flexibility
that he thought he had. In my opinion, this is a necessary area
for federal intervention whose scope is entirely within that of
existing federal law.

I would suggest that a committee be appointed to study this
problem. Obviously, the committee should include some radiologists
and radiological physicists with expert knowledge in the field.

I hope and trust that you find this letter to be within the
purview of the committee on Federal Research into the Biological
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Effects of Ionizing Radiation and specifically, to constitute an
"issue'paper" as defined in your letter of October 29, 1979. I
hope it will be possible for you to keep me informed of any further
action taken.

Sincerely,

Peter M. Joseph, Ph.D.
Assistant Professor of

Clinical Radiology
PMJ:hss

Enc.
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DOSE REDUCTION POSSIBILITIES THROUGH INCREASED
COLLIMATOR FILTRATION

It is a well established fact that x-ray exposure can be reduced if the
amount of filtration in the beam can be increased. Unfortunately, any
such increase will almost always lead to a reduction in image contrast.
Whether the contrast loss is acceptable, unacceptable, or even desire -
able depends on the specific clinical details of each radiological examina-
tion. It is generally agreed that a total effective filtration of 2. 5 mm of
Al presents a reasonable compromise between dose reduction and con-
trast for most radiological procedures.

There are certain procedures, however, where the use of additional
filtration is highly desireable. For example, Joseph et. al. (Radiology
121:143, 1976) showed that a Thoreaus filter could be used to great advan-
tage in imaging the airways of infants. The dose reduction of 3 to 1 was
considered to be'an incidental by product in this case. In the case of
pelvimetry, the use of a copper filter can reduce fetal exposure by about \,
with no significant loss of image quality. In the case of routine chest
radiography, the use of a copper filter will increase mediastinum penetra-
tion while also reducing exposure by a factor of about 0. 6 - 0. 7.

The purpose of this note is to point out that, as a direct result of the
BRH requirement that the minimum filtration be permanently installed,
certain commercial collimatois(Machlett, Philips, Siemens) are now made
so that it is physically impossible for the radiologist to add additional filtra-
tion. Users of such equipment are thus prevented from employing increased
filtration as a dose reduction technique. In my opinion, the BRH x-ray
equipment code should be modified so as to require that a simple slot be
provided to allow for additional filtration. The economic costs of such a
modification are obviously trivial, and the radiological community could
then be encouraged to employ optimum filtration. I have previously urged
the BRH to adopt such a code. To date they have indicated no interest in
such action.

Peter M. Joseph, Ph. D.

PMJrhss November 7, 1979
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Caveat Doctor: The X-Ray Collimator Industry
Takes a Giant Step Backward1

Peter M. Joseph, Ph.D., Walter E. Berdon, M.D., and David H. Baker, M.D.

Markedly improved imaging of the upper airway in infants and children with magnification
high kVp technique is accomplished with added heavy filtration. Unfortunately, in the newer
x-ray collimators, no slot is provided for this purpose. The authors can think of no reason,
medical, physical or economic, as to why a simple slot cannot be provided. A few manu-
facturers make machines with the added filter slot; all radiologists are urged not to neglect
this information when selecting new equipment.

INDEX TERMS: Opinions • Radiography, apparatus and equipment • Radiology and radiol-
ogists
Radiology 121:225, October 1976

Opinion

Elsewhere in this issue (p. 143) we report on the
markedly improved imaging of the upper airway in infants
and children with magnification high kVp technique. Ab-
solutely essential to the method is the use of added heavy
filtration (tin, copper, aluminum) in the x-ray beam. The
filter eliminates low energy x-ray photons which, even at
high kVp, would otherwise cause objectionable imaging
of bony structures and obscure the airway on frontal views.
At the same time, the filtration markedly reduces the dose
to the patient. One of us (P. M. J) has had similar success
with a filtered technique with other air contrast studies
(pneumoencephalography, adult air-contrast laryngogra-
phy). A somewhat different filter is being evaluated for
improving image quality while reducing fetal radiation
dosage in pelvimetry.

These approaches have been well received by col-
leagues in other institutions who then found they were
unable to reproduce them if they were using x-ray colli-
mators of recent manufacture. Earlier x-ray collimators
were designed so that the filter could be removed or re-
placed by the radiologist; with the passage of Public Law
90-602 H.R. 10790 in October 1968, the U.S. Department
of Health, Education and Welfare developed equipment
performance regulations for the x-ray manufacturing in-
dustry in order to reduce nonessential radiation exposure.
In particular, these regulations required that a certain
minimum filtration be permanently installed in the colli-
mator. This works out to be roughly equivalent to the widely
accepted 2.5 mm aluminum used in radiology prior to
1968. We have no quarrel with this minimum filtration
standard.

However, at least two major American manufacturers
of collimators redesigned their collimators so that it is now
impossible to add to this minimum filter. (One can add an
extra filter to these devices by "taping it on," but then one
looses the light field which is not only essential to good
coning but is also required by HEW regulations.) We find
it impossible to conceive of any reason, whether physical,

economic, legal, or medical, why a simple slot cannot be
provided which would allow the radiologist to add filtration
as needed. The proof of this assertion is the fact that one
manufacturer2 does make HEW certified collimators with
such a slot for additional filtration.

The main problem thus seems to be due to poor engi-
neering in private industry rather than overzealous or ob-
structionist governmental regulation. In fact, we feel that
the government's error is one of omission rather than
commission. In our opinion, the very reason for the exis-
tence of Public Act 90-602 would suggest a requirement
that all collimators have such a filter slot, if only because
any additional filter used will certainly reduce the patient
dose. (The minimum filtration would of course be perma-
nently installed.) It is indeed ironic that the actual effect of
an act designed to reduce radiological doses has been a
generation of collimators which make it impossible for the
radiologist to use a well established dose reduction tech-
nique!

The present situation is intolerable yet is apparently
resistant to change. Several conversations with manu-
facturers, both public (1) and private, have to date produced
no concrete results whatsoever. Until such time as the
HEW decides to mandate a filter slot, we can only urge our
medical colleagues to be aware of this problem when
selecting new equipment for purchase. Otherwise, the
radiologist may find himself with a very expensive in-
vestment which is incapable of producing optimal images
at the lowest doses. Caveat doctor!

Walter E. Berdon, M.D.
Department of Radiology
Babies Hospital
622 West 168th Street
New York, N. Y. 10032

REFERENCE
1. Joseph PM: The role of hospital physicists in performance

specifications. Proc Soc Photo-Opt Inst Eng 70:244-247, 1975

1 From the Department of Radiology, Babies Hospital, New York, N. Y. Accepted for publication in August 1976.
2 General Electric Medical Systems Division.
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Recommendations for HEW Certification of Diagnostic X-ray Equipment

by

Peter M. Joseph, Ph.D.
Columbia Presbyterian Medical Center

A seminar presented to the Bureau of Radiological Health

Marchf17, 1976

The following problems have occurred in our institution and
could be mitigated by changes or additions to the existing federal law.

1. Problem: Lack of facility for additional collimator filtration.
In many examinations additional filtration is highly desire-

able, as it can both decrease radiation dose as well as improve
image quality. We present clinical results of our technique for
imaging airways in infants. This technique is impossible with many
presently HEW certified collimators.

Recommendation: All certified collimators must allow for an
arbitrary amount of additional filtration over the HEW minimum.

2. Problem: Excessive filtration in collimators.
The present law establishes no maximum permanent filtration

in tubes or collimators. We present two case histories where the
built in filtration was excessive and caused unacceptable loss of
diagnostic image quality.

Recommendation: No source assembly should be certified which
produces a half value layer more than 20% in excess of present
standards.

3. Problem: Excessive absorption in table tops.
Some movable tops on tomographic tables have \2 mm aluminum

equivalent tables. This causes excessive patent exposure in
tomography where low kVp is used.

Recommendation: The total filtration of all materials between
patient and cassette in tomographic devices should not exceed lmm Al.

4. Problem: Excessive radiation exposures in fixed MA brightness
stablizers.

Present law allows fluoroscopic systems to operate at a fixed,
large, MA. This gives more radiation to children and thin patients
than does a variable MA system. Image quality is also superior when
the radiologist can control kV.

Recommendation: Fixed mA fluoroscopic stabilizers should be
out lav/ecu™""*

5. Other topics. Our experience with automatic collimators will
be discussed. We also present evidence of significant variation
in image quality and radiation dosage due to variability of
speed in a given type of x-ray film. A new technique of ensuring
that the grid of a tomographic system is centered, thus reducing
radiation exposure to the patient,, will be described.



Oak Ridge Manpower Education,
Associated Post Office Box 117 Research and Training
Universities Oak Ridge, Tennessee 37830 Division

December 5, 1979

Reynold F. Brown, M.D.
American College of Radiology
2521 Judah Street
San Francisco, California 94122

Dear Dr. Brown:

I am enclosing my report on research into biologic effects of
nuclear medicine procedures. I would be interested in receiving
the reports of the other task group members as well as your finished
report to Committee on Federal Research into the Biological Effects
of Ionizing Radiation.

If you have any questions concerning my report, please call or
write me.

Sincerely,

Roger^J. Cloutier
# Radiopharmaceutical

Internal Dosimetry
Information Center

RJC/fs

Enclosure
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To: Task Group on Diagnostic Procedures
Committee on Federal Strategy for Research
into Biologic Effects of Ionizing Radiation

From: Roger J. Cloutier

Topic: Biologic Effects of Nuclear Medicine Procedures

In the United States the largest manmade component of the
radiation dose to the population is the use of radiation in
diagnostic medicine. Although the radiation hazard from nuclear
power has received much more attention, the population exposure
from diagnostic- medicine is orders of magnitude greater than that
from nuclear power and many more people are involved. Individual
doses from diagnostic procedures are generally quite small;
however, the large numbers of people exposed each year to
radiation from diagnostic radiology and diagnostic nuclear
medicine warrant a close examination of the radiation doses
received and the biologic effects from these doses. These studies
should be federally supported because funds are not available from
private sources. The research projects required would increase
the already considerable cost of patient care.

Generally, doses from diagnostic nuclear medicine procedures
are greater than those from diagnostic radiology but are expressed
in different terms. In radiology, midline doses, surface doses,
and occasionally total body doses are used to characterize the
patient doses; in nuclear medicine, organ doses and total body
doses are usually the doses of interest. Comparisons of radiation
effects from radiology procedures with those from administered
radiopharmaceuticals are difficult, if not impossible, to make
because of the differences in dose rates, in the parts of the body
being irradiated, and in the duration of the exposures. Thus,
research on biologic effects of nuclear medicine procedures will
require different studies than research on biologic effects of
diagnostic X rays. Hew devices such as the computerized axial
tomography (CAT) scanners also contribute to the radiation
exposure of the population and should be included in any study of
radiation effects.

Strategy for research into biologic effects of radiation
must be predicated on the fact that effects of radiation vary with
radiation dose. Knowledge of radiation dose is thus essential to
a study of biologic effects. In nuclear medicine the
determination of the dose received by an individual patient is not
usually attempted. Instead, the radiation dose to a "reference
man" from a given radiopharmaceutical is estimated. Kinetic and
distribution data used in the dose estimate may be obtained from
animal studies if the radiopharmaceutical is still experimental or
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from results in patients after the radiopharmaceutical is used
clincially. Such a general estimate of radiation dose is not
meaningful in the context of radiation dose-effect relationships.
Anatomic models describing women (nonpregnant and pregnant),
children of various ages including infants, and men of sizes other
than 70 kilograms are needed to estimate doses of populations
composed of people of all ages and sizes. The mathematical
phantoms used for calculating absorbed fractions are being
improved as new graphics capabilities are making it possible to
modify these models much more easily than in the past. These
studies should receive financial support so that the projects can
be completed more rapidly.

Although work is in progress on the design of pediatric
models and of pregnant-women models at several stages of
pregnancy, the models are of little value until they are used to
calculate absorbed fractions. This requires multiple Monte Carlo
computer runs and is quite expensive. Federal funds are needed
for these research activities. More refined models of the head
and skeleton are also of high priority. In the reference man
phantom these are only crudely represented. The inhomogeneity of
the dose in bone has made the skeletal doses calculated with the
present model of limited value.

Of major concern in the consideration of biologic effects is
the dose to the fetus. The effect of radiation dose on the fetus
has been particularly difficult to assess for many reasons. Among
these are the facts that the accuracy of the fetal dose is poor,
other agents (chemical, viruses, etc.) can produce abnormalities
in the fetus similar to those produced by radiation, little is
known about the placental transfer of many compounds, and the
chemical form of a radioactive material after it is in the body
may be unknown. In addition to the mathematical models of the
pregnant woman, these other factors related to radiation effects
in the fetus must be studied.

At all ages, better data on the physiologic behavior of
radioactive materials in the body are urgently needed. Studies on
the kinetics and distribution of radiopharmaceuticals should be
initiated. The equipment needed to perform this research is often
available in nuclear medicine laboratories, but the studies are
not performed because the results are not pertinent to the
diagnosis for which the radioactivity was administered and the
additional cost and employee time are hot normally considered to
be justified. Funding for such research would need to be obtained
from sources outside of the nuclear medicine institution.

Other topics that should be studied include the effect of
disease, drugs, age, sex, and body chemistry on the retention and
distribution of radiopharmaceuticals. Because of the numerous
factors influencing biologic behavior of materials, analysis of
all parameters is extremely difficult since the number of
combinations becomes quite large even in a small population of
patients.
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Although the absorbed radiation dose has been used as the
primary basis for estimating the effects of radiation in tissue,
other factors must also be considered. The International
Commission on Radiation Protection (ICRP), the National Council on
Radiation Protection and Measurements (NCRP), and other groups
have recommended dose-modifying factors to describe the
relationship between radiation dose and radiation effects. For
radiation protection purposes, the quality factor is the
dose-modifying factor most commonly applied. In principle the
quality factor can vary as a function of dose rate and may differ
along the track of an ionizing particle; however, in dose
calculations quality factors vary only with the type of radiation
emitted. Because the radionuclides used in nuclear medicine are
beta aiid gamma emitters for which the quality factor is usually
taken as one, no attempt has been made to introduce quality
factors into nuclear medicine dosimetry calculations. Even though
dose-modifying factors were developed for occupational exposures,
they have generally been regarded as applicable to nuclear
medicine exposures as well. This may or may not be a valid
concept and should be studied. Other factors that may be
important and should be investigated are dose rate, dose
distribution, and chemical changes.

1. Dose rate

When short-lived radionuclides are used in nuclear
medicine, the total radiation dose is often much less than
the total dose from longer-lived radionuclides, but the
patient receives the dose in a much shorter period of time.
The influence of this increased dose rate on the biologic
effects of radiation should be studied. Experiments with
animals could be used to obtain preliminary answers to this
question.

2. Dose distribution

a. Macroscopic

Most estimates of radiation damage have been
related toHsomatic" doses and "genetic" doses. The
radiation dose to the total body or the radiation dose
to specific regions or organs of the body has been
used as an approximation of the somatic dose. For
internal emitters these dose estimates are based on the
assumption that the radioactive material is uniformly
distributed throughout the total body or the organ.
Although at the macroscopic level for some
radioactive compounds this is a reasonable assumption,
for others this assumption will result in gross
underestimates of dose in some regions while
overestimating the dose in others. Thus, conclusions
about dose and effects may be based on faulty premises.
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b. Microscopic

Although some attempts have been made to estimate
radiation dose to cells and cell components, the efforts
have not been pursued vigorously because of the
difficulties associated with interpreting the overall
effect on a tissue from the absorbed dose within the
cell. The physiologic problems are complicated by the
fact that the cell generation cycle varies with the
cell type. For certain tissues — bone, marrow,
thyroid, reproductive organs — the cellular dose may
be more meaningful in relating radiation dose to
biologic effects than the organ dose or the total
body dose. Because damaged cells may produce delayed
health effects, the subject of microscopic dosimetry
should be reviewed and possible new research studies
initiated.

3. Chemical changes

Chemical changes caused by radioactive decay may result
in biologic effects greater than those that would be expected
on the basis of absorbed dose alone. Studies with
microorganisms and lower animals have indicated that the
decay of tritium and iodine-125 produces extensive
rearrangement of the molecules to which they become attached.
This merits additional study.

Zn summary although much has been accomplished in improving
dosimstry of radiopharmaceuticals, particularly in relation to the
desig:i of mathematical models representing "reference man," better
models are still needed and much work pertaining to the dose to
the fatus remains to be done. The development of new tomographic
instrumentation such as the CAT and ECAT scanners make it possible
to cojllect quantitative data on distribution and retention of
radiobharmaceuticals. Research activities using these devices
should be initiated so that the radiation doses used in relating
dose and effect will be more meaningful. Other issues to be
addressed are the dose-modifying factors that have in general been
ignored in dose estimation.
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Harvard Medical School

Office of the Dean
for Academic Programs

December 7 , 1979

Dr. Reynold F. Brown
American College of Radiology
2521 Judah Street
San Francisco, CA 94122

Dear Dr. Brown:

In accordance with our understanding of November 7, 1979,
I have enclosed a section for the Group A - Diagnostic Procedures
report entitled, Outcome Analysis. I hope that you will be able
to incorporate this into the 7'Scientific Projection Paper" that
you are preparing.

In addition, I promised to help Elliot Lasser with the
radiopharmaceutical part of the Chemistry Section. I will be on
to him shortly.

Yours sincerely,

A-
S. James*Adelstein, M.D.
Professor of Radiology and
Dean for Academic Programs

SJArmc
Enc.
cc: Dr. E l l io t Lasser

Dr. Monte Blau
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Outcome Analysis

Methods for assessing the benefit/risk ratio need to be developed

as they relate to diagnostic strategies based on maximizing information

content and minimizing radiation exposure (as well as other risks and costs).

These include:

1. Techniques for determining (the absolute and relative diagnostic

content of procedures. Perhaps the furthest advance has been made in extra-

polating the use of ROC analysis from perceptual psychology to psychophysical

measurements in clinical medicine. This approach needs to be refined further

and other methods explored. In addition, methods need to be developed for

evaluating diagnostic strategies that differ in the relative power and cost

for detection, localization and classification of pathologic lesions. These

should be applied to individual radiologic procedures, conjoint radiologic

approaches and hybrid radiologi cum-other testing (e.g. serum CEA levels

plus liver scanning for definition of metastetic breast cancer of the liver).

2. Quantitative methods for determining how use of diagnostic proce-

dures affects physician behavior. Current methods are relatively crude but

the possibilities reside here for short-term outcome analysis and for potential

reduction in both radiation exposure and costs.

3. Measures of the effect Of correct and incorrect rasdiologicdiag-

noses on health outcomes including lives saved, patients cured, suffering

alleviated morbidity reduced, quality of life increased. These measures need

to be assayed early in the development of new technology or the opportunity

may be lost to determine then when the technology becomes established. In such

measures, the psychological value of negative examinations needs also to be

taken into account.

4. Implementation of risk taking in accordance with individual patients'

values. Trade-offs in the risk/benefit ratio have time and quality variables,

e.g., 5 years vs. 6 months survival; profound anginal relief with parasurgical

mortality vs. moderate relief with lesser drug-induced mortality. We need

methods of quantifying patient preferences as they reflect on the utilization

and perceived value of diagnostic procedures.
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Outcome Analysis Page 2

5. Measures for determing the value of diagnostic procedures for

monitoring the natural history and progression of disease as it relates to

therapeutic decision-making. These should include the evaluation of periodic

examinations in asymptomatic patients with and without known disease, and of

diagnostic tests in symptomatic patients with disease. They should take into

account the risk (and cost) of the test, the efficacy of treatment and the

critical times for intervention.

SJArmc

12/7/79
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HARVARD MEDICAL SCHOOL DEPARTMENT OF RADIOLOGY

JOINT PROGRAM IN NUCLEAR MEDICINE
CHARLES A. DANA CANCER HOSPITAL • CHILDREN'S HOSPITAL MEDICAL CENTER •
PETER BENT BRIGHAM HOSPITAL

January 8, 1980

Dr. Elliot Lasser
Department of Radiology
University of California
at San Diego
San Diego, California

Dear Elliot,

At our Washington meeting, I promised to provide you with some suggestions
for radiopharmaceutical research to improve the benefit/cost ratio by increasing
the information content and/or reducing the absorbed radiation dose for nuclear
medicine procedures.

Here is such a list, I hope not too late.

Best wishes.

Yours sincerely,

S.J. AdelWin, M.D., Ph.D.

SJA/kkg

cc: Dr. Raymond Brown
Dr. Monte Blau

SHIELDS WARREN RADIATION LABORATORY • 5 0 BINNF.Y STREET » BOSTON, MASSACHUSETTS 0 2 1 1 5 * ( 6 : 7 ) 7 3 2 - 2 1 8 5

33



Radiopharmaceuticals

1. Development of positron emitting (nC, 13N, 18F) labeled indicators to study

metabolic states of various organs especially the nervous system, the heart,

and the pancreas.

2. Develop short (min-»-hr) and ultrashort (sec + min) but readily available

radionuclides for pediatric practice; these will almost certainly be

generator produced, e.g. 19'Os-191tnIr, 1 7 eW- 1 7 8Ta.

3. Enhance the specificity of technetium-labeled radiopharmaceuticals in order

to make the diagnostic process more efficient, i.e. to allow differential

diagnoses.

4. Develop short-lived single photon radiopharmaceuticals based upon radio-

nuclides emitting photons in the 100-200 Kev range for use with currently

available single photon emission tomographic scanners.

5. Develop methodologies for binding intermediate-lived radionuclides, such as

97Ru, lxlIn and 2 0 3Pb, to biologically active molecules in casss where the

half-lives of 99mTc and 1 2 3i are too short to allow imaging of the disease

process. (Currently only 1 3 1i is utilized under these conditions and the

8-day half-life and associated 6~ decay limit the amount which can be in-

jected. Current agents such as :3^-cholesterol, 133I-anti CEA suffer from

this fate.)
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6. T»ftierever possible, attempt to replace long-lived radiopharmaceuticals such

as 1 3 1 I , 57Co, 75Se, etc. labeled compounds with short-lived nuclides such

as 99mTc in order to reduce patient dose. Similarly, attempt to reduce

99mTc use if suitable agent can be made with shorter-lived and available

nuclides.
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UNIVERSITY OF CALIFORNIA. SAN DIEGO

BERKELEY • DAVIS • IRVINE • LOS ANCELES • 1IIVEHS1OE • SAN DIECO • SAN' FKANC1SCO i ! SANTA BARBARA • SANTA CRUZ

DEPARTMENT. Radiology
UNIVERSITY OF CALIFORNIA MEDICAL CENTER
SAN DIEGO
UNIVERSITY HOSMTAL
225 DICKINSON STREET
SAN DIEGO, CALIFORNIA 92103

December 5, 1979

Reynold F. Brown, M.D., Chairman
Director, Radiological Health Scientist

Education Project
University of California Medical Center
1334 Third Avenue
San Francisco, California 94134

Dear Rey:

As per the agreement at the recent meeting in Washington, I am
sending you a brief write-up on "Possible potentiating effects of contrast
media on the biological effects of diagnostic x-ray studies".

Published evidence indicates that contrast media are (1) capable
of producing chromosome aberrations, and (2) that contrast media may have
a radio-sensitizing effect. Evidence for (1) can be found in a paper
published by Adams, Norman, Mello, and Bass, entitled "Effect of radiation
in contrast media on chromosomes" (Radiology 124:823-826, September 1977).
In this paper the authors examined circulating lymphocytes from patients
who had been subjected to contrast examination and radiation, and also
examined lymphocytes in culture exposed to contrast media and/or radiation.
They indicate that cells that are irradiated while suspended in contrast
media will receive a larger absorbed dose due to the flux of photoelectrons
from iodine than if irradiated only in body fluids. They believe, however,
that in view of the fact that only a small proportion of the calculating
lymphocytes will be irradiated while suspended in high concentrations of
contrast medium in actual clinical studies, that the major cause for the
unexpectedly high frequency of chromosomal aberrations relates to the finding
that the contrast agents are able to produce aberrations in the absence1 of
irradiation. The authors used Ilypaque and Rencgrafin in their studies, but
they also cite a paper by Schmid and Bauchinger (Mutat. Res. 34:291-298,
February 1976) that indicates that a significant increase in the number of
structural chromosomal aberrations occur in Chinese hamster ovary cells in
the presence of diodrast. Item (2) above^-i.e., the radio-sensitizing effect
of contrast media--has been brought to my attention by Dr. B. B. Singh, Head,
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Reynold F. Brown, M.D. - 2 - December 5, 1979

Section of Radiation Biology, Division of Life Sciences, International
Atomic Energy Agency, Vienna. He has found that the reducing and oxidizing
species released during water radiolysis react with iodine compounds and
generate certain iodine species that are highly toxic to cells. He believes
that such species are the iodine atoms, and indicates that the various
reactions involved were discussed in the following papers:

Nature 216:372, 1967; Indian J. Exp. Biol., 9:518-519, Oct. 1971;
Science 160:199, 1968
Adv. Biol. Med. Phys. 13:255, 1970
Adv. Chem. Radiosensitization, IAEA, Vienna, 87, 1973.

Dr. Singh has noted that iothalamate increases the radiosensitivity
of cells and radiological exposures may be equivalent to many times the
physical doses when biological effects of radiation are taken into consideration.
He finds this effect so interesting that he wonders whether it might not one
day be useful in radiotherapy.

I hope that these remarks will be salient to our earlier discussions.

With very best wishes,

Sincerely,

Elliott C. Lasser, M.D.
Professor of Radiology

ECL:tlc
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MEMORIAL SLOAN-KETTERING CANCER CENTER
1 2 7 5 Y O R K A V E N U E . N E W Y O R K . N E W Y O R K 1 0 0 2 1

December 10, 1979

Reynold F. Brown, M.D.
American College of Radiology
San Francisco Office
2521 Judah Street
San Francisco, California 94122

Dear Dr. Brown:

Enclosed are my comments, questions and thoughts concerning
my assignment for our N.I.H. Group A, Diagnostic Procedures Cluster
Group. I hope that this will be of some value to you in preparing
our Group's report. Please call on me if I can be of further
assistance in this effort.

Sincerely yours,

Lawrence N. RothenSferg, Ph.D.
Department of Medical Physics

LNR:mb
Enclosure
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L.N. Rothenberg - Cluster Group A

A. Importance of having an "acceptable" dose description for
external dose, NO AGREEMENT

The patient asks "What dose did I get?" There was no
agreement by our Cluster Group A on how to respond. The
possible numbers to quote are:

1. Exposure in air at the patient entrance surface, X (R).

This has often been used because it is easy to measure.
One places an ionization chamber at the position of the
patient entrance surface and measures X mR. It tells
nothing of the internal dose to organs of interest and
does not include patient backscatter nor does it take
into account'the type of tissue being irradiated. The
numbers obtained are not the most relevant for epidemi-
ological studies.

la. Patient entrance skin exposure - this includes the effects
of patient backscatter which may increase the exposure by
a factor of about 1.2 for most diagnostic x-ray procedures.
ESE = BSF • X (R)

lb. Patient entrance skin dose - this includes the effects of
tissue type and beam quality which determine the f-factor
(rad/R). ESD = ESE • f (rad)

2. Internal dose - this represents some fraction of the entrance
dose at a particular position in the patient. Possible
numbers desired are:

a. midplane dose - to obtain an accurate value one must
have a detailed knowledge of the intervening tissues
and the beam quality. Tables of midplane vs. entrance
exposure are published for many exams.

b. organ dose - gonads, bone marrow, lens of the eye,
thyroid - There are often complicated measurements which
could not be performed on individual patients. However,
some authors have done measurements or calculations for
"average" patients and present values of specific organ
doses for a given entrance or in air exposure. One example
of this is "Handbook of Selected Organ Doses for Projections
Common in Diagnostic Radiology" by M. Rosenstein (FDA 76-8031)
He presents dose in mrad to thyroid, ovaries,testes, active
bone marrow and uterus per 1000 mR entrance skin exposure (in
air) vs. HVL for a variety of diagnostic procedures. There
should be further efforts in this area.
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3. Integral dose - The dose times the mass gives g-rad
(kg«Gy=J). This is a measure of total energy desposited
in the patient. Many authors feel that this quantity is
most important for cancer induction calculations.

4. Average dose - A calculation of the average dose to the
tissue of interest. Hammerstein, et.al, Radiology 130, 485
(1979) have given a prescription for such a calculation for
mammography. In fact this estimate is within about 30% of
the midpla<ne dose.

BJR Supplement 11 supplies information for performing most of
these calculations; however, many of the data are uncertain.
Further measurements in this area are desirable for diagnostic
x-ray beam qualities.

5. Dose equivalent - The biological effects of varying types
of radiation (protons, alpha particles, etc.) can be determined
by RBE measurements. Should different RBE values be used over
the broad range of x-rays used in diagnostic radiology? -
Probably not - but some further investigations in this area may
be in order.
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Reynold F. Brown, M.D.
American College of Radiology
2521 Judah Street
San Francisco, CA 9^122

Dear Rey:

1 am sorry that I have not gotten my materials to you from Cluster Group A.
Enclosed with this note is a letter from Bill Hendee outlining his thoughts
and I will record my ideas in this letter.

I have sent two letters to the other members of our Conjoint Committee and
I am hopeful that they will correspond directly with you. Unfortunately,
1 have not seen the exact challenge to diagnostic Group A but I wi11 attempt
to express my own thoughts as effectively as possible. I am personally
rather discouraged over epidemiological studies. We tried to find some
epidemiological studies of very low level radiation of the breast and were
unable to isolate a large enough group to statistically demonstrate very
small incident toxic effects. This is a problem that we faced in all of
diagnostic radiology. Obviously a definitive determination of whether the
linear hypothesis is correct or whether there is a threshhold for radiation
injury would be most important. If indeed there is a threshhold we might find
ourselves changing methods of examination so that we do only one exam a day
instead of the five radiological examinations at once that are carried out
in many clinics.

Hardware research leading to lower radiation is an extremely important issue.
I would tend to agree with Bill Hendee that there are not an awful lot of
ideas around waiting to be pursued, however. One of the main problems is
that many of us in academic medicine don't have access to ideas that exist
within industry. In many cases, industry is awaiting developments of hardware
from other fields such as the space program in order to bring on line new
imaging approaches. Improved television cameras which might lead to all
video systems of information storage and retrieval might be an example of
the kinds of things that could be accomplished if the federal government
was willing to subsidize industrial efforts. This whole concept of the

ESTABLISHED IN 1913 AS THE MARQUETTE UNIVERSITY SCHOOL OF MEDICINE
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Page 2
Reynold F. Brown, M.D.
December 2*t, 1979

interface between government and industry in the diagnostic imaging area is
a very Important one and confusing.

Bill Hendee's concept that indications for study and general educational
programs of physicians could do more to reduce dose than any other factor
in my estimation is a very pertinent point. I would stress, however, the
concept of education and not regulation.

This is a rather "sparse" reply to your request but I am afraid that at
this point It is all that I really could come up with. It points out that what
we need are good ideas more than we do money.

Sincerely yours,

James E. Youker, M.D.
Professor and Chairman

JEY:cac

Dictated but not signed.
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December 12, 1979

Reynold F. Brown, M. D.
American College of Radiology
350 Parnassus Avenue
San Francisco, California 94117

Dear Rey:

Thanks for sending me the materials regarding the N.I.H. effort on research in
biological efforts.

You invited those of us concerned with the "National Plan" to comment. Unfor-
tunately, I did not receive the materials before the meeting in Atlanta. However,
based upon your amplifying remarks at the Monday meeting as well as more general
considerations I will offer two comments.

The first comment is from the perspective of what I see as a National Planning
Process. If such a process had been in existence, it seems to me that Radiology,
not the Government, would have raised the issues now being hastily dealt with.
There would be no need for Dr. Lowe to ask a "Group A" to convene and recommend
what research should be undertaken. Radiology would have already sorted out the
needs and priorities. Instead, we find ourselves in the position where an
individual, in this case you, must seek to assure the interest and activity
of those segments of radiology whose interests and expertise are most directly
involved. When you asked for participation at the Government Affairs Committee
meeting in Atlanta I was not aware of any overwhelming response to your needs.

My second comment reflects a personal bias.. When making research recommendations
I hope Group A will include an emphasis >»?r those human performance variables
which are important elements in the whole area of risk from medical radiation
exposure. I am not certain that such studies fall within the scope of what
Group A has been asked to do but I offer the comment anyway.

Best regards,

Robert W. Harrington, Ph.D.
Deputy Executive Director

RWH/alr

cc: Mr. William C. Stronach
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A - Diagnostic Procedures

Outline for Research Topics

I. Do Diagnostic exposures produce biologic effects? If so, what type and
frequency?

A. Epidemiological studies of fetal exposure.
Endpoint more than cancer.

B. Epidemiological studies in adults not attractive at 1 rad level.
C. Above 10 rads - epidemiological studies in select groups.
D. Potential effects of contrast medium and other drugs

including radioactive carriers.
1. Importance of having an "acceptable" dose description

for external dose. NO AGREEMENT
2. Nuclear medicine - distribution retention macro to

macro dosimetry
a. How the measurements are made
b. Need to make measurements in patient

3. Need comparative studies of biological effects; external
and internal exposure, (ex: thyroid - external x-ray
vs int)

E. Benefit vs Risk: linear hypothesis is general expression of
risk...is the public conception; increase risk between benefit
and risk; any radiation is dangerous; lowest radiation/denominator

F. Adopt hypothesis: There is risk.
1. Essential to quantify
2. If you have exposure you have risk...linear
3. Are we practing overkill? (On benefit side)

G. Research to improve benefits to maximum degree in dose radiation.
1. Reduction
2. Necessity
3. Utilization review
4. Delay factor (there is no such thing as 0 yield factor)

Comparison of one diagnostic modality with another yields more
information.
What is effect on health itself?
What are outcomes of feeling of well-being of public (non-biological)?
Ultimate end point: put risk over procedure; information needed
for benefit - risk diagnostic radiology.
Definition: diagnostic radiology - index of reliability
Conclusion: are we endorsing method of dose reduction to cut dose
radiation or epidemiological studies?

H. High priority: improve know knowledge. How do we manage in
high atmosphere of information?
1. Retention of information of dose.
2. Replacement of x-ray, radioactive diagnostic methods.
3. Ionizing effects of radiation: information and treatment

have no reliable records.
I. Technology advance; Exploring new Techniques

1. Promote appropriate techniques to see if too much information
has been acquired.

2. What constitutes Radiographic information?
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A - Diagnostic Procedures

II. Recommend:
A. Hardware Research

Phantom
Quantitative imagery
Charged particles
Detectors
Scatter rejection
Imagery enhancement

B. Information Research
Perceptual evaluation
Thresholding
Resolution
Contrast
Film noise
Photon density
Alternate diagnostic techniques

C. Chemistry
Radiopharmacology
Contrast agents
Radiation modifiers

D. Population Distribution
Dose containment in cancer patients

E. Shall Consider: maximum dose flexibility be designed
F. Outcome Analysis

Health benefits
Psychological benefits

Every administrative x-ray program to be re-examined; only those
in the public to be continued.
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DISCUSSION FOLLOWING THE PRESENTATION

Diagnostic Procedures
Elliott Lasser, M.D.

DR. THIER: At the request of the authors of 'Science
Projection Paper A1 we would like to call on Or. James Youker,
of the Medical College of Wisconsin, and Chairman of the
Conjoint Group of Diagnostic Radiology, for some comments on
some recent research.

DR. YOUKER: I represent academic diagnostic radiology
and I think Or. Lasser has outlined the importance of diagnos-
tic radiology. We feel that a combined program of research
into approved diagnostic methods using less radiation, an
educational program for M.D.'s on the indications for r.» bio-
graphic studies offers the greatest promise for an imr.ien' a f
and significant reduction of man-made radiation. There :
sinply no question that this is where the radiation is c>.
from that we can control. We would like to not be confused
with the weapons testing or nuclear power, the nagnitude of
radiation that is delivered to the U.S. population through
diagnosis is 50 to 100 times greater. We have talked about
some of the areas for advance. Certainly, areas such as
ultrasound which is a non-ionizing method for producing
images, has already replaced the standard X-ray in examining
pregnant women and has very greatly reduced fetal radiation
and we feel there are great opportunities for further advances
in that area. So the potential for enornnus progress both
to research and education in diagnostic radiolony is obvious-.
Unfortunately, diaqnostic radiology lacks a focus within the
MIH for these efforts and our specialty strongly recommends
that such a focus be identified and that funds be appropria-
ted for both research traininq in diaqnostic radiology as
well as technical developments. We feel that money spent on
research is of greater benefit than money spent on regula-
tions. We have ?11 been impressed by how rapidly the advances
in diagnostic ra/iology have been adopted by the practicing
radiologists and I think that CT scanning, which has caused
sone consternation with the speed with which it was adopted,
is an example of how quickly the diagnostic radiologist has
picked up net/ techniques and applied them to the public as a
who!e.

DR. THIER: Thank you very much Dr. Youker. We have time
for questions.

DR. GALVIM: Jim Galvin, I am a medical physicist from
the University of Pennsylvania.
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DISCUSSION FOLLOWING THE PRESENTATION

Diagnostic Procedures
Elliott Lasser, M.D.

This question was brought up yesterday, but I don't
think we have dealt with it as we should at this meeting.
The question is how do we get more at the numerator of the
benefit-to-risk ratio. We talk a lot about risks, but it
seens to me that we haven't really properly dealt with the
benefits. I am left a bit in the cold with statements like
"Mel 1, if we sanpled everybody in this room, we would ' 1
agree that we shouldn't get rid of diagnostic radiology".
Of course, we shouldn't get rid of diagnostic radiology!

But how do we decide when a study should be done?
How do we get at the problem of the benefits? I don't think
that this was dealt with well yesterday, and I still don't
think it's been dealt with well this morning.

OR. LASSER: I am not sure it can be dealt with to your
satisfaction in any given case. There have bepn a nunber of
efficacy studies carried out in the past few years. For exam-
ple, there have been several studies carried out at Harvard,
wherein they looked at the indications for doing barium enemas
and for doinq intravenous pyelograms and determined to what
extent these produced useful results on the basis of the radio-
graphic study. Their bottom line, there, was that about 16
to 20 percent of the studies that developed, based on the
criteria utilized by their referring clinicians were produc-
tive in the sense that they showed a particular abnormality
with which the clinicians might potentially deal.

But it is an extremely difficult question that you are
asking because the variations on this theme, the spectrum of
what really constitutes a useful information, the spectrum of
what can usefully be done about that information once it's
there, is not really quantifiable. And I am not certain that
one can, coming fron a background of the realm of physics,
appreciate fully the imponderables that we have to deal with.
Medicine is a soft science. We try to nake it as barrf as we
can, but we have to realize ultimately it is a soft science.
We just try to know at what part of the probability curve
we are working.

DR. YOUKER: There has to be an ongoing educational
program for clinicians. This is a rapidly changing field.
In our own institution, we have gone from 140,000 studies a
year to 110,000 studies a year. Me are dramatically changing
our indications and getting real results.
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i 690O WISCONSIN AVENUE, CHEVY CHASE, MO ZOO15 3OI 654690O

January
30th
1 9 8 0

Charles U. Lowe, M.D.
Office of the Director
National Institutes of Health
9000 Rockville pike
Bethesda, Maryland

Dear Doctor Lowe:

The Conjoint Advisory Group on diagnostic radiology and
the N.I.H. would like to submit the following comments
for inclusion with the written materials for the
March 10 and 11, 1980 meeting in Washington, D.C. Our
group consists of representation from the American College
of Radiology, the Association of University Radiologists
and the Society of Chairmen of Academic Radiology Depart-
ments and is an outgrowth of an ad hoc committee appointed
by Dr. Donald Prederickson in 1978.

We have listed the areas in diagnostic radiology that are
currently funded to some extent and deserve continued
support. We have also detailed additional areas that
we feel deserve NIH support.

Implementation of a vigorous research effort in diagnostic
radiology can lead to significantly decreased radiation
dosage by the American public, decreased health care costs
and improved medical care.
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The Conjoint Group on Diagnostic Radiology and the NIH has
reviewed data collected by the Association of Univex'sity
Radiologists on the diagnostic uses of low level radiation.
The information presented has come in part from a survey of
research currently going on in diagnostic imaging and projects
planned or considered important by the academeic radiology and
nuclear medicine community for future investigation. Subjects
discussed will include new imaging techniques which should
provide improved sensitivity and specificity of diagnosis,
ways to reduce the radiation dose associated with diagnostic
procedures, and improved quality assurance.

There are several new and exciting areas in diagnostic
imaging. The growing realization that over 90^ °f the population's
manageable radiation exposure comes from diagnostic imaging
suggests that improved performance and development of new
technology in this area can make a significant contribution to
the reduction of population radiation exposure.

Our discussion on diagnostic imaging will include conventional
radiology, nuclear medicine, computed tomography, ultrasound,
nuclear magnetic .resonance (e.g. zeugmatography), laser radiography,
K-edge tomography, holography, thermography and the exploitation
of other wave lengths within the electromagnetic spectrum.
(e.g. the synchrotron). Analysis of what is going on and iirhat
is needed in diagnostic imaging research should provide important
information for any federal strategy for research into tho
biological effects of low-level radiation.

Diagnostic radiology and nuclear medicine are related disciplines
which do not focus on specific organ systems. Ye will therefore
attempt to separate radiology and nuclear medicine research
by technological categories and by function, instead of organ
systems or anatomical regions.

The material is divided into:

I. Current research in diagnostic imaging funded
to some extent by NIH and other agencies which
we feel deserved continuing and expanded support.

II. Proposes new areas for research in diagnostic
imaging which we feel are quite promising and
deserve new funding or expanded funding.
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I. CURRENT RESEARCH IN DIAGNOSTIC IMAGING

A. Conventional Radiology;

1. Room-temperature simi-conductor detectors
2. Development of a whole-body absolute tomodensitometer.
3« Breast cancer detection.

A. Use of solid state detectors
b. K-edge imaging.
C. Diagnostic ultrasound.
d. Radio-brominated estrogens for external estrogen

receptor imaging,
e. New fluorescent x-ray tubes for mammography
f. Development of an etched metal imaging phantom

for mammography

4. Pulmonary densitometry.
5« Imaging bone healing by studying compression plate

fracture repair.
6. X-ray collimation performance and quantitative

analysis of off-focus radiation.
7« X-ray study of bladder infection and reflux nephr-opathy
8. Clinical study of reflux nephropathy in children
9« National cooperative gall stone dissolution study.
10. K-edge imaging of barium.
II. Current roeritgenographic systems performance analysis

a. Automatic exposure control evaluation.
b. X-ray spectrum shaping and screen-film energy

response.
c. Reciprocity characteristics of rare earth screens.
d. Performance evaluation by clinical imaging criteria

12. Three-dimensional analysis particularly in scoliosis
and renal cystic disease-

13- Quality assurance in diagnostic radiology.
a. Impact of radiology computer systems on depart-

ment operation.
b. Quality assurance in roentgenology equipment and

film systems.
c. Equipment acceptance testing.
d. Programmed maintenance.

l4. Efficacy evaluation of diagnostic tests in radiology.
15- Low-dose screening techniques for mammography.
l6. Scatter rediiction technique in chest film. (Slit

radiography).

B. Computed Transmission Tomography:

1. Use of CT for volume and surface estimation.
2. Improve contrast-detail presentations.
3. Factoi-s affecting contrast resolution in CRT display

strategy
h. CT in the detection of experimental pulmonary arterial

occlusion.
5. Stroke imaging and analysis.
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6. CT evaluation of intracranial hemorrhage in hydrocephalus
in newborns.

7« Very fast (50 msc) cardiac x-ray CT scanner development
8. Room temperature semi-conductor detectors.
9. First and second moment analysis of computed tomographic

data.
10. Gated imaging with an x-ray camera.
11. Transverse section x-ray camera development.
12. Clinical evaluation of computed tomography. (CNS).
13* Clinical efficacy of computed body tomography.

(Multi-phasic clinical evaluation).

C. Diagnostic Image Display and Analysis

1. Display strategies for first and second moment
C.T. data analysis.

2. Three-dimensional CT, ultrasound and nuclear medicine
displays.

3- Image display strategies in diagnostic radiology
(study of the physical and psychovisual aspects of
image appreciation).

4. Uncertainty reduction in clinical decision making,
5. Use of receiver operating characteristic (ROC)

curves in image analysis.
6. Computerized system for digitized radiographic

video image displays.

D. Thermography:

1. Microwave thermographic imaging for breast cancer
detection.

2. Microwave pulmonary densitomitry (to quantitate
lung water).

3. Microwave evaluation of hyperthermia and tumor
circulation.

E. Zeugmatography (nuclear magnetic resonance):

1. Design and construction of a NMR imaging system.
2. Development and clinical evaluation of a whole-

body NMR camera.

F. Diagnostic ultrasound:

1. Development of "contrast agents" for ultrasound
diagnosis (to permit enhanced visualization of
lesions with ultrasound equipment).

2. Use of ultrasound in diagnosis of breast cancer.
3. Ultrasound in the monitoring of visceral blood

vessels (doppler and M-mode).
k. Tissue characterization by ultrasound (frequency,

dispersion, speed, sound distribution), and its
role in breast cancer detection.

5. Ultrasound image system performance evaluation.
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6. Post-processing techniques, pre-processing
standardization and stabilization for ultrasound
images.

7. Quality assurance for ultrasound imaging systems,
8. Development of image phantoms for diagnostic ultrasound.
9. Computed tomography and transmitted ultrasound, and

its application to breast cancer detection.

G. Nuclear Medicine

1. Gamma camera quality assurance.
a. Computer correction of count-rate nonuniformity

in scintillation cameras.
b. Scintillation camera spatial distortion corrections.

2. Fluorescent excitation analysis.
a. Improved instrumentation.
b. Analysis of non-i-adioactive tracers (e.g. non-

radioactive xenon measurement of blood flow).
3. Development of a high purity germanium gamma camera

with high spatial and energy resolution.
4. Total body activation analysis is osteoporosis.
5. Bone mineral analysis (BMA) in osteopoi^osis.
6. Computer improvements in nuclear medicine imaging.
7. Tomographic imaging in a "conventional" gamma camera

system.
a. slant-hole co.llimators.
b. 7-pinhole tomography,

8. Radiation dose reduction in nuclear medicine.
a. Pharmacokinetics of commonly used radiopharmaceuticals

during pregnancy.
b. Placental transfer of diagnostic radiopharmaceuticals

to assess fetal dose.
9. Clinical research in nuclear medicine diagnostic

imaging.
a. Cardiovascular procedures with radioisotopes in

cardiovascular disease.
b. Evaluation of ventricular function by radionuclide

studies.
c. Enhancement of gallium-67 avid lesions.
d. Improved techniques to measure blood flow with

radiolabeled microspheres.
e. Synthesis of moleciiles for cardiac imaging.
f. Cardioselectivity of beta adrenoceptor antagonists.
g. Measurement of gastric emptying rate with radio-

labeled test meals.
h. Measurement of gastric reflux with radiolabeled meals,
i. Hepato-biliary imaging with radiolabeled biliary

agents, (e.g. P1.PIDA).
j. Radiolabeled formed elements in the blood, (WBC,

platelets and RBC imaging).
k. Thrombosis research with labeled platelets.
1. Infarct avid imaging with phosphates and liposomes.
m. Infarct imaging with platelets and WBC's.
n. Radioactive xenon imaging of the middle ear and

sinuses.
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10. Computer applications in physiological measurements
with labeled compounds.

11. Investigation of protein binding cationic radionuclide
Lactoferrin.

12. Single-photon emission computed tomography.
a. Development of new single-photon emission tomography

instrumentation: opposed-head gamma cameras
vs. multiple detector gantry systems.

b. Time-of-flight techniques in emission and positron
tomography.

c. Development of collimators and algorithms for
emission computed tomography.

13* Positron emission tomography imaging.
a. Development of improved instrumentation and camera

systems for positron emitting isotopes.
b. Clinical studies with positron emitting radioisotopes

and metabolic substrates.
c. Radiation-dose reduction over conventional

techniques by the use of positron emitting
radiopharmaceuticals.

d. Development of smaller and less expensive cyclotrons
to produce radioisotopes foi- diagnostic studies
and biomedlcal research.

J Development of Contrast Agents for Diagnostic Roentgenology:

1. Development of new radiogi'aphic contrast media.
2. Biliary and pancreatic tomographic contrast media.
3. Protection from myocardial toxicity with contrast

agents.
4. Radiographic fluorocarbons in diagnostic radiology.
5. Prevention of x-ray contrast media i-eactions.
6. Complement and coagulation contrast media reactions.
7. Basic research on contrast media toxicity.
8. Development of "contrast agents" iur diagnostic

ultrasound.

K. Development of New Radiopharmaceuticals for nuclear
medicine imaging:
1. New labels and applications for platelet, VBC and

RBC studies.
2. Radiobromlnated estrogens in the external detection

of estrogen receptor positive breast cancer.
3. Development and clinical testing of hepatobiliary

rad:. opharmac eut i c a 1 s .
h. Mechanisms of gallium-67 uptake.
5. Feasibility of positron tumor imaging.
6. Use of radio-halogen additions to steroid rings for

endocrine imaging.
7. Production of labeled hetrocycles for steroid imaging.
8. Radionuclide studies of tumor growth and detection.
9. Localization of labeled phosphates and platelets in

myocardial injury.
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10. Localization of platelets in blood vessel endothelium
and thrombosis imaging.

11. Abscess detection with labeled WBC's.
12. New radiopharmaceuticals in the diagnosis of renal

disease.
13. Development of new bone scanning agents.
14. Positrons for tomographic imaging in cancer.

All of the above areas of investigation represent research
currently funded and ongoing. The list is not complete, but
does represent most of the areas of research in diagnostic imaging,
instrumentation, improvement, and dose reduction. The listing
which follows represents areas of investigation considered most
important ov likely to emerge in the next several yeax's. These
most promising areas for research will require new or extended
funding.

IXi PROPOSED NEW AREAS FOR RESEARCH IN DIAGNOSTIC IMAGING
FOR BIOMEDICAL APPLICATIONS OF LOW-LEVEL RADIATION

A. Conventional radiology:
1. Utilization of computers as tools to improve strategies

for diagnostic flow patterns and better" utilization
of scheduling of radiology procedures.

2. Evaluation of efficacy and cost/benefit ratios in
diagnostic radiology procedures.

3. Development of digital radiography systems.
h. Further refinement of fluorescent activation analysis

(both in vivo and in vitro)
5. Nuclear magnetic resonance and microwave systems, in

search of imaging applications.
6. Improved chest radiography, scatter reduction and

development of "ideal" grid systems.
7. Digital radiography with computer contrast correction

and image evaluation.
8. Further studies on the basic physiology of radio-

graphic contrast media
9. Increased efforts to compare different diagnostic

imaging techniques using ROC analysis and computer
processing of all clinical images.

10. Improvements in radiographic instrumentation and
film systems.

a. Dry processed, noa-halide film.
b. More job-specific x-ray equipment.
c. More solid state detection equipment, especially

fox1 chest and skull.
d. Cassettless radiology, (e.g. "repedo" vaccuum

film systems for chest radiography).
e. Simpler x-ray equipment for outpatient evaluation.
f. More complex equipment (e.g. bi-plane mylography

equipment) in tertiary care centers.
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Pre-testing of radio graphic equipment at the factory
before installation.
Automatic testing circuits built into diagnostic
imaging equipment to speed trouble-shooting and
decrease down time through shorter repairs.

B. Computerized Tomography:

1. Evaluation of computed tomography in the early
detection of chronic passive congestion of the
lung1, inhalation smoke injury, early pneumonia,
and chronic obstructive airway disease.

2. Evaluation of "dynamic" computed tomography for the
detection of various vascular diseases.

3- "Fast" CT scanners for the detection of cardiac
abnormalities.

h. Improved computer processing and display of CT
images.

C. Radioisotopic Imaging:

1. Refinement of single pTioton and pos Ltz'ori emission
CT systems.

2. Development of cost-efficient cyclotrons f<:.r hospital
application.

3» Development of new "generators" for- single photon
and positron radiopliar'Tnaceuticals.

DISCUSSION

The above lists of areas of investigation, either ongoing
or planned, does not totally convey the current excitement in
diagnostic imaging research. The refinement of transmission
computerized tomography, coupled with the promise of single-
photon emission computed tomography fnid positron emission computed
tomography promise almost limitless applications in human
diagnosis and bioraedioal research. We are only a few years away,
(presupposing the development of a coherent federal strategy
in the medical application of low-level radiation), from providing
cross-sectional functional and anatomic autoradrlographs of
living patients. We are also just beginning to fully appreciatte
the impact that computer processing, storage and retreval of
all medical images will have on our practice, Lasar-based
video disc in such systems will make the bulk storage and
ret.revial of non-film diagnostic images feasable.

We should also remember that essentially all advances in
diagnostic roentgenology and nuclear medicine have resulted in
reduced radiation exposure and/or patient risk from disca.i~dins
previous procedures (e.g. arteriography, pneumoencephalograpky)
x/ith the acceptance o>f new diagnostic imaging technologies. New
radlopliarmaceuticals anc? nuclear medicine instrumentation h
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also generally resulted in improved diagnostic information,
while at the same time reducing radiation exposure associated with,
earlier methodology. The technologies listed above promise
further reduction in risk and radiation dose, and an increased
understanding of the patliophysiology of human disease. The
development and evaluation of these technologies, if properly
orchestrated and funded by a coherent program in diagnostic
imaging should assure that huge sums will not be spent for the
purchase and installation of unproven or inadequate imaging
systems. A single-federal strategy for support in diagnostic
imaging with low-level radiation is needed.

/ ,

/^X/OAMES E.
^y' Chairman/

CONJOINT GROUP ON DIAGNOSTIC RADIOLOGY
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/Si*] The Washington Management Group, Inc. (202)3310961
1990 M STREET. N.W.. SUITE 570
WASHINGTON. DC. 20036

March 5, 1980

Dr. Charles V. Lowe
Special Assistant to Director
National Institutes of Health
Building 1, Room 103
Bethesda, MD 20205

Dear Dr. Lowe:

I am submitting a comment in accordance with the
announcement in the Federal Register (Vol. 44, No. 250—
12/28/79), relating to the Committee on Federal Research into the
Biological Effects of Ionizing Radiation: meetings to be held on
March 10 and 11, 1980.

We have a comment and questions as follows

• There is a cost-effective product
commercially available that will reduce
radiation in x-ray rooms by 30% to 50%. It
is being manufactured in the United States
and marketed internationally. The product
is graphite — graphite table tops and
cassettes.

• Is this product known to any of the
participants at this hearing?

• Should graphite be promulgated as a
material that will significantly reduce
exposure to x-ray radiation?

• Have any studies been made on the
effectiveness of graphite?

Sincexely
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SCIENTIFIC PROJECTION PAPER FOR CLUSTER B

TECHNOLOGY DEVELOPMENT

Prepared by

V. K. Sinclair

in collaboration with B. E. Bjarngard, H. Fischer,

E. C. Gregg, R. Loevinger, J. Rundo,

R. H. Schneider and E. W. Webster
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Technology Development is a particularly difficult area in which to
make recommendations for future research. It is virtually certain that
new developments in technology will contribute to the reduction of doses
received both occupationally and by the general public, to better measurement
techniques in the field of ionizing radiation, and possibly even to a
better understanding of the biological effects of ionizing radiation.
However, new developments in technology tend to arise unexpectedly and
therefore cannot be predicted. A new idea in the technology area can
virtually revolutionize the scope and benefits of a given radiation
use or dramatically reduce the doses required. (CT scanning may be
an example of the former, while Tc^m ^ n s o many diagnostic applications
in nuclear medicine or the use of ultra sound in pregnancy examinations,
may be examples of the latter.) Careful examination of applications of
radiation to humans may uncover opportunities for the reduction of dose
by technological improvements.

Consequently, this cluster strongly urges the inclusion in a
research strategy for the Federal Government in the ionizing radiation
field, the high priority support of really new ideas in technology
development even when the benefits cannot easily be predicted in advance.
Support for such new ideas should be an integral part of the federal
strategy.

In spite of the unpredictability of new technology developments,
the members of the cluster have nevertheless attempted to.identify some
areas where significant impact from technology development might be
expected. These areas are concerned primarily with dose reduction and
matters relating to radiation protection rather than toward technology
developments that might enhance the beneficial uses of ionizing radiation,
except for the consideration of diagnostic techniques in medicine which
may result in alternatives to ionizing radiation. It may be that special
attention should be given, either in other clusters or in cross-cutting
issue papers to benefits from technology developments in x-ray diagnostic
and therapeutic techniques and in nuclear medicine, as well as in fields
other than medicine. This cluster, because of the nature of its members,
has tended to concentrate on the medical potentialities.

Indeed, the entire area of technology development is so diverse
that the cluster members feel that the contents of this section can only
be regarded as a superficial and cursory examination of the impact of
technology development on the health effects of ionizing radiation.

In the following we have identified three areas in which we feel
important progress can be made via technology development. These include:

1. Technology Development in relation to
Diagnostic Radiology

2. Technology Development in relation to
Occupational Exposure

3. Exposure of the Public to Radioactivity
(Radon).
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We have also identified eight other areas in which technology
development may well be a factor and which we therefore include for
further consideration.

These include:

1. Airplane Travel

2. Building Materials

3. Exposure in the Home from Consumer Products

4. Transportation of materials including
Accidental Release

5. Releases to the Environment

6. Effective Energy Strategies

7. Waste Management

8. Measurement and Dosimetry

HIGH PRIORITY AREAS

1. Technological Development in Diagnostic Radiology

A. Dose Reduction Technology for Diagnostic Radiology

The medical diagnostic use of radiation accounts for roughly
90% of the man-made population radiation dose.-'- This source
of exposure is susceptible to substantial reduction by
technological development and a 90% reduction in doses
received by the patient is a reasonable near term goal. * '

There are two types of effects in present diagnostic
radiographic systems which result in excessive patient dose
requirements which can be reduced by technological
development. They are detector efficiency effects and
signal to noise ratio (SNR) degradation effects.

Detector efficiency effects are those which cause the
detector to record less than the complete radiation signal
incident on it thereby requiring an exposure excess. Such
excess exposure requirements cannot be removed by any
subsequent signal processing and exposure reduction can
only be achieved by increasing detector efficiency.
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Signal to noise ratio degradation effects operate by
mixing the acquired signal with excess noise either by
distributing the signal power over additional image area
by blurring or by addition of power uncorrelated with the
signal to the area of the signal by a process such as
scatter. SNR degradation effects cannot be diminished by
downstream signal processing.

2
Wagner and Jennings have pointed out that present medical
diagnostic radiographic systems typically operate in a regime
that leave five or six areas subject to technical improvement
by a factor of two or so, or an overall improvement of a
20 to 40-fold reduction in patient exposure and dose.

As in other matters, perfection here is not readily attainable.
A factor of ten improvement, and hence the 90% reduction of
the population dose burden of diagnostic radiography, which
is 90% of the man-made population dose burden, seems a
reasonable goal for a research and development program of
5 to 10 years duration.

The system performance factors to be addressed by this
program are detector efficiency, scatter removal, spectrum
optimization (including special filtration and x-ray tube
target development), spatial modulation transfer function
(MTF, a more complete descriptor of spatial "resolution"),
development of display systems to improve coupling to
the special characteristics of human observers, and
reduction of the radiation attenuation of materials which
are occasionally necessarily interposed between patient and
detector (table tops, cassette fronts, etc.).2 The maximum
performance potential available for technological
exploitation are given in the Table below taken from
Reference 2.

POSSIBLE IMPROVEMENTS IN RADIATION EFFICIENCY

AREA OF IMPROVEMENT IMPROVEMENT FACTOR

Detector Efficiency 2 (beyond rare-earth

phosphors)
Scatter Rejection 2
Optimal Spectra 2-3
Resolution 1.5-2 (small objects)
Image Display >2 (large objects)
Low Attenuation Mt'ls 1.3

BOTTOM LINE: 20-40
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Some progress in all of these areas has been made in recent
years, but there remain practical difficulties in
implementing improvements which have yet to be generally
applied either separately or together. Consequently, some
opinions as to the magnitude of the improvements possible are
more conservative than these figures from reference 2.

What is required at this time is substantially increased
effort in this field with some enlighted guidance to
effect a thorough systems analysis and direct research
efforts to those aspects of system performance where
significant dose reductions can be obtained most efficiently
and expeditiously.

In addition to the technical benefits, there is a large
potential to effect a substantial cost reduction due to
technological developments in medical imaging. The cost of
X-ray film has become a major expense in the operation of a
Radiology Department. Increases in the price of silver alone
have led to a doubling of film cost.

Developments in the technology of digital imaging of two types:
(1) developments in integrated circuit technology resulting
in the availability of large digital memories at reasonable
cost and (2) dramatic increases in the information recording
density of magnetic recording media making the digital storage
and retrieval of large numbers of high resolution images a
practical reality, now make all digital, filmless radiographic
imaging technically and economically feasible.

When specific technological developments providing for dose
reduction or performance enhancement are demonstrated,
mechanisms for implenentation in the clinical
comcunity through public health, educational,
and regulatory programs exist.

B. Quality Assurance in Diagnostic Radiology

Given any level of technology at large in the clinical
world there will be variations in patient doses among
facilities because of variations in quality of practice.
The largest doses in the range may be several times the
mean.5

Systematic evaluations of practice, facility-by-facility
coupled with corrective action programs have demonstrated
exposure reductions of 35% averaged over the facilities in
a stated
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The research need here is 1. to demonstrate that image
quality can be maintained and possibly improved with
systems operating in the lower part of the radiation dose
range; and 2. for systems analysis to determine the
design and points of application of quality control
efforts which will maximize dose reduction at affordable
cost.

Some work of this type is underway. Increased effort is
needed in certain areas.

C. Early Detection of Cancer

Development of improved techniques for the early detection
of cancer would ameliorate, in some degree, public health
concern for the effects on humans of ionizing radiation
as cancer is the most serious known somatic effect at
lower levels of dose and its prognosis is highly dependent
on stage at diagnosis. Considerable advances in the
early detection of certain types of cancer with radiological
imaging techniques have been reported recently.'

It is quite likely that a diagnostic modality which is capable
of imaging (detection) of small macroscopic morphological
changes (a few mm in size) will effect substantial reductions
in cancer mortality generally, including those which may be
induced by ionizing radiations. The implementation of
screening programs is primarily hindered by economic
considerations but would be enhanced by research on the
organization of low cost programs for efficient processing
of test results or images, a process which is underway in
Sweden for early breast cancer detection and in Japan for
detection of cancer of the stomach.

Additional improvements in the technology of diagnosis
which effect substantial reductions in cancer mortality are
likely to develop either from in vitro tests or possibly
from physiological imaging methods. The development of
nuclear medicine imaging agents with high specificity for
incorporation in malignant cells may hold a promise of
early cancer detection. Also the development of new and
improved and more specific radiopaque contrast agents holds
promise for early cancer detection. Nuclear magnetic resonance
(NMR) imaging, using stable magnetic tracers may hold similar
promise. Both possibilities are worth exploring. Whether or
not either technique could be made practical for routine use
on asymptomatic subjects remains to be seen.
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A very promising and rapidly developing field of medical
imaging is the nuclear medicine technique known as emission
tomography. Technological enhancement of performance in this
field could result in substantial improvements in diagnosing
a wide variety of diseases and disorders as well as substantial
reductions of radiation doses to patients and clinical personnel.
Rapid advancements in the assessment of cardiac disease, a major
killer, are being made with this modality.8

D. Alternatives to Radiological Diagnostic Modalities

There is considerable activity in the development of medical
imaging modalities which do not entail exposure of the
patient to ionizing radiation. These may be classified as
passive modalities which analyze, by imaging or other means,
some emission from the human body, and other active
modalities which interrogate the human body with some other
form of energy such as ultrasound.

The most prominent of the passive modalities, thermography,
.has been disappointing in its clinical efficiency. Its
successful application is highly dependent on precise
technique and it is sensitive primarily to perturbations of
the body's vascular system which are sufficient in magnitude
to affect the normal local temperature distribution. In
its primary application to date, the detection of cancer,
this has made it insensitive to the small early tumors for
which detection is most desired.

No other passive modality has seen much clinical use and
any modality which detects disturbances in temperature
distribution of metabolic or vascular origin against the
noise of the body's normal black body emission
seems unlikely to have adequate sensitivity for early
tumor detection. However, systems utilizing microwaves instead
of X-rays_in computerized tomographic scanning have been
proposed and may have potential for further development
in clinical situations (such as the breast) in which differences
in microwave attenuation in muscle tissue and fat might be
exploited.

The question of relative safety of other active modalities
vs those employing ionizing radiation is unlikely to be
resolved because of the very low risks of present radiological
procedures. These render meaningful comparisons extremely
difficult and the demonstration of statistically significant
differences in effects unlikely.
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To proceed with the proof of greater safety of an alternative
modality from experimental evidence obtained from animal or
lesser biological systems would be impossible with the lack
of understanding of the biological effects of other forms of
energy such as ultrasound and the less energetic electromag-
netic radiations such as microwaves. Nevertheless, on the
assumption of deleterious effects even from low doses of Ion-
izing radiation, alternative modalities such as ultrasound
with competing diagnostic performance and unknown, but pre-
sumed smaller human risks of deleterious effects might be
preferrable provided adequate diagnostic information is
obtaxnable.

2. Technology Development in relation to Occupational Exposure

A. Dose to Exposed Persons

1. Personnel Dosimetry

(a) Low LET radiation

The 1 million occupationally exposed individuals
are a resource for radiation epidemiology provided
reasonably accurate estimates of the dose to the
organs can be determined from personnel dosimeter
readings. More precise information is needed on dose
particularly for persons receiving 100 to 200 millirem
per year.

The typical film badge used today reads down to
10 mR/month for high energy X and rays, and lower
levels may be recorded as 0 or 10 mR. Methods to
improve precision include the development and use of

1. a 5 times more sensitive film

2. a sensitive TLD material with minimal fading
properties and low energy dependence;

c
3. a film for longer integration without fading losses

(b) High LET radiation

Fast neutrons are likely to have greater RBE's at
low doses than is indicated by the conventional quality
factor. The current lower limit of measurability is
about 100 mrem (10 mrad) with film track counting. It
is therefore important to develop more sensitive low dose
integrating techniques. Methods independent of Low LET
radiation are preferred such as a cheap fission track
device.
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(c) Integral Dose

An inexpensive biological indicator of integral dose
would be welcome. An automated system for counting
chromosome abnormalities in nucleated peripheral blood
cells should be pursued further and would be valuable
if it could lead to an assessment of mean whole body dose.
Methods in which trace materials in the urine which are
elevated in response to high radiation exposures should
be encouraged for further development and possible
extension into the low dose region.

2. In considering risks to individuals (e.g. leukemia as
a result of bone marrow exposure) better estimates of
dose to internal organs as derived from measured surface
or kerma doses are critically necessary. This has been
done for the A-bomb survivors. ^ It is needed for
persons exposed to industrial radiographic sources
(Cobalt-60, Cs-137, Iridium-192), for nuclear medicine
personnel (Tc-99m), for diagnostic x-ray workers and for
other occupational circumstances. For whole body
exposure, derivations are needed of "mean tissue dose" for a
range of photon radiation energies, body sizes and incidence
directions. This information would be useful in the
dosimetry of populations exposed to whole body external
radiation.

3. Further study of metabolism of airborne activity,
particularly the alpha emitters constituting serious
occupational hazards—plutonium and thorium. Special
emphasis should be placed on the chemical form and
particle size with reference to distribution in the
lung, on airways, bronchioles and alveoli, and
deposition in liver and spleen.

4. Most radiation workers-receive less than 500 millirem
per year. For epidemiologic purposes, it is important
to identify the minority of workers who have received
doses approaching or exceeding the maximum permissible
dose (2 to 10 rem/year). Cytologic measurement techniques
could be applied to such groups, in addition to examination
of personnel dosimetry records.

5. The objectives of personnel dosimetry should be recon-
sidered from the standpoint of future epidemiologic
studies. Research is needed on how to relate the
measured exposure to the appropriate organ dose.
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B. Reduction of Exposure to Occupationally Exposed Persons

1. Research on modalities other than ionizing
radiation in medicine and in other fields.
Adoption of alternative imaging and non-destructive
testing techniques which do not employ ionizing radiation,
will reduce occupational exposure bearing in mind that
fluoroscopy, nuclear medicine imaging, and industrial
radiography in the field (but not medical radiography)
are the primary sources of exposure in medical and
industrial testing.

a. Research is needed on the relative efficacy of ultrasound
particularly in real-time examinations which compete
with fluoroscopy and in the integrated mode which
competes with computerized tomography.

b. Further development of microwave and NMR techniques
may displace some x-ray or radionuclide use in the
more distant future. (Radiography in medicine produces
minimal occupational exposure however).

c. investigation of remote control techniques, particularly
in industrial non-destructive testing.

2. Shielding of medical radiation workers
— this can be readily improved where low energy x-rays
and fluoroscopic procedures are involved. Research on

a. Molded or flexible radiation shielding material for the
arms and neck.

b. Transparent lightweight shielding naterial for the
and neck so as to preserve vision. Materials incorporating
iodine into clear plastics would be particularly attractive.

c. Nuclear medicine workers are now one of the most exposed
groups. Development of mobile body shields for the
workers, better methods of injection, and patient shielding
techniques are desirable.

Reduction of radiation to high risk groups
Identification of these groups through a national review
is overdue. Probably the industrial radiographers are
the least well protected of the radioisotope users. Although
not research, adoption of ALARA practices for such workers
is an important endeavor.

69



Approaches worth investigating are:

a. Development of shadow shields for operatives
b. Exploration of beam directional techniques for gamma

radiography
c. more remote-control devices.

3. Exposure of the Public to Natural Radioactivity

A. Radon daughters in the air

222 220
Radon and its daughters (Rn ' and Rn ) emanating from terrestrial
sources are now being recognized as an important source of
exposure to the lungs of human beings to alpha particles.
Recent estimates of the effective dose equivalent due to these
alpha emitters indicate that they contribute heavily to the total
natural background.^* In addition, there are uncertainties
about the dose effect curves for alpha particles and their
biological effectiveness relative to x and y rays. Man's
indoor environment is the chief source of exposure but detailed
information is lacking on the airborne concentrations of radon
and its daughters in houses and workplaces, and their
variations with time, season and geographical location. In the
past, emanation from constructional materials has been considered
to be the principal source of radon in buildings, but
recently radon from soil gas has been shown to be a much
larger source in some houses. There is a need for information
on the levels and their variations in buildings of different
types and locations. Practically nothing is known about
the levels of 220Rn (55 seconds) and especially its daughters
(e.g. 10.6 hour 212pb) ±n buildings, and techniques need to
be developed for the assay of these nuclides in surveys.

Reductions in ventilation of houses with outside air during
both heating and cooling seasons in accordance with improved
energy conservation practices will increase the concentrations
of radon and its daughters indoors. The magnitudes and
significance of the effects need to be assessed in a wide
variety of practical circumstances, and the total impact of
this source as a contribution to natural background evaluated.

B. Radioactivity in Drinking Water

The concentration of isotopes of radium in drinking water
obtained from deep wells exceeds the current maximum
permissible (5 t>Ci/litre for the combined concentrations
of 2 2 6Ra and 2 2 8Ra is recommended by the USEPA) in some
parts of the country (e.g. especially Illinois and Iowa).
This has caused problems in some communities when approval
for an expansion of the water distribution system is
sought. The only evidence that existing radium
concentrations have had any adverse affect on the health
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of persons drinking such water is based on data of limited
statistical significance.^ The problem is serious enough
to warrant further epidemiological studies in those areas
known to have elevated levels of radium in the drinking water,
and more widespread surveys of the levels are also needed. The
basis for the standard for drinking water should be critically
reviewed and revised if necessary on the basis of new obser-
vations. Also technical means for the purification of water
supplies need to be considered.

Dissolved radon at extremely high levels has been
observed in water from some deep wells in New England,
although only one or two are presently sources of drinking
water. It does not seem likely that the ingestion of such
water could result in significant radiation doses from the
radon and its short-lived daughters, but this needs further
investigation, as do the levels of 21Opt, ̂ n t^e water.

Other domestic uses of water which involve agitation and
aeration can give rise to significant levels of airborne
radon in the home (see above).

OTHER LESSER PRIORITY AREAS FOR CONSIDERATION

1. Air Travel

The increase in cosmic-ray intensity, and its changing
composition with increase in altitude, have long been
known and understood, as have the increased doses
received by passengers and crew of commercial jet aircraft
flying at altitudes up to ^ 12 km. However, the increase
in numbers of passengers indicates a need for a reassessment
of the dose, and perhaps identification of those persons
who make many flights. Frequent travellers (100,000 miles
per year) may almost double their natural background
exposure according to estimates based on NCRP Report 45.

Doses to the crews and aircraft may be high enough to
warrant their being considered as occupationally exposed.

A more recent evaluation of doses to air travellers and
crews1^ makes more conservative estimates but the
average dose for crew merahers was found to be ^ 160 mrem/yr,
a level quite commonly found in some occupational groups.
Earlier estimates are higher especially for supersonic
aircraft. UNSCEAR (ref. 11 p. 257.) Further investigation
of these doses, the spectrum of the radiation which composes
the dose, and possible dose reduction procedures should be
considered.
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It should perhaps be emphasized that background rates on the
ground also vary throughout the United States from a
maximum of about 125 mrem/yr (Denver) to a minimum of
65 mrem/yr (Atlantic Seaboard).

2. External Gamma Rays from Building Materials

Gamma radiation from naturally radioactive materials
is one of the three major contributors to the absorbed
dose from natural background. In general, this has been
well characterized, but localized areas of increased
radiation are discovered from time to time, and the use
in housing foundations of waste materials (e.g. uranimum
mill tailings, phosphate extraction residues) from certain
industries has given rise to some serious problems,
including those from alpha particles. Identification of
other sources of this type is needed. The use of some
materials (e.g. granite, marble) having higher than usual
levels of natural radioactivity can also increase background
radiation doses, either substantially to small numbers of
persons, or to a lesser extent to large numbers. ... Such

• • usage""also"heeds identification and evaluation of the
radiation levels in public buildings where these materials
are principally used.

3. Exposure in the Home from Consumer Products

In addition to the problem with radon and other naturally
occurring radio-active elements that may cause an exposure
in the home, an increasing number of consumer products enter
the market, which emit radiation or contain radioactivity,
including for example television receivers and some smoke
detectors. It is essential to study these contributions
to the population dose in detail and, in the case of
radioactivity, follow the possible hazards associated with
use and disposal. These sources also provide a useful base
for public information on the subject of radiation and
radioactivity and any contemplated public education programs
may wish to use some familiar examples from the home
environment. -̂

4. Transportation of Materials Including Accidental Releases

It is reasonably well known that the transportation of
radioactive materials will always involve a risk of
exposure to some segment of the population. Which
particular segment of the population and the absolute
magnitude of the risk will obviously depend on the type
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and amount of radioactivity as well as the mode of
transport. While much of this has already been considered,
additional studies are needed of the logistics of the
continental USA and world-wide flow of radioactive
materials coupled with the radiation risks to both
individuals and populations. The relative merit of
water, rail, road and air transportation should be
analyzed. One example is the poorly documented location
of the storage of the large quantities of radioisotopes
used in ionization type smoke detectors.

The probability of accidents for each mode and path of
transport should be considered so as to better organize
production and disposal sites and methods of distribution.
For example, the overall absolute risks associated with
local storage of reactor waste products may be far
less than those associated with transport to distant but
apparently safer burial sites.

A study of national traffic patterns and sites of accidents
is needed. Furthermore, concerning accidents, consideration
should also be given to the logistics of locating ••••-•-•
strategically, on a national basis, radiation monitors,
shielding and handling devices for the measurement and
containment of spillage, etc. associated with accidents
involving radioactivity.

5. Releases to the Environment

Radioactivity can be released to the environment from a
variety of sources, which include the various parts of the
nuclear fuel cycle. By way of example, radionuclides
produced in reactor cooling systems may exit to the
atmosphere. The process and amount of these releases may
be influenced by control procedures including filtering
systems of various kinds, and reliable instrumentation
must be available that can monitor the radionuclides
released, especially in the case of accidental releases,
when this information must be available immediately.

Should an accidental airborne release occur, an assessment
is usually possible of the expected or potential doses.
Models to account for the transport and diffusion of
the radionuclides and valid for the local geography and the
existing meteorological conditions must be available.
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Means to confirm the resulting doses are needed. Dosimeters
must be in place and the sensitivity must be high enough to
measure the dose contribution from the passing radioactive
cloud, in the presence of the dose from natural background
radiation, integrated over a longer time. Thermoluminescence
dosimeters, as used at Three-Mile Island, show some promise
for this application but suitably placed real time measuring
devices are also needed.

A risk with a longer time-scale than that of the external
irradiation from a passing radioactive "cloud" is that
asr-ociated with contamination of land, buildings, etc.
Especially important is the potential accumulation of
radioactive iodine on, for instance, pasture grass, with the
subsequent introduction into the human food cycle. Existing
measurement techniques are likely to provide sufficient
information on such contamination, if vsed in a suitable
manner. However, stack monitors, selective for radio-
iodine, are needed to give real-time information.

There may be an additional need to assess the biological
uptake and retention of selected radionuclides that may
enter the food-chain and how these "parameters "can be
modified. Information is normally available to do this.
Whole-body counting for a selected group of individuals may
be useful for the evaluation of the consequence of an
accidental release, and for reassurance of local populations.

6. Effective Energy Strategies

Much more consideration should be given to overall energy
strategies that result in a potential for carcinogenesis. For
example, as noted earlier, improved home insulation that
limits air turn-over increases the radon content in the
inside air which is breathed by the home owner because of
emission of radon by the materials used in home construction.
This is of particular importance for underground homes.

Another concern is the increased combustion of coal and wood
that will release both radioactive materials and chemical
carcinogens. One must compare any calculated increase in
cancer due to the radioactive emissions from a nuclear
power plant with the increase that can result from both
the chemical carcinogens and radioactive materials released

by a coal fired plant and home heating with wood stoves.
One should also attempt tc consider and quantitate other
illnesses, particularly respiratory, due to emissions from
fossil fuel devices and also to consider the comparative
genetic impact of energy sources. Such studies should
include the carcinogenic risks associated with gasoline
and diesel powered automobiles.
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Industrial processes should also be examined in the same
manner.

Lastly, one must consider the impact of energy from fusion
which may involve disposal of large amounts of radioactive
hydrogen (tritium).

7. Waste Management

The problem of waste management seems to divide into two
sub-categories: high-activity waste, where the main
problem is reliable containment, and low-activity waste,
which poses the special problem of being produced in
large volumes.

The areas that need to be addressed for high-activity waste
are related to the origin and nature of the waste,
criteria for selection of sites and containers, evaluation
of escape from soils of different types, including
modification by various retention systems, integrity
to adverse conditions, and the consequences to the population.
of long-term or accidental release.

Testing of the long-term integrity of waste-disposal
methods based on solidification is of high priority. The
potential of developing test methods based on increased
abuse (higher or lower temperature, higher pressure, etc.)
should be an area in which increased research is urgently
needed.

Much of what was said about environmental releases is
applicable to the waste management problem, since the
hazards with waste manifest themselves as the nuclides
reach the surrounding air or water.

For low-activity waste, the bulk of the material
introduces a special problem. An urgent problem here is
an investigation of practical large-scale methods of
removing radioactivity particularly tritium and C-1A
from toluene and other liquid scintillators, but also
from other bulky wastes. Methods applicable to liquid
wastes include distillation, precipitation and active
filtration. The recent closing of the radioactivity
dumps across the nation emphasizes that long-distance
trucking and concentration of waste may not be the
desirable solution. Research into methods of local
disposal, including incineration, is needed. For
example, incineration studies should include selective
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removal of the radioiodines and other of the more
toxic radioisotopes from the effluent stack gases, for
subsequent disposal in small volumes. More information
is needed on the chemical form and fate of radionuclides
following incineration.

Improvement in Waste Management Procedures

Waste management has been mainly concerned with burial
and burial sites. Necessary research with this method
is the development of accelerated aging. Most public
fears center on whether or not serious leaching in the
storage media will occur over many thousands of years.
Urgently needed are systems that will accelerate such
effects of time by factors up to 10 thousand. However,
burial is not the only method of disposal. Uniform
global dispersion in both stratosphere and water may also
be useful for many if not all radioactive isotopes, and
the involvement of many nations in a world-wide pattern
has changed the problem from national to international
•proportions. Lastly, we have the possibility of

changing the nature''of the radioactivity of 'the waste
material by bombarding it with beams of various nuclear
particles from reactors and/or cyclotrons. Just changing
long-lived nuclei to short-lived ones would be a step
forward. This approach, however, demands very pure material
which implies improved isotope separation methods for the
waste products and will clearly be a high cost method.

Much of waste storage is in the form of liquids containing,
the radioactive materials. It would be desirable to
reduce these to smaller volume solids but the technology
for doing so with highly radioactive solutions must be
explored further.

It seems short-sighted to consider storage of radioactive
waste without extracting power from the radioactive decay.
While small essentially home power plants have been
proposed utilizing such radioactive waste and solid state
converters involving thermocouples, they have not proved
very economical and much research and development remains
to properly develop this source of power.

8. Measurement and Dosimetry

1. Improve low-dose high-LET measurement procedures (low
dose-high dose rate).
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Many present exposure situations such as exposure of
therapy patients to parasitic neutron radiation in
high energy photon therapy, or to neutron and other
high LET radiations in neutron or meson therapy, or
occupational exposures at research accelerator facilities
involve low duty factor sources. These present a special
measurement problem because of signal superposition
(pile up) in the detectors and electronics of dosimetry
and monitoring systems.

This problem is compounded when more than one type of
radiation is present simultaneously.

Research in the field of high dose rate mixed field
dosimetry is required to better understand the risk to
human health posed by these situations.

Gross neutron dose measurement using rem meters is well
developed, but measurements of neutron spectra still
involve relatively complex laboratory procedures. Such
measurements are- needed because of the variability of
neutron RBE with energy. Research and developments aimed
at producing analytic instruments for field use are needed.

2. Application of measurement techniques to retrospective
exposure estimation.

The retrospective estimation of radiation exposure in
occupational or environmental situations is difficult.
Personnel monitoring systems are intended to function
primarily as alarm systems, indicating the existence of
a problem, not as accurate estimators of whole body
exposure. However, as we have noted earlier in this
text, research to render personnel monitoring systems
suitable for estimating organ doses as a base for
epidemiological studies would be highly desirable.

Some work has been done, in the field of archaeology,
on the exploitation of the thermoluminescence of
ceramics to estimate past radiation exposures to building
materials, pottery, etc. Further development of such
techniques would enhance our ability to estimate past
exposure of populations to external radiation fallout
from weapons testing, etc.

3. Dosimetry applicable to biological significance
(fundamental considerations).

Research is needed to identify those physical aspects of
radiation interactions which are of biological significance
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to refine the process of making risk estimates from physical
measurements. This is of particular importance in
developing theories of lesion formation in cells and their
dose and dose-rate dependence.

4. Internal emitters dosimetry

Hot-particle dose specification. The problem of the
distribution of dose around point sources of alpha particles
is an important one, and deserves much additional
experimental and theoretical study. Its relationship
to induced cancer as compared with similar doses of more
uniformly distributed radiation is also an important
problem*
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B - Technology Development

Outline for Research Topics

A. SOURCES, PATHWAYS, ETC.
1. Natural Radiation

a. Radon & Thoron
Survey measurements in homes, buildings, workplaces (as a function
of time, and estimate doses).
Measurement techniques for Thoron and Daughters.

b. External Gamma Rays from Building Materials
Further identification of sources of radiation in building
materials (marble in Boston's South Station).

c. Airplane Travel
Measurement of doses to passengers and crew.

d. Radioactivity in Drinking Water (Surveys - realistic standards)
2. OCCUPATIONAL EXPOSURE

a. Improved personnel measurement techniques, especially neutrons
(cf. limit of detector at lOmR or less).

b. Relationship between surface dose measurement and estimated
dose to organs of individual.

c. Metabolism of radionuclides in worker, especially after inhalation
of Put Th (form is very important).

d. Special 3tudy-ef the "high-dose" group of workers .• • •
e. Identification of purpose of personnel monitoring system in

relation to retrospective epidemiological studies.
3. RELEASES TO THE ENVIRONMENT

a. Is monitoring adequate for accidental releases from all
sources?

b. Waste Management: a1) incineration, and b2) accelerated life
testing for solid high-level waste disposal.

4. EXPOSURE IN HOME FROM CONSUMER PRODUCTS
a. Radon
b. Important area to monitor technology developments - (especially

NARM materials); also tritium in watches.
5. TRANSPORTATION OF MATERIALS INCLUDING ACCIDENTAL RELEASES

a. Monitoring methods intrinsically sound, but monitors not always
available where needed (also shielding).

b. Models for accident situation - adequate?
c. Emergency plans.

6. EFFECTIVE ENERGY STRATEGIES
a. Effects of improved insulation-ventilation.
b. Effects of increased coal burning; releasing more radioactivity

(?geothermal).
c. Underground home
d. Radioactive products from fusion (Tritium released to space ?).

B. REDUCTION OF EXPOSURE
1. Occupational

a. Other Modality Research (structure testing, etc.)
b. Better shielding of radiographers and radiologists.
<•:. Identification of occupations with poor protection practices

(e.g., industrial radiographers) and taking appropriate action.
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B - Technology Devemopment

2. Improvement of Medical Techniques
a. Dose optimization in treatment planning.
b. Quality Assurance: Investigate systems analysis and

apply to individual cliaical situations.
c. Development of dose reduction technology

1) Improve Contrast Agents
2) Improve Detector Efficiency
3) Improve Image-Processing Procedures
4) Improve Source Spectra
5) Improve Scatter Rejection
6) Improve Resolution (System MTF)
7) Improve Low Attenuation Materials

Early detection of cancer.d.
e.
f.

Other modalities (ultrasound, NMR, thermography, microwaves)
Medical cvclotron development for short-lived isotopes.

3. Improvement of Waste Management Procedures
C. MEASUREMENT AND DOSIMETRY

1. Measurement and Instrumentation
a. Improve low-dose high-LET measurement procedures

(low dose-high dose rate)
b. Application of measurement techniques to retrospective

exposure estimation.
c. Dosimetry applicable to biological significance (fundamental

considerations)
2. Measurement and'Prediction of Dose Distribution

a. Improved modeling for dose distribution situations
b. Assessment of whole-body dose in partial-body exposures

(tinia capitis, ankylosing spondylitis)
3. Internal Emitters Dor.imetry

a. Hot particle dose specification
b. Organ dose distribution and metabolism

Additions and Deletions to original outline that was included

- Exposure and consumer products (radon). (More
important than other 3.)

Organ distribution
Identification of tissues at risk
Improved measurements of dose distribution
Measurements of populations exposed
Improved personnel measurement techniques, especially
to neutrons (10 milliroentgens or less)
Relations between surface—dose measurements and dose
to organs
Metabolism of radium nucleites in workers
Isolate high-dose group and make special studies
Clear identification of personnel monitoring systems
and appropriateness retrospective studies
Is monitoring adequate for accidental releases? What
don't we know about waste management? Ex.: incineration.
Accelerated testing for waste disposal.

—i.e., research to improve tissue-exposure ratio
Improvement to technology development, but identification
of problem areas would require collaboration of at least
other ecosystems (biology, chemistry, physics experts)
Exposure in the Home and Consumer Products
Radon (see A.Id)
Improvement to future population exposure—e.g.,
release of tritium.

Under

Under

Under

A.

A.

A.

1:

2:

3:

in packet
Add

Add

Add

"d"

4)
5)
6)
a)
b)

c)

d)
e)
f)

To A.4a:

To B.2a:
To A.4, b,

Add

Add
c, d:

Change item 5 to:
Add a)

b)
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To A.

Add:
To A.

1

Id

add:

add

e)
f)
g)
A. 6
1)

2)
3)

B - Technology Development

External gamma radiation from building materials
External gamma radiation from plane travel
Thorium

Transportation of materials, including accidents.
Survey measurements in homes and buildings as a function
of time, including dose information.
Exposure reduction.
Disposal of radon-emitting wastes.

Add: A.I.e. Furtheridentification of gamma ray radiation from
building materials,

f.1) More definitive measurements of external gamma
ray radiation from airplane travel. (Check this.)

2) Quantitative constituents of dose.
A-6: Effective energy strategy
Cross-cutting question: Consider question of personnel dosimetry for
everyone in population to integrate all sources of radiation exposure.
Add A.1.6.a: Monitoring methods are intrinsically sound but not always

available as needed.
b: Models for accident situations—how they act.
c: Emergency plans.

Add A.1.7: Effects of Energy Strategies. . . ....
a. Effects of improved insulation
b. Effects of coal burning (see A.l.d and e). Geothermal?
c. Underground homes
d. Tritium—released to space?

B.I. a. Research on other modalities
b. Radiation protection of radiographers and radiologists
c. Identification of occupational areas with poor protection-

e.g., industrial radiography (see A.3, high-dose group).
B.2. (Concentrate on c, d, e; drop b, not technological.)
B.2.c: 1) Restrict definition of Q/A to mean "maintaining process

of control."
2) Investigate systems analysis and its application to

individual situations.
B.l.d: 1) Improve contrast agents

2) Improve detector efficiency
3) Improve image processing
4) Improve source spectra
5) Improve scatter-rejection techniques
6) Improve image resolution
7) Reduction in attenuation material between source detector.

(Citation: Wagner & Jennings, q.v.)
B.2.a. Add—i.e., research to improve tissue-exposure ratio

Change to read: Dose reduction technology
B.3. Amelioration? Or radiation protection procedures?
B. 4. Accelerated testing for waste disposal
B.2. NOTE: Early detection.
B.2.e. Alternative modalities—ultrasound and NMR microwaves.
B.2.f. Consider early detecti
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B - Technology Development

C.I.a. Improve low doses, high LET
b. Better characterization of inadequately identified radiation fields

such as accelerator.
c. Application of measurement techniques to retrospective exposures.
d. Biological significance of physical dosimetry techniques at

low doses.
NOTE: high dose rate, low dose exposures (e.g., accelerators)
C.2.a. Improve modeling for dose distribution situations

2.b. Assessment of whole body dose in partial body situations
C.3. Hot particle dosimetry

Improve assessment of organ distribution, better knowledge of
metabolism in man.

D.3. Deletewords after microdosimetry.
Add D.4.: Theoretical models. (Physical dosimetry?)
E.l.e. Add after "models," (relative vs. absolute risks).
E.2.e. Add after "factors," (synergism).
Add new E.2.h. ?Sensitive populations
5.c. Add "and physical factors."
Add new 6.f.: Pharmacological considerations
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DISCUSSION FOLLOWING THE PRESENTATION

Technology D e v e l o p m e n t
Warren K. S i n c l a i r , P h . D .

DR. FARBER: My nane is Stewart F a r b e r . I'm a consultant
in public health m a t t e r s . We talked a lot y e s t e r d a y about
scarce societal resources and about trying to make some assess-
ment of how to commit our research d o l l a r s . I wonder if the
speaker or the panel considered the c o s t - e f f e c t i v e n e s s of the
dollar spent in exposure reduction in one area versus the
o t h e r , given some of the p e r s p e c t i v e s that have come out of
recent a s s e s s m e n t s of total radiation exposure to the p o p u l a -
tion. I have one in mind. I guess M r . John Vi11 forth, BRH,
testified last J u l y , that about one-third of medical radiation
exposures is u n n e c e s s a r y either due to lack of proper indica-
tions for the procedure or just poor t e c h n i q u e . And given
that one-third of medical exposures is something on the order
of five mil 1 ion' per'sdh-'rem *a y e a r , the population exposure
is e q u i v a l e n t to 1,000 T'll accidents a y e a r .

How is the Federal government going to get sone proper
input into assessing research priorities and assigning dollars
for research matters properly, given that p e r s p e c t i v e ?

OR. SINCLAIR: I think it is obvious from the text of the
paper you have and what I said, that the cluster did not con-
sider t h i s , not because it isn't highly relevant to a Federal
Strategy, hut with a one-day discussion and two or three
i n t e r c h a n g e s of the text, and no further o p p o r t u n i t y to neet
-- which I think this cluster felt badly about -- we were
not able to address the second stage or do more than identify
what seems like the largest items and the high-priority
a r e a s . I don't know how c o s t - e f f e c t i v e they a r e , but they
certainly are the largest priority areas in our v i e w s . And
in the second stage we tried to evaluate what you can do
there in d o l l a r s .

DR. F R I E D E L L : Hymer F r i e d e l l , Case Western Reserve
U n i v e r s i t y .

I want to amplify some aspects of this which deserve
some a t t e n t i o n , and perhaps answer one of the q u e s t i o n s ,
that is specifically that great attention must be given to
the c o n f i d e n c e level of what you want to get from diagnostic
p r o c e d u r e s . It has been oointed out that you can greatly
improve the efficiency of the process of the whole train
carefully looking at the technology.

Rut assuming that we have done that, what happens as you
increase the number of messages or signals or e x a m i n a t i o n s , you
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improve the understanding of the problem that is before you,
and you increase the reliability. One of the issues that's
involved is the word "unnecessary". You cannot use the word
"unnecessary," because there is continuing advantage, unless
you identify the confidence level you want. And I simply
want to indicate that the point that was nade by Dr. Lasser
is very critical. We're going to have to decide what kind of
broad understanding, what kind of confidence level or relia-
bility we want before we can do this.

Until we do such a thing, it isn't possible to decide
what is necessary and what is unnecessary.

DR. THIER: Dr. Sinclair, did you want to comnent further?

DR. SIMCLAIR: Mo. I appreciate Dr. Friedell's remarks.
And I assume that with the exposure levels that result from
diagnostic radiology, the radiologist and the technology
developnent people, as well, must target that area first as
a dose reduction procedure. Mone of us want to lose the
benefits.

DR. TERRY: Terry, MCI.

This is an extension of the same question, but I wonder
if we can get some additional numbers on the table that will
help in this discussion. If we were to cease all diagnostic
radiology today and then allow the system to come to equili-
brium, and then ask the question 20 years from now, how nany
new cancers would not have developed as a consequence of
having stopped diagnostic radiology? What is the estimate
of the impact on the failure to induce new cancers?

And then without worrying about new technology, if we
simply today applied exisitnq technology, what would the
relative proportion of the impact be -- I don't know if the
question was clear to you, but I think until we have some
nunbers to deal with it is a little hard to carry the discus-
sion further.

DR. THIER: I assume: you' re asking for those nunbers,
that you're askin*- for th|e denominator which would be the
number of cases that would not be detected in that same
period of time if the techniques are not available.

DR. TERRY: I'm askijng the simple question as to the
level as new tumors that would not have developed above the
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D I S C U S S I O N F O L L O W I N G T H E P R E S E N T A T I O N

T e c h n o l o g y D e v e l o p m e n t
W a r r e n K. S i n c l a i r , P h . D .

level of b a c k g r o u n d if one w a s not u t i l i z i n g d i a g n o s t i c
r a d i o ! o g y .

O R . T H I E R : I g u e s s w h a t I w a s a s k i n g w a s -- as I a n not
a n e n b e r of t h i s kind of f i e l d , b u t an i n v o l v e d in t a k i n g c a r e
of p a t i e n t s , I c a n ' t use t h a t i n f o r m a t i o n w i t h o u t a s k i i g at
l e a s t t h e o t h e r h a l f of the i n f o r m a t i o n , whic*i is w h a t
w o u l d h a p p e n ? T h a t i s , h o w nany t h i n g s w o u l d you t h e n l o s e ?
It i s n ' t s i n p l y a l o s s of a n e g a t i v e e v e n t , it is a l o s s of a
p o s i t i v e e v e n t as w e l l . T h a t ' s w h a t the b a l a n c e r e q u i r e s .

D R . S I M C L A I R : I <nust s a y , I a g r e e w i t h t h a t c o n n l e t e l y .
I c o u l d g i v e y o u the c a l c u l a t i o n . If y o u t a k e 2 0 0 nil lion
p e o p l e and an a d d i t i o n a l 100 m i l l i r e n e a c h on the a v e r a g e ,
l e t ' s j u s t a s s u m e t h a t , t h a t ' s 20 m i l l i o n m a n - r e n . '1ulti-
oly it by 10 to the m i n u s 4, for the risk f a c t o r , and you
h a v e 2 , 0 0 0 new t u n o r s .

I d o n ' t like t h a t c a l c u l a t i o n , p e r s o n a l l y . F i r s t of a l l ,
it's a l i n e a r a s s u m p t i o n o n l y , and so i t ' s p r o j e c t e d , not
s o m e t h i n g t h a t has b e e n o b s e r v e d .

S e c o n d l y , I think t h e r e is no m e a n i n g f u l way to r e l a t e
t h a t to the b e n e f i t s of the n u n b e r of t u m o r s that, w o u l d be
d e t e c t e d by that n u c h d i a g n o s t i c r a d i o l o g y and how they w o u l d
be t r e a t e d as a r e s u l t .

O R . T E R R Y : I a g r e e w i t h the s e c o n d p a r t of t h a t . T h a t
is why I a s k e d the s e c o n d p a r t of the q u e s t i o n , w h i c h i s ,
if o n e n o w d i d n ' t stop d i a g n o s t i c r a d i o l o g y , b u t s i n p l y took
a d v a n t a g e of t e c h n o l o g y as it e x i s t s t o d a y , w h a t f r a c t i o n of
t h o s e 2 , 0 0 0 c a s e s w o u l d not h a p p e n ?

O R . S I M C L A I R : I am s o r r y , I am not w i t h y o u . P l e a s e r e p e a t .

D R . T E R R Y : If w e c o u l d t a k e e x i s t i n g t e c h n o l o g y , the b e s t
t e c h n o l o g y t h a t w e have t o d a y , as well as the b e s t t h i n k i n g in
the s o f t a r e a of the i n d i c a t i o n s for a p p r o p r i a t e d i a g n o s i s , w h a t
w o u l d be the r e l a t i v e dose r e d u c t i o n and the i m p a c t in t e r m s of
r e d u c t i o n of n e w t u n o r s , w h i c h then w o u l d o b v i a t e D r . T h i e r ' s
c o n c e r n a b o u t the o t h e r m e d i c a l i m p l i c a t i o n s of not h a v i n g d i a g -
n o s t i c r a d i o l o g y . I'm t r y i n g to get a f e e l i n g for how m u c h do
you need new t e c h n o l o g y , as o p o o s e d to w h a t can be a c c o m p l i s h e d
by a d e q u a t e l y u t i l i z i n g e x i s t i n g t e c h n o l o g y ?

D R . S I M C L A I R : I t h i n k t h a t ' s an i n t e r e s t i n g q u e s t i o n , and
p r o b a b l y an i m p o r t a n t o n e . B u t i t ' s t o t a l l y u n s u i t a b l e for
roe to a n s w e r .
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Lawrence Berkeley Laboratory
University of California

Berkeley, California 94720
Telephone 415/486-4000

FTS: 451-4000

January 22, 1980

Dr. Donald S. Fredrickson, Director
National Institutes of Health
Buliding 1, Room 124
Bethesda, MD 20205

RE: Committee on Federal Research into the
Biological Effects of Ionizing Radiation

Dear Dr. Fredrickson:

Dr. Aloke Chatterjee, one of the experts assisting your committee in this
program, has brought the September 20 draft outline "Federal Strategy for
Research in the Biological Effects of Ionizing Radiation" to my
attention. We have discussed the apparent omission of the important need
for fundamental work for improving measurement techniques in many of the
areas involved in your overall strategy.

The magnitude of the proposed program and its broad scope suggest that
this may become the key program in this area in the future. Since the
program deals with strategy, the limitations of existing measurement
science should be faced from its outset and it seems appropriate to
direct attention specifically to providing measurement techniques which
are fundamentally better than the ones in current use. Section VIII of
the document deals with "Technology Development," but the sub-headings
appear not to support the kind of research which the members of the
instrumentation research and development community in the U.S. feel i^
needed.

In general, the National Institutes of Health, through their grant
approval procedures, appear to have been quite aware of the need to
provide funding for the development of instruments dedicated to achieving
the goals of the individual projects. The basis on which the present
instrumentation for measurements of ionizing radiation has been developed
is, in general, the result of more fundamental physics and engineering
research carried out mostly at the National Laboratories, first under the
sponsorship of AEC, later ERDA, and now DOE. Although the achievement of
important breakthroughs in instrumentation has often been in response to
a specific need of a more fundamental research group, we always find that
the background knowledge and capabilites needed were provided by a less
restrictive research funding.

These observations are very relevant at present, we feel, as allocations
of funds for that kind of more fundamental instrumention research has
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been steadily decreasing in the last 10 years or so, to the point where
there is, at this time, practically no new work being funded from any
Federal Agency on which to base the techniques which will be required to
solve some of the problems mentioned in the September 20 draft outline.

Some of the areas that come immediately to mind are:

. High sensitivity radiation detector materials.
Detector system configurations for very low level measurements.

. High sensitivity and accuracy nuclear and X-ray imaging
detector systems.

. Position sensitive radiation detectors of high spacial accuracy,
both solid state and photo/electron multipliers.

. Very low noise amplifying devices for high sensitivity nuclear
and X-ray spectrometry.

. Signal processing techniques for optimal filtering at very low
radiation levels in spectrometry and in imaging.
Hybrid and integrated circui t technology for reduction of very
large measurement systems to feasible proportions.

. Applied matheiTiatics and computer science techniques for complex
measurement comprehension.

A second look at the above list seems to indicate that it includes every
area of instrumentation development with which we are acquainted. This
is, however, a reflection upon the present state of research in our field.

I am not sure what the best mechanism could be to remedy the situation
and give the programs with which you are concerned a much better chance
of being effective. I am concerned now that the problem be recognized as
a major component in your overall planning. Association of top-class
instrumentation physicists and engineers with the program and its direct
research staff should be an important objective.

I hope that these comments may be useful in relation to your important
program.

Very truly yours,

^ - • —

F.S. Goulding

Head, Department of Instrument Techniques

FSG:es
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RADIOTHERAPY

Introduction

The American Cancer Society estimates that 785,000 new cancers, excluding non-
melanoma skin cancers and carcinoma in situ, will be diagnosed in 1980 (1).
Approximately one half of these patients will receive radiotherapy at some
time and one quarter of them—almost 200,000 patients—will have local-regional
radiotherapy with curative intent as part or all of their initial treatment.

Significant improvements in local-regional eradication of cancer with
radiotherapy were achieved in the 1950's and 1960's with the introduction
of 60Co machines and linear accelerators for cancer treatment. Over the past
decade increasing emphasis has been given to combined modality treatment,
combining radiotherapy with surgery or chemotherapy or both in order to take
advantage of the benefits of each modality while simultaneously attempting to
decrease the adverse effects of maximum treatment by each modality. Despite
modest additional improvements with combined modality therapy there 5.s a need
for increased support for radiotherapy research because tumors recur locally
or regionally in approximately 100,000 patients each year. Although it is
unlikely that a major improvement in local and regional control of cancer will
be made by new surgical techniques alone or by new chemotherapeutic agents, there
is optimism that significant improvement will result from one or more of the areas
of investigation in radiotherapy, either alone or as part of a well-designed
combined modality treatment regimen.

This scientific projection paper is but an introduction to six reports of research
recommendations prepared by the radiotherapy community since 1975.. Objective
6 of the 1975 report of the National Cancer Program Planning Conference (NCPPC),
which addresses the treatment of cancer by radiotherapy and other modalities, was
prepared in part by a number of distinguished radiotherapists (2). In 1976 the
Committee for Radiation Oncology Studies (CROS) published detailed recommendations
for radiotherapy research in the United States (3). CROS also prepared in 1976
a Digest of Scientific Recommendations that correlates their 1976 report and the
1975 NCPPC report (4). CROS and its Particle Subcommittee published recommenda-
tions in 1978 for a national research program to evaluate the use of high linear
energy transfer (high LET) radiations for cancer treatment (5). In 1978 the CROS
Subcommittee on CT Scanning and Radiotherapy recommended a research program to
evaluate the role of that new technology in radiotherapy (6). The Radiation
Oncology Coordinating Subcommittee (ROCS) of the Board of Scientific Counselors
of the Division of Cancer Treatment, NCI, published specific recommendations in
1979 for research in combined modality studies, hyperthermia, radicsensitizers,
radioprotectors, radiation immunology, and radiation toxicology (7). Recommenda-
tions for research into the development of new imaging techniques and their
application to radiotherapy are being prepared by another subcommittee of CROS.
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The major areas of investigation in radiotherapy can be summarized under the six
goals shown in Table 1. It is important to recognize the interrelationships
among these six research goals. For instance the research efforts to improve
tumor localization and treatment planning for low LET radiotherapy have applica-
tions in high LET radiotherapy. Similarly the technology being developed in the
high LET research effort will have an impact in low LET therapy as well. Both
low and high LET radiations can be used with radiation sensitizers and protectors
as well as in combined modality therapy. Normal tissue tolerance is frequently
a limiting consideration in low and high LET radiotherapy and it is essential
to study the, modification of tolerance by radiation sensitizers and protectors
as well as by combined modality therapy. Each of the six goals will be discussed
in turn.

TABLE 1: GOALS OF RADIOTHERAPY RESEARCH PROGRAM

1. Improve the Results of Photon and/or Electron (Low LET) Radiotherapy

2. Evaluate Neutron and Heavy Charged Particle (High LET) Radiotherapy

3. Evaluate the Clinical Significance of Modifying the Response of
Tumors and Normal Tissues to Radiation

4. Evaluate the Clinical Effectiveness of Combined Modality Treatment

5. Establish the Tolerance of Critical Normal Tissues to Radiotherapy
and to Combined Modality Treatment

6. Evaluate the Results of Treatment and Recommend Additional Basic,
Pretherapeutic and Clinical Studies
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Goal 1: Improve the Results of Photon and/or Electron (Low LET) Radiotherapy

Introduction: A majority of patients treated with radiotherapy receive
external beam therapy as part of all of their treatment. Most patients are
treated with "conventional fractionation" receiving 900-1000 rads per 5-day
week with one treatment delivered each day, Monday through Friday. This
fractionation is based upon extensive experience, is a convenience for both
the patient and the therapist and is relatively well understood in terms of
normal tissue tolerance.

The failure of radiotherapy is generally due to (1) the presence of tumors
with too large a number of cells to make cancer eradication possible, (2) the
irradiation of volumes inadequate to encompass the true extent of the tumors
(geographical misses), (3) the presence of hypoxic subpopulations of cells,
(4) the presence of specific cell types which are less responsive to radiation,
and (5) the respect of the tolerance of normal tissues which limits the dose
to levels below that needed to sterilize the tumor. Other reasons include
(1) repair or reversal of sublethal injury and (2) replacement or repopulation
of cells destroyed in the irradiated field by migration of cells from outside
the field or by cells within the field which survived irradiation, respectively.
Thus, even when most patients with a specific type of cancer are cured by a given
radiation time, dose and fractionation schedule other patients, with cancers of
the same size and type, are not cured because of one or more of the above reasons.

An accumulation of information on tumor biology, cell kinetics, and normal
tissue response suggest that the use of alternative time, dose, and fractionation
schedules may be able to exploit differences between the responses of tumors and
normal tissues to radiation. Because these differences are not great, alter-
native treatment schedules, like conventional fractionation, will be very
dependent upon precise tumor and normal tissue delineation for achievement of a
good therapeutic ratio.

Objective 1: Improve tumor delineation and treatment planning techniques

To use radiotherapy effectively for the local control of malignant neoplasms it
is necessary to have precise information on the size, shape and location of a
tumor as well as its histologic type. As new radiotherapy techniques, such as
high energy photons and electrons, neutrons and heavy charged particles, come
into clinical investigation and use, there is need for even more precise delin-
eation of tumors and critical normal structures within the volume being
irradiated. In the past this information was obtained primarily from diagnostic
x-rays and radioisotope scans and more recently from ultrosound studies and CT
scans. Further investigation of conventional x-ray examinations and CT scanning
with tumor specific contrast enhancement is needed. New initiatives in tumor
delineation with tomographic ultrasound, nuclear magnetic resonance, microwave
thermography, radiolabeled anti-tumor antibodies and other advanced techniques
should be encouraged.
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Computer-based computational systems have been utilized for many years in
treatment planning for external beam radiotherapy and for brachtherapy. The
systems presently can calculate the dose distribution from a multiplicity of
beams and sources to within five percent. Treatment planning can be done by
direct interaction with small computers or by indirect access to large computers
using telecommunication devices. The present limitations of treatment planning
include (1) inaccuracies to tumor and normal organ delineation, (2) lack of
three-dimensional treatment planning capability, (3) difficulties in calculating
doses from irregular rields, (4) limitations in handling tissue inhomogeneities
and (5) lack of definition of "preferred" treatment plans to serve as the basis
for optimization of treatment. A number of these limitation have been overcome
in one or another treatment planning system but no single all-encompassing
solution has been developed.

Objective of computer-augmented treatment planning research, in addition to
those directed at the preceding limitations, include (1) the in vivo identifica-
tion of contours, coordinates, and absorption coefficients by means of computerized
tomography, ultrasound scanning, stereometric techniques, and internal makers,
(2) the development of mathematical and biological models of normal tissue and
tumor response, and (3) further optimization of treatment planning to include
new algorithms and dose calculations, integration of physical and biological
measurements and interactive display, remoting and networking. In order to
exploit these potential advances in computerOoptimized treatment planning and
eventually computer controlled treatment, further development is needed to
reference the patient to the patient support system for precise repetition of
the daily treatments.

Objective 2: Evaluate alternative time, dose and fractionation schedules
and alternative radiotherapy delivery systems and/or techniques.

In designing alternative time, dose and fractionation schedules and volume rela-
tionships it is necessary to consider the techniques by which the radiation is
delivered. Time-dose relationships for tumor control and normal tissue tolerance
are not yet available for many of the proposed treatment schedules. Proper
selection of time-dose parameters can give differences in cure probability as
great as 50-60% for a given level of normal tissue reaction. Additional clinical
and laboratory investigations are needed to establish empirical relationships
and to generate and analyze relevant data in cellular and animal models,
respectively. Successful investigations in this area would result in increased
local-regional control of cancer with even less injury of normal tissues.

The experimental laboratory investigations which must be performed in systems
which do not always adequately simulate humans with cancer should include (1)
the development of experimental tumor systems which would allow systematic
investigation of the role of reoxygenation, reassortment, repair, repopulation
and other factors not yet identified which contribute to the radiation effect;
(2) the use of these experimental systems in a comprehensive series of time-
dose studies to identify mechanisms that explain the most successful time-dose
strategies and may lead to new strategies, (3) the development of methods to
measure in patient parameters which have been shown to be, or are suspected
to be, relevant to time-dose relationships in experimental animal systems and
(4) the investigation of means to modify favorably the radiobiological factors
which contribute significantly to fractionation effects.
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The conduct of clinical investigations, both retrospective and prospective,
should include (1) determination of control rates and dose response curves
with standard dose fractionation schedules for a wide range of tumor sites
and stages, (2) determination of control rates and dose response curves for
selected tumor types with fractionation regimens that differ from the standard
e.g. small daily doses, high daily doses, several doses per day, irregular
coursesj etc. and (3) determination of the therapeutic ratio when using
brachytherapy compared to external beam therapy for selected tumors with regard
to factors such as dose distribution and tissue specific versus general
biological effects.

General considerations in the design of alternative fractionation schemes include
(1) capitalizing on potentially lethal damage repair by using more widely spaced
fractional doses when a tumor contains a high proportion of exponentially growing
cells, (2) minimizing repopulation by surviving tumor cells in the treatment
volume by using large fractional doses and/or short overall treatment courses,
(3) minimizing unexpected fluctuations in cell sensitivity owing to reassortment
by using widely spaced fractional doses, or if there is specific knowledge of
the post-irradiation cell kinetics, by using fractional doses scheduled at
demonstratively sensitive times for reasserted tumor cells or at resistant times
for reassorted relevant normal cells and (4) maximizing reoxygenation of tumors
known to contain severely hypoxic cells by using long overall treatment courses
with small fractional doses.

A related area of investigation is the use of whole-body or hemi-body radiotherapy
in either single or fractionated doses. In addition to conducting pilot clinical
studies it will be necessary to investigate the biologic mechanisms of response
of tumors to fractionated treatments in order to determine the most favorable
conditions for total or hemi-body irradiation to maximize patient survival and
minimize damage to normal tissues. It will be important to investigate the use
of radiation sensitizers and/or radiation protectors, as well as chemotherapeutic
agents, with total-body or hemi-body irradiation.

Several methods of delivering radiation to the primary tumor volume (or tumor
bed after surgery) are being investigated. They include (1) brachytherapy,
the use of radioisotopes alone or as part of a surgical procedure, (2) electron
beam therapy, which is available, but undertuilized, in most large radiotherapy
departments, (3) intra-operative external beam radiotherapy, (4) radioactively
labelled anti-tumor antibodies for the treatment of the primary tumor as well
as distant metastases, and (5) dynamic treatment which incorporates simultaneous
movement of the patient, the photon beam, and the meam shaping collimators. The
investigation of each of these alternative treatment delivery systems is pro-
ceeding independently, as well as in combination with radiation modifiers or
other treatment modalities.

Goal 2: Evaluate Neutron and Heavy Charged Particle (High LET) Radiotherapy

Introduction: Radiotherapy with particles such as neutrons, protons,
heavy ions and negative pi mesons can have a major impact on the total care
of the cancer patient by improving the local control of tumors. In addition
the local control of cancers is becoming more important as improved detection
methods result in the recognition of tumors prior to the development of distant
metastases and as advances in chemotherapy become effective for the treatment
of disseminated cancer. The increased bloligical effectiveness or improved
physical dose distribution theoretically offered by particle radiotherapy
may benefit most of the 100,000 patients who are expected to die this year
because present treatment modalities will fail to control the disease locally.
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The final evaluation of the role of particles in radiotherapy must come from
clinical trials. Because of the limited number of particle facilities in this
country (and in the world) these investigations will require a long term
commitment. In addition to a need for technological development to take advantage
of the biological and physical properties of particles there is a need to
continue studies of basic particle interactions, specially in combination with
radiation modifiers and with chemotherapeutic agents and/or surgery in combined
modality regimens. Therapeutic beams of neutrons, negative pi mesons, alpha
particles (helium) or heavy ions (carbons, neon and argon) have favorable
biological properties when compared with beams of high energy x-rays, photons
or electrons. Pion, helium ion and heavy ion beams also have physical dose
distribution advantages because they have finite ranges. Proton beams have
the latter property but have no increased biological advantage. Because of
this property of a finite range, compared to the exponential decrease in dose
with tissue thickness for x-rays, photons and neutrons, particle beams have
the potential of delivering an increased radiation dose to the target volume
relative to the dose in the adjacent normal tissues. The relative bioligical
effectiveness (RBE) observed with beams of fast neutrons, heavy ions and
negative pi mesons is due to the intense ionization produced in tissue by those
particles. These densely ionizing (high linear energy transfer or high LET)
radiation beams inactivate tumor cells more effectively than beams of photons
or electrons because (1) the sensitivity of cells is less dependent upon the
cellular oxygen concentration at the time of irradiation, (2) the killing of
cells requires less radiation energy, (3) the repair of radiation damage
produced in cells by high LET radiation is less than after low LET irradiation,
(4) the sensitivity of cells is not as dependent on the position of the cell
in the cell replication cycle and (5) the sensitivity of cells of high plodiy
is relatively greater than that of euploid cells. For these reasons particle
radiotherapy has a high priority in the National Cancer Institute radiotherapy
research program.

Objective 1: Develop or adapt technology to exploit the biological and
physical advantages of high LET radiotherapy

The requirements for delineating tumors and critical normal tissues and the
importance of treatment planning presented in Goal 1, Objective 1, for low
LET radiotherapy apply eqiially to high LET radiotherapy. In addition there
are special considerations for treatment with neutrons and for charged
particles. In neutron therapy delineating of the tumor and critical normal
tissues is important because the increased biological effectiveness of
neutrons applies to many normal tissues, as well as tumors, especially the
central nervous system. The brain and spinal cord are specially sensitive
to injury by neutrons as are other tissues with a high lipid content. In
heavy charged particle beam treatment planning there are two important con-
siderations. Because the charged particles have a finite range which is
determined by the electron desity of the materials through which they pass,
the electron density of all the tissues in the particle beam path must be
known for precise treatment planning. Correlations of physical dose distri-
butions and the biological effects of charged particle beams are of critical
importance with pi mesons and heavy ions where there are significant biological
effect differences along their paths. One of the greatest challenges in the
clinical application of charged particle beams is the exploitation of both
their physical and biological properties.
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Objective 2: Evaluate the clinical effectiveness of neutron radiotherapy
systems

Limited clincial studies have been conducted at a number of facilities in the
USA where neutron beams are generated by cyclotrons or accelerators which had
been built primarily for physics research. Through the auspices of the National
Cancer Institute neutron generators dedicated primarily to the treatment of
cancer patients will be provided to four major universities in the early 1980's
for clinical studies. Three of the facilities will have cyclotron neutron
generators whereas one will have a DT generator.

The goals of the clinical research program are to establish the safety and
efficacy of neutron beam radiotherapy for a wide range of tumor sites in Phase
I and II studies and to compare neutron beam therapy with the best conventional
photon irradiation in Phase III controlled randomized studies. Among the
important considerations in the design and conduct of these clinical studies
is the way in which the neutron beam is used. Options include a full course
of treatment with neutrons, mixed neutron and photon beam treatment (alternate
days of the week), combined neutron beam and photon beam treatment (given on
the same day in close proximity) and "boost" treatments (neutron beam therapy
at the beginning or end of the course of photon beam therapy).

An alternative source of neutrons for intracavitary or interstitial irradiation
is californium-252. The role of californium-252 will be compared in a limited
number of disease sites with the results of conventional brachytherapy using
radium, cesium-137, or other radioisotopes.

Objective 3: Evaluate the clinical effectiveness of protons, pions,
helium ions and heavier ions

Clinical research with charged heavy particles is being conducted at three
locations in the United States. Proton therapy is being evaluated at the
Harvard cyclotron in conjunction with the Department of Radiation Medicine
at the Massachusetts General Hospital. Helium ion and heavy ion (carbon-12
and neon-20) therapy are being evaluated at the Lawrence Berkely Laboratory.
Negative pi meson radiotherapy is being evaluated at the Los Alamos Meson
Physics Facility in conjunction with the Department of Radiation Therapy
at the University of New Mexico. As in the neutron therapy program the
clinical studies will progress from Phase I/II studies to determine the safety
and efficacy of each particle beam to randomized clinical trials in which particle
therapy will be compared to the best conventional photon radiotherapy. It will
be important also to compare the clinical effectiveness of the various particle
beams in order to evaluate the potential advantage of having both in improved
physical dose distribution and an enhanced biological effect.

Other study questions will include (1) a determination of the most effective-
way to use the particle beams, i.e. full course, mixed beam on alternate days,
.nixed beam on the same day boost irradiation and (2) an evaluation of treatment
planning systems which can incorporate tissue inhomogeneities and biological
effectiveness into dose distribution calculations.

Although not a scientific research question, the cost effectiveness of neutron
and charged particle therapy must be evaluated as part of the research program.
If charged particle therapy is shown to be effective therapeutically a decision
will have to be made as to how many medically dedicated facilities will be placed
adjacent to large medical centers. Because of the probable cost of clinically
dedicated particle facilities this is a question that must be considered from
an economic viewpoint as well. An inherent part of the clinical investigation
program will be to develop and design criteria for clinically dedicated
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facilities. This will help in the eventual planning and design of medically
dedicated facilities if particle therapy is shown to be cost effective.

Objective 4: Expand investigations of the scientific basis for high LET
radiotherapy

Although considerable basic and pretherapeutic research has been conducted with
neutrons and heavy charged particles there are still many questions with regard
to the use of charged particles in clinical investigation and eventually in more
widespread clinical use. Time, dose, fractionation and volume considerations
are extremely important in high LET radiotherapy, both with regard to effects
on tumors and on normal tissues. The effects of high LET radiations are
generally favorable in terms of improved tumor control, however possible effects
on normal tissues must be investigated. There is clinical evidence that late
effects with neutron beam therapy are more severe than would have been expected
from the acute radiation effects. Because of the large number of alternatives
in using high LET radiations (full course, mixed beam and boost irradiation)
it is necessary to investigate these possible alternatives in vitro and
specially in vivo with animal tumors.

Clinical studies to date have been designed to compare particle radiotherapy
with conventional radiotherapy. In the future it will be necessary to consider
the use of radiation sensitizers, radiation protectors, hyperthermia and
cheraotherapeutic agents in conjunction with high LET radiotherapy. If there
is an advantage in using radiation modifiers with low LET radiations there
may be comparable advantages in using them with particle beams in trials. The
ability to spare bone marrow with charged particle beam irradiation may be
an advantage in combined modality treatment. These questions should be studied
insofar as possible in the laboratory prior to initiating studies with humans.

The correlation of physical measurements and biological effects is extremely
important in neutron and charged particle therapy. In addition to understanding
the effects of these radiations alone it will be important to understand the
modification of these effects by chemotherapeutic agents, hyperthermia, radiation
sensitizers and radiation protectors.

Goal 3: Evaluate the Clinical Significance of Modifying the Response of
Tumors and Normal Tissues to Radiation

Introduction: The basic purpose of mod?ying the response of tumors or the
surrounding normal tissues to radiation is ti> change the response of one relative
to the other, that is, to obtain a differential response of the normal or
malignant tissue. This could be obtained by increasing the radiation sensitivity
of the tumor relative to that of the normal tissues, or conversly by ci "xreasing
the radiation sensitivity of the normal tissues relative to that of the tumor.
Several ways of achieving these goals are (1) to obtain an increased concentration
of a radiosensitizer in malignant tissue compared to the radiation dose - limiting
normal tissue, (2) to obtain in increase concentration of a radioprotector in
the normal tissues surrounding the tumor than in the tumor itself, (3) to give
an agent which sensitizes hypoxic but not oxygenated cells to radiation, (4) to
use differential effects of hyperthermia on tumors relative to the surrounding
normal tissues.

The development of effective radiation modifiers potentially can result in a
significant increase in cancer cure rates with a decrease rather than an
increase in morbidity. In addition to providing benefit to cancer patients who
are presently treated by radiotherapy, the radiation modifiers may increase the
applicability of radiotherapy if chemotherapy becomes effective in the treatment
of metastatic disease.
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Objective 1: Evaluate the role of chemical radiation sensltxaers

The ability to radiosensitize oxygenated mammalian cells has been claimed for
many different compounds such as the halogenated pyrimidine analogs, 5-flurouracil,
methotrexate, puromycin, and actinomycin D. However, it is likely that of all
these, the only true sensitizers are the brominated, chlorinated or iodinated
pyrimidine analogs. These compounds increase the radiosensitivity of a cell
population, without having cytotoxic effects if used alone, by becoming
incorporated into DNA in place of thymidine making the DNA more susceptible
to breakage by x-irradiation. The halogenated pyrimidines (and other true
radiosensitizers) offer the unique potential of enhancing the localized
radiation effect without causing extensive cell killing in other regions
of the body. The clinical trials performed to date with halogenated pyrimidines
have been disappointing, the reason for which has been learned in research
performed subsequent to the initiation of the clinical trials. If the
sensitizing compound is made available to the tumor (and surrounding normal
tissue) between doses in a multiple fraction regimen, and if the tumor cells
have a shorter cell cycle time than the normal cells, then preferential
radiosensitization of the malignant cells will result. Until quite recently
it was believed incorrectly that the drug must be infused directly into the
artery (or arteries) feeding the tumor to prevent deterioration of the drug.
It has been shown that the only advantage of intra-arterial infusion is that it
delivers a high concentration of the drug to the tumor.

Thus, there is reason for further evaluation of the halongenated pyrimidines
and any other cycle-specific radiosenitizers especially for tumor.sites for
which the dose-limiting normal tissue reaction is a late effect (rather than
an early reaction).

Before new clinical trials are undertaken several questions about their design
which should be answered are as follows: (1) Can the incorporation of "the
halogenated pyrimidines into DNA be increased by blocking tnymidine incorporation
in vivo as has been demonstrated IJT vitro using 5-flurodeoxyuridine? (2) is
dehalogenation of the compounds by the liver a problem for ±n_ vivo use? This
question can be answered with agents such as 5-diazouracil which are capable of
blocking this dehalogenation jln vivo. (3) What is the optimum way of giving
these cycle-specific drugs? Is it related to the cell cycle time of the normal
and malignant tissues? Do the compounds have to be infused continuously for the
duration of the radiotherapy? (A) Are the effects of these agents on the shoulder
rather than the slope of the survival curve? It is the shoulder which is the more
important in a fractionated regimen of 200 or 300 rads per day. (5) Can new,
cyclespecific drugs be identified, particularly ones which will reduce the
shoulder of the survival curve or inhibit the capacity of the cell to repair
sub-lethal damage?

Objective 2 Evaluate the role of hypoxic cell radiation sensitizers

Since the pioneering work of Gray and his colleagues much research has been
done to overcome the protection against ionizing radiation afforded tumors
by their hypoxic cells. There is no doubt that the presence of hypoxia in
animal tumors greatly increases their resistance to single doses of irradiation.
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It is now virtually certain that such radioresistant, hypoxic cells are also
present in human tumors and may be a major factor in preventing the cure of
more patients with some types of malignancies by conventional radiotherapy.
The proposal to use chemicals to selectively radiosensitize hypoxic cells
in human tumors is a promising area of investigation.

Very promising radiosensitization ±n_ vivo has been obtained in animal tumors
with the 5-nitroimidazole, metronidazole, and the 2-introitnidazole, misonidazole,
raising the prospect that this class of agents may be of great benefit in
radiotherapy. However, it is now apparent that the neurological side effects
of these two compounds limit human doses to amounts that will give sensitizer-
enhancement ratios of 1.1-1.3 for conventional fractionation schemes and
1.5-1.6 for high dose fractionation regimens. It is clear that neither
misonidazole nor metronidazole is the "optimum" hypoxic cell radiosensitizer
for clinical applications. The ideal radiosensitizer should be as sensitizing
as misionidazole but only one tenth as toxic.

A second property of these nitroimidazole compounds which may be of clinical
importance is their cytotoxicity to hypoxic cells. This is independent of
the radiosensitization produced, and there is very strong evidence that it
acts by an entirely different mechanism. The general features of this
cytotoxicity are (1) that it occurs only in the absence of oxygen (or very
low oxygen concentrations), (2) that in a mixed population of oxygenated and
hypoxic cells, oxygenated cells can be killed by the drugs, (3) that it
requires 1 - 2 hours of exposure to misionidazole under anoxic conditions
to develop, and (4) that it can be readily enhanced by hyperthermia. The
cytotoxicity of misionidazole and other nitroimidazoles appears to be pro-
duction of a toxic metabilite by enzymatic reduction of the nitro group.
Since this reaction is totally inhibited under oxygenated conditions, these
toxic metabolites are only formed in hypoxic areas, and hence largely within
tumors. This suggests the prospect of having a tumor-specific anti-cancer
drug.

A recently discovered third property of nitroimidazoles is their ability to
substantially reduce the shoulder of the survival curve of hypoxic cells
irradiated after exposure to misonidazole. Since it is the shoulder, rather
than the exponential portion of the survival curve which is of primary
importance in determining the response of tumors to fractionated radiation,
this finding could be even more important than the Do-reducing effect of the
radiosensitizers. It is not yet known whether nitroimidazole radiosensitizers,
other than misonidazole produce this effect, nor do we know whether it occurs
in tumors in vivo.

The major areas of investigation related to the electron-affinic radiosensitizers
are (1) development of an electron-affinic radiosensitizer superior to the one
current undergoing clincial trials (misonidazole), (2) identification of the
types of tumors which should be treated with radiosensitizers and the most
effective way of combining them with radiation, (3) determination of the clinical
importance, if any, of hypoxic cell cytotoxicity and the development of new
drugs which will maximize this property, (4) determination of the mechanism by
which hypoxic cells are sensitized by misonidazole's reducing the shoulder,
rather than the slope, of the radiation survival curve, and (5) determination
of the significance of this latter effect in animal tumors with fractionated
radiation regimens as would be predicted by in vitro data.
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Objective 3; Evaulate the role of radiation protectors (of normal tissues).

Another approach to increasing the cure rate of local and regional cancer with
radiotherapy is to administer drugs before each treatment which would selectively
increase the radiation resistance of normal tissues compared to the tumor cells.
The latter would experience the full effects of the radiation. This would allow
the delivery of higher doses to tumors without risking unacceptable injury to
normal tissues. WR-2721 is one such drug that has been developed. It not only
selectively protects normal tissues against radiation injury but also protects
normal tissues against injury by alkylating (chemotherapeutic) agents. Although
this drug is sufficiently active to justify its initial evaluation in clinical
trials it is not the ultimate drug for this application. Even though WR-2721
protects many normal tissues, it provides no protection to the central nervous
system and provides less protection than desired to other critical normal tissue,
e.g. lung. The last desirable property of a radio-protector would be to offer
adequate levels of protection to normal tissues at drug doses far below those
which induce toxicity.

Investigations are needed to develop radiation protectors which will provide
(1) selective protection of the brain and spinal cord (but not the tumor),
(2) more effective protection of those tissues which are poorly protected by
WR-2721, and (3) a more effective therapeutic ratio, i.e. radiation protection
relative to toxicity. In addition, the radiation protectors and their analogs
should be evaluated for potential protection of normal tissues from the adverse
effects of chemotherapeutic agents.

Objective 4: Evaluate the role of hyperthermia in cancer treatment

The use of regional or systemic hyperthermia as a modality for cancer treatment,
either singly or in conjunction with other treatment modalities (e.g. radiation
and/or chemotherapy), is under study in the laboratory and in clinical trials.
The basis of the enthusiasm for this research results from well-documented
observations of partial and complete regressions of established human tumors
following relatively severe febrile episodes during the course of infectious
diseases as well as following artificially induced hyperthermia. In addition,
recent laboratory work is providing a scientific explanation of the earlier
clinical observations. Laboratory and preliminary clincial studies have shown
that the differential effects of hyperthermia, either alone or in combination
with radiation, on tumors and normal tissues has clinical potential. The major
limitation of clinical hyperthermia research at this time is the lact of
adequate equipment for heat generation and thermometry and inadequate information
for thermal dosimetry and treatment planning.

The major areas of investigation should include (1) an evaluation of the effects
of time and sequence of combined treatment with hyperthermia and radiation on
normal and tumor cells, (2) a determination of the role of the afterheating
response to hyperthermia treatment, (3) an evaluation of the effect of cell age
distribution on the response to combined radiation and hyperthermic treatment,
(4) a determination of the extent of augmented immunogenicity of thermally
damaged tumor cells, (5) further evaluation of differential thermal sensitivity
of normal and tumor tissues and establishment of the appropriate temperature
to be used for treatment, (6) further studies of the basic biology of hyperthermia
including modeling and (7) development of equipment for heat generation and
measurement and of systems for thermal treatment planning.
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The ability to conduct clinical investigations of hyperthermia will parallel the
development of equipment. In these studies it will be important to evaluate
possible hazards to patients from treatment with hyperthermia including (1) changes
in the rate of development of distant meatastases, (2) effects on normally hypoxic
tissues and (3) effects on the host immune capability. An evaluation of appro-
priate temperatures and treatment times for combined hyperthermia and radiation
treatment will be necessary. In addition to evaluating the clinical effectiveness
of hyperthermia with radiotherapy alone, the combination of hyperthermia with
chemotherapy, with and without radiotherapy, should be investigated. The role
of radiation modifiers with hyperthermia and chemotherapeutics agents, singly
or combined, also warrants investigation. It will be important to understand
each of these radiation modifiers with radiation alone as well as when used in
various combinations.

Goal 4: Evaluate the Clinical Effectiveness of Combined Modality Treatment

Introduction: A major approach to improving the cure rates of patients with
solid tumors involves the integration of chemotherapy and/or immunotherapy with
the local treatment modalities of surgery and/or radiotherapy. The philosophical
basis for this combined modality approach is the recognition that surgery and
radiotherapy eradicate tumor cells only at the sites where these modalities are
applied. Thus even when the local/regional tumor is eradicated, patients fail
because of the dissemination of microscopic foci of disease prior to treatment
of the primary tumor (and regional nodes) by surgical excision or radiotherapy.
The addition of chemotherapy to local treatment by surgery and/or radiotherapy
has the potential of enhanceing local and regional control and, perhaps more
important, of control of disseminated microscopic foci of disease, a problem
noted above.

Another objective of combined modality therapy is to decrease the morbidity
associated with curative treatment by any one modality alone. In many patient
groups there are advantages to be gained from combined modality therapy with
regard to the quality of life. If combining a less radical surgical procedure
and a modified (lower) radiation dose do not compromise tumor control the treat-
ment sequelae and functional deficiencies should be minimized. The use of
effective chemotherapy prior to treatment by surgery and/or radiotherapy offers
the potential of improved local control and decreased morbidity if the aggressive-
ness of the surgery and/or radiotherapy can be reduced.

The rationale for using combined modality therapy will depend upon (1) the
relative incidence of local and distant failure of each type of tumor, (2) the
morbidity associated with each treatment modality and (3) the efficacy of each
of the treatment methods. The development of each treatment strategy will require
careful consideration of these factors on a site-by-site basis.

Objective 1; Evaluate the clinical effectiveness of rational combinations
of radiotherapy with chemotherapy or surgery or immunotherapy
or combinations thereof

As with other treatment approaches the scope of clinical studies should progress
from pilot investigations in a limited number of patients to Phase I and II studies,
where the safety and efficacy of combined modality treatments are evaluated, and
finally to prospective controlled randomized trials to establish the role of
combined modality therapy in the treatment of each of the selected types of tumors.
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The aim of investigations combining surgrey and radiotherapy are to improve the
probability of local tumor control while at the same time minimizing the morbidity
from each treatment modality. Radical treatment with either radiotherapy or
surgery is often accompanied by a high percentage of local-regional failure.
Failure of surgery to control cancer is most often due to (1) the presence of
tumor beyond the margins of resection, (2) lymph node metastases beyond the
operative field, and (3) seeding of tumor cells locally into tissues during the
surgical procedure or into the bloodstream by tumor manipulation alone or in
combination with vessel invasion. The reasons for failure of radiotherapy to
control tumors locally were discussed under Goal 1 By carefully planning the
surgical and radiotherapy procedures the survival rate and the quality of survival
should be improved. This principle of conservative surgery and conservative
radiotherapy should be investigated for tumors of various stages and at various
sites in the body.

The main types of combined treatment with surgery and radiotherapy are (1) pre-
operative, post-operative, or intraoperative irradiation in which both modalities
are directed at the primary tumor and often the regional lymph nodes, (2) surgery
alone or irradiation alone as treatment for the primary tumor with irradiation or
surgery for lymph node metastases, and (3) less than conventional surgery followed
by irradiation for presumed residual sub-clinical disease. Among the indications
for combined treatment for the primary tumor are (1) a low cure rate by either
surgery or radiotherapy alone, (2) an anaplastic tumor or one with a high tendency
for vascular invasion, (3) residual tumor after treatment by either surgery or
radiotherapy alone, (4) high morbidity or poor functional results with treatment
by either modality alone, and (5) the potential for diminishing morbidity without
sacrificing control by using combined treatment. The indications for combined
treatment of lymph nodes by surgery and radiotherapy include (1) the presence
of one lymph node greater than two centimeters or multiple lymph nodes, (2) a
high risk of sub-clinical disease and (3) inaccessible lymph nodes. An important
aspect of studying treatment by both modalities is determining the extent" of each
which gives the best local-regional control of the tumor with the least degree
of morbidity and physiological deficit for the patient thereby improving both
the functional and cosmetic results of treatment.

Over the past decade there has been increasing interest in the treatment of cancer
with combinations of chemotherapy and surgery and/or radiotherapy with the goal of
increasing local and regional control as well as eradicating sub-clinical
metastases. Experimentally, it is well established that the best chance of
eradicating tumor with chemotherapeutic agents is when the tumor cell population
is small. This situation is encountered immediately after apparent eradication
of the primary tumor by surgical excision or by radiotherapy. The clinical
investigations should emphasize the use of drugs or drug combinations (1) to enhance
local control by surgery and/or radiotherapy and (2) to eradicate occult metastases
for those cancer types in which failure due to distant metastases is important. For
many cancer types these two objectives can be pursued simultaneously.
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The overall objective of combined immunotherapy and radiotherapy is to develop
optimal approaches in the treatment of local and regional cancers as well as
micrococopic metastases. The general approach to radiotherapy-iramunotherapy
studies is to reduce the cell burden by conventional radiotherapy to a level
such that residual local and regional disease might be controlled by an effective
immunotherapy protocol. Among the questions to be addressed by the investigations
are (1) the proper sequencing of radiation and immunotherapy in different clinical
situations, (2) the role of general and tumor specific host immunoreactivity in
planning treatment, in monitoring the course of therapy and in assessing
prognosis, (3) the importance of tumor cell burden on the immune response, (4)
the possibility of enhancement of tumor growth or development of metastases as
a result of the immunosuppressive effects of irradiation, (5) the importance
of time and route of administration of the immuno-stimulant, (6) the relative
roles of immunoglobulins and cell mediated immunity in tumor immunotherapy and
their interaction with radiation and (7) the efficacy of immunotherapy (non-
specific, active and passive) for different types of tumors and for different
anatomic locations.

Some important considerations in the. design and conduct of the combined modality
research program include (1) the rapid transfer of basic concepts from the
laboratory of clinical studies, (2) improvement of methods of measuring, recording,
reviewing and reporting the response of tumors and normal tissues to combined
modality therapy, (3) determination of the optimum dosages of radiation, chemo-
therapeutic agents and immuno-stimulants as well as the extent of surgery in combined
therapy, (4) inclusion of clinicians in the design of basic studies relevant to
clinical problems, (5) improvement of the exchange of information on combined
modality treatment of cancer by workshops of national conferences.

Objective 2: Expand investigations of the scientific basis for combining
radiotherapy with chemotherapy or surgery or immunotherapy
or combinations thereof

Further investigation of the scientific basis for combined modality fh°rapy is
needed to establish the optimum sequencing of the modalities; the time, dose and
fractionation schedules for radiotherapy when used with other modalities and the
relative extent of use of each modality (extent of surgical procedure, duration
and intensity of chemotherapy and/or immunotherapy). Another area of investiga-
tion in combined modality treatment is the tolerance of normal tissues especially
as a function of the sequencing of the modalities.

Among the areas requiring further investigation in the effects of chemotherapy
combined with radiation are (1) the basic mechanisms of the interactions of
the x-rays and drungs, (2) the response of various normal tissues and tumors to
various regimens, (3) the therapeutic ratio for both acute and late effects of
different treatment schedules, (4) the potential carcinogenicity of combined
treatment, (5) the development of quantitative data on dose effect factors in
each critical normal tissue (needed to modify clinical radiation doses in the
presence of various drugs), (6) the development of concepts of treatment and
prediction of response based upon experimental data.
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Areas of investigations at the basic and pretherapeutic research levels of combined
treatment with immunotherapy and radiotherapy should include (1) the relative roles
of cell mediated immunity and immunoglobin mediated immunity, (2) the effect of
cell burden and anti-genicity on the initiation of anti-cancer immunity and
rejection, (3) the specific mechanisms of action of the different forms of
immunotherapy, (4) the effect of regional radiotherapy on immune response with
and without immunotherapy and (5) the use of local treatment of the tumor (with
radiation or surgery) to reduce cell burden while depending upon the immune
response and the RES to control residual local and disseminated tumor cells.

Goal 5: Establish the Tolerance of Critical Normal Tissues to Radiotherapy and
to Combined Modality Treatment

Introduction: A major factor limiting the ability to obtain local control
of tumors with radiotherapy is the tolerance of normal organs to radiation. In
clinical radiotherapy practice a lower than desired total radiation dose is often
prescribed because of unjustified fear of damage to normal tissues within the
treatment volume or lying outside of the tumor but in the entry or exit path of
the radiation beam. Because there is a very steep relationship between radiation
dose and both the rate of tumor control and normal tissue injury, the small increase
in tumor dose allowed by a better understanding of normal tissue tolerance could
lead to a 20-50% increase in local control rates. The development of radiation
modifiers, as discussed under Goal 3, potentially could lead to an 80-90% increase
in local control rates. These developments would allow (1) more effective
radiotherapy throughout the radiotherapy community and (2) safer multi-modality
therapy, particularly combinations of radiotherapy with chemotherapy.

Injuries to normal tissues due to radiotherapy are called acute and chronic (late).
Acute effects occur during or shortly after the course of radiotherapy whereas
late effects develop at times varying from a few months to as long as 5 to 10 years
after completion of treatment. The normal tissue effects are related not only to
the total radiation dose but to the volume irradiated, the dose per fraction, the
duration of treatment, the dose rate, the presence of various chemical compounds
and perhaps other unknown factors. With respect to radiation damage, organs can
be divided into three types: (1) TYPE I ORGANS, which are vital to life and whose
damage is often fatal or at least accompanied by unacceptable morbidity; e.g., brain,
spinal cord, lung, heart, liver, kidney, stomach, small intestine, colon, etc.;
(2) TYPE II ORGANS, whose damage leads to morbidity; e.g., eye, salivary glands,
oral mucosa, esophagus, colon, endocrine glands, etc.; (3) TYPE III ORGANS, whose
injury rarely leads to significant morbidity with usual clinical doses; e.g.,
muscle and soft tissues, articular cartilage, large arteries and veins, lymphatics
and lymph nodes, etc.
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Objective 1: Evaluate the tolerance of normal tissues to low LET and
high LET radiations alone, in conjunction with radiation
modifiers and in various combined modality regimens to
include acute and late somatic effects, second malignancies
and genetic effects

It is essential to collect and analyze information on human normal tissue
tolerance during the routine parctice of radiotherapy since studies specifically
designed to evaluate tolerance would be unethical. In addition to retrospective
studies at individual institutions, a retospective registry of radiation injury
should be established in order to pool information on acute and late effects of
radiotherapy on large numbers of patients. Similarly a prospective radiation
injury registry should be established, at least involving major radiotherapy
institutions, in order to develop as early as possible Information on the acute
and late effects of radiation combined with radiation modifiers and chemotherapeutic
agents for a range of organ and tissue sites. Common guidelines for assessing
and reporting injury due to radiation alone and in combination with other modalities
should be developed to enhance the usefulness of the registries.

The design of clinical trials and the conduct of radiotherapy in major centers
should inherently include observations to establish the tolerance of normal
tissues (acute and late effects including second malignancies) for (1) a wide
range of time, dose, fractionation and volume relationships for treatment by
low LET and or high LET radiations alone and (2) combined modality therapy
with either low LET or high LET radiations and radiation sensitizers, radiation
protectors, chemotherapeutic agents, hyperthermia and immunotherapy. It is likely
that many of these modalities will be combined in the treatment of selected human
cancers and the tolerance of normal tissues can be expected to be different for
various combinations of these modalities. The possibility of establishing long
range epidemiological and genetic studies in selected groups of patients treated
by radiotherapy alone or with other modalities should be investigated and imple-
mented if justified. This would be appropriate for patients with favorable
long-term prognoses such as those with Hodgkin's disease and early stages of
many other malignancies.

Other considerations in a clinically oriented research program for normal tissue
tolerance include (1) establishing the relationships between modified radiation
treatment parameters and each critical organ and where necessary establishing
new human tolerance levels, (2) documenting the histopathologic nature of late
radiation injury, (3) determining the effects of age and concomitant conditions
such as illnesses, (4) developing treatments to decrease injury and increase
post-radiation repair of injury and (5) establishing the exact effects on tolerance
of cancer chemotherapeutic gaents in combination with radiotherapy treatments for
the full range of human organs.
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Objective 2: Expand investigations of the scientific basis for normal tissue
injury by low LET and high LET radiations alone, in conjunction
with radiation modifiers and in various combined modality
regimens

The development of animal models to study radiation injury has been a major area
of investigation in radiobiology research. This work, as well as studies of the
basic mechanisms of injury, now needs to be extended to include all probable
combinations of radiation with radiation modifiers and chemotherapeutic agents.
Although these studies will not provide definitive guidelines for treating patients
they can provide rationale for modifying time, dose, fractionation and volume
considerations which have been established for conventional radiotherapy over the
past several decades.

Among the important areas of investigation are the following: (1) basic research
on the radiobiology and cell kinetics of acute and late effects directed toward
understanding the mechanisms which cause variations at the cellular and organ
level as a function of organ type and the presence of modigying factors; (2) in
vivo studies of the pathogenesis and radiobiology of acute and late effects using
animal models, and the augmentation of these effects by various agents; (3) studies
of the nature of late damage and slow repair by non-dividing tissues and the nature
of residual damage and if possible repair; (4) development of methods to detect
incipient and evolving injuries as well as to measure evident damage; (5) determi-
nation of the differential protection and reduction of injury of normal tissues
and organs by chemical and physical means; (6) development of treatments to
decrease injury and increase post-radiation repair of injury; and (7) development
of mathematical models to study the relationships between total dose, dose rate,
fraction size, fraction number, volume, and overall treatment time and their
modification by radiation modifiers and chemotherapeutic agents.

Goal 6: Evluate the Results of Treatment and Recommend Additional Basic,
Pretherapeutic and Clinical Studies

Introduction: The ultimate goal of clinical research is to establish the
presence or absence of clinical effectiveness of a new treatment regimen. It
is often necessary to do this by comparing the new treatment with the established,
or standard, conventional treatment of a particular disease. The development of
a new or an improved strategy for the treatment of cancer with radiotherapy
generally results from a careful analysis of the exact sites of initial failure
to determine whether enhanced local-regional control or systemic therapy is
required. It is then possible to design a corrective therapeutic approach to
overcome the reason for failure. Presently available computer technology and
resources provide an opportunity to use much more effectively the information
that is being generated on a daily in the treatment of patients with cancer.

Two related objectives which will be elaborated together are as follows:

Objective 1: Develop information systems to insure completeness of data collection
and to analyze treatment results in terms of success in eradicating cancer and in
minimizing acute and late effects of treatment.
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Objective 2: Develop recommendations for modification of established treatment
schemes, for basic and pretherapeutic research to test new hypotheses and for
clinical research to evaluate potential improvements in treatment.

A program of thorough examinations after treatment is an inherent part of the
treatment of an individual patient as well as being necessary for the evaluation
of the treatment of a specific type of cancer. These follow-up examinations,
which should be cost effective, are essential to the eventual analysis of the
results of treatment in terms of tumor response, acute and late normal tissue
effects, and second malignancies. Other analyses include an evaluation of
differences among treatments whether by radiotherapy alone or in combination
with other modalities, an evaluation of the psychosocial effects of treatment
and an assessment of the need for rehabilitative assistance.

Ideally, this information from throughout the radiotherapy community should be
collected, collated and analyzed centrally to realize the maximum benefit
therefrom. This large investment in computer hardware and software now precludes
standardization of equipment throughout the radiotherapy community but there may
be an opportunity to develop common criteria for assessing and reporting results.
Efforts of this type and improvement of data management systems at individual
institutions and the development of cooperative networks of investigators (such
as clinical cooperative groups) may facilitate the collection and analysis of
data and accelerate the rate at which knowledge reaches the practicing physician.
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Summary

Althouth this position paper stresses clinical radiotherapy research, it must
be recognized that radiotherapy is a scientifically based, high technology
medical discipline that has developed rewarding relationships with (1) radiation-
biologists, -chemists, and -physicists in developing and understanding of the
effects of radiation and in the transfer of new ideas from the laboratory to the
clinic, (2) with radiologic physicists in the clinical application of new tech-
nologies such as computers and high LET radiation systems, (3) with specialists
in diagnostic radiology and nuclear medicine to improve tumor delineation, and
(4) with medical and surgical oncology colleagues in multidisciplinary treatment
efforts to increase cure rates of all cancers and to lesson the suffering from
that cause. Thus the apparent duplication of goals and objectives in many of
the projection papers reflects an important interchange of ideas among the
scientists involved in the basic, pretherapeutic and clinical aspects of radia-
tion research.

The need for radiotherapy research is exemplified by the 100,000 cancer patients
who will fail treatment locally and/or regionally annually for the next several
years but who would benefit from better local treatment modalities. Theoretically,
all of the areas of investigation discussed in this projection paper have the
potential to significantly improve local-regional treatment of cancer by radio-
therapy alone or in combination with other modalities. In many of the areas of
investigation discussed in this paper encouraging results have been obtained in
cellular and animal tumor studies and in limited studies in humans as well. A
modest research effort in each of the areas of investigation is being funded by
the National Cancer Institute but additional funding will be needed to pursue all
objectives vigorously. This is justified by the enormous cost in terms of lost
lives and productivity and hardships in the families of the 100,000 patients dying
annually because of failure to control tumor locally or regionally.

In the not too distant future the number of patients who would benefit from
better local control may increase by tens of thousands if developments in chemo-
therapy and/or immunotherapy provide a means to eradicate disseminated microscopic
foci of cancer. Thus the efforts to improve local-regional control take on even
greater significance.

Ill



REFERENCES

1. Silverberg, E.: Cancer Statistics, 1980. CA - A Cancer Journal for
Clinicians 30 (l):23-38, 1980.

2. National Cancer Program Planning Conference - Working Group Reports,
June 1975, DREW Publication No. (NIH) 76-960.

3. Research Plan for Radiation Oncology, Committee for Radiation Oncology
Studies, Cancer 37 (4 Suppl.):2031-2148 (1976).

4. Digest of Scientific Recommendations: Radiation Oncology, October 1976,
DHEW Publication No. (NIH) 77-1284.

5. Proposal for a program in particle-beam radiation therapy in the United
States - A report from the Committee for Radiation Oncology Studies
(CROS) and its Particle Subcommittee. Cancer Clinical Trials 1(3):
153-208 (1978).

6. Computed Tomography in Radiation Therapy: Report of the Committee on
Radiation Oncology Studies Subcommittee on CT Scanning and Radiation
Therapy, Int. J. Rad. Oncology Biol. Phys. 4:313-324 (1978).

7. The Radiation Oncology Research Program: Recommended Research Proposals,
Rubin, P., Cowen, R.B., and Rubin, D.J., Editors, Int. J. Rad. Oncology
Biol. Phys. 5(5):593-773 (1979).

112



C - Therapy

Outline for Research Topics

I. Beneficial Aspects of Radiation
Overview and Collation

Medical exposure to ionizing radiation is responsible for curing
orders of magnitude more cancers than it produces. Such cancer cures come
from diagnostic radiology and from radiation therapy. For example it has
been estimated that radiotherapy is responsible, either totally or in part,
for curing approximately 100,000 cancer patients in the United States per
year. There are approximately 3/4 million former cancer patients who have
been cured of their disease due to radiotherapy. Improvements in radiotherapy
resulting from the research efforts listed below will lead to an additional
significant reduction of the 100,000 cancer deaths due to lack of local control
by current treatment methods in the United States. Improved diagnostic
techniques combined with the optimum use of radiotherapy plus a systemic agent
(e.g. chemotherapy or immunotherapy) could lead to a further significant increase
in cure rate. • Against this beneficial use of radiotherapy the deleterious
effects in terms of cancer production are very small, less than one in one
thousand cured patients.

The following outline addresses the broad research areas identified
as ways to improve our ability to achieve improved cure of cancer, improved
quality of life, and decreased cancer care costs.

A. Studies into biological mechanisms relevant to radiation response in
tumors and in normal cells and tissues.

Design of optimum treatment and consequent improvement in cure
rates will depend largely on our understanding of the interactions of
ionizing radiation with biological materials at the sub cellular,
cellular and tissue levels. Of special importance are the various
repair processes. Improvement will also depend on better understanding
of tumor biology, including the mechanisms of metastatic spread, tumor
cell kinetics and differentiation, the relationship between stroma and
the vascular system and the development of cells that are hypoxic,
acidic and at low pH etc.

B. Conventional irradiation used alone for cancer therapy: time, dose,
dose-rate, and volume effects on tumors and normal tissues.
1. Experimental

What determines biological responses to fractionated irradiation
of tumor and normal tissues (e.g. reoxygenation, repair, repopula-
tion, recruitment, etc.; what are target cells; new models for
normal tissue injury).

2. Clinical
Evaluation of various fractionation schedules or dose-rate on
tumor and normal tissue response.

a. Tumor response
b. Acute effects on normal tissues
c. Late effects including carcinogenesis and teratogenesis
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C - Therapy

C. Heavy particles and other non-conventional radiation. These may have
advantageous physical and/or biologic properties.
1. Physical properties

a. Improved dose distribution yielding higher tumor dose with
decreased dose in normal tissue.

2. Biological properties
a. Circumventing the protective effects of hypoxia in tumors
b. Repair mechanisms
c. Optimum fractionation schedules
d. Late effects on normal tissues, including fibrosis, vascular

changes, carcinogenesis, etc.
e. Other

D. Modification of radiation response in tumors and normal tissues:
1. Chemical radiation sensitizers of tumors
2. Radiation protectors of normal tissues
3. Hyperthermia
4. Other physical modifiers

Increasing the tumor response with a radiosensitizer e.g. Misonidazole,
and/or decreasing the normal tissue response with a radioprotector e.g.
WR 2721 would increase the tumor cure rate. Similarly, localization of
heat treatment to tumors would increase local control rates.

E. Combining treatment by ionizing radiation with other anti-tumor
modalities:
1. Surgery
2. Chemotherapy
3. Hyperthermia
4. Immunotherapy
5. Other

For each of the above we need to understand the basic biology of
the independent actions and interactions, the effect of sequencing and
dose, possible effects on distant metastases and other factors. The
goal of these adjuvant treatments (e.g. radiation + chemotherapy, and
radiation + immunotherapy) is often to treat distant metastases, and
therefore the need for a differential effect on normal and malignant
tissues is not essential. However, interactions at the local site do
occur, need to be understood, and may oe used to enhance local control
rates.

F. Tumor localization techniques in radiation therapy (cross cut with
diagnosis)
1. External imaging systems

a. Conventional X-ray
b. CT scanning
c. Ultrasound
d. Microwave
e. Nuclear magnetic resonance
f. Heavy particles

2. Internal and external imaging systems
a. Radionuelides, tumor seeking nuclides or complexes

3. Invasive localization procedures
a. Intravascular catheterization and imaging
b. Endoscopy, visual, ultrasound.
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DISCUSSION FOLLOWING THE PRESENTATION

Therapy
David A. Distenma, M.D.

DR. SMITH: Dr. James Smith, Veterans Administration.

I would like to go back to Dr. Sinclair's presentation
for a nonent an*i emphasize the importance that the Veterans
Aciminj stration places on the development of diagnostic
algorithms for the purpose of reducing both reiterative and
duplicative procedures, the purpose being to reduce overall
radiation exposure.

OR. THIER: Are there any comments on Group C's report?

(!!o response.)
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A. INTRODUCTION

The study of the radionuclide pathways leading to man generally has the goal
of allowing us to predict human exposure from measurements of the radionuclide
concentration in some segment of the environment. Two approaches are possible.
The first is the empirical method where the measurement of concentrations in two
distinct steps of the environmental chain is used to develop a simple transfer
factor that can be used in a model for predictive purposes. This approach has
advantages when the system is in equilibrium and when the final receptor (man)
can be measured through the use of autopsy specimens or sometimes by in vivo
measurement. Most of the studies of Hie natural radionuclides and the longer-
lived fallout radionuclides have used this approach and the methodology has been
well described in the various reports of UNSCEAR. The results should be adequate
for regulatory and health protection purposes. Properly designed operational
surveys will continue to add to the available data for empirical predictions.

A more scientific approach is to develop a series of studies which lead to an
understanding of the mechanisms of transfer through the environment to man. This
system has the advantage that the final model is very flexible and can generally
handle non-equilibrium conditions. It is also scientifically satisfying to have a
complete understanding of what goes on and the need for such understanding should
be supportable in the budgetary sense. Disadvantages include the need for rather
elaborate large scale experiments and for a final extrapolation to man, since
human experimentation generally cannot be tolerated.

Most of the current work on radionuclides tries to take advantage of both
systems of study and it is advantageous to have more than one approach when
long term studies are being undertaken.

The general format used for systematic predictions is called a model, whether
it is a simplistic description of transfer from one compartment to another or a
complex multicompartment system involving many physical and biological factors.
Models are the basis for many decisions, including the development of radiation
standards, facility design and the shaping of policy on waste management. Thus
it is necessary that the best possible information go into the development of these
models and that the models be verified by experiment.

B. SOURCES OF EXPOSURE TO RADIOACTIVITY

There are numerous ways in which radionuclides can be released to the en-
vironment and eventually reach man. Some of these sources are obvious and their
emission rates can be readily measured; other sources are more subtle and, at
least in the past, their significance has not been obvious for some time.
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Types of Release - Many sources release radioactivity to the atmosphere.
These include point sources such as stacks at reactors or other facilities and
area sources such as uranium tailings piles that release radon by exhalation
and other radionuclides (230Th, 226Ra) by wind-driven suspension.

Other sources may release radionuclides to surface water by the discharge
of waste streams. Typically, much of the radioactivity may become attached to
sediments and these may become long-term sources of waterborne radioactivity
after the original source has been abated, and as the material on sediments
comes back into solution.

One very specific source of radioactivity in the environment has been the
releases from atmospheric testing of nuclear weapons. The major contamination
has been by atmospheric transport and the significant radionuclides have included
the fission products, such as 13*1, 9°Sr and !37cs, the transuranics and numer-
ous activation products, for example ^ C .

Other sources are less well documented. The contamination of ground water
by the leaching of radionuclides from large area (and volume) sources such as
uranium tailings and fossil fuel flyash disposal sites is of some concern, as is the
movement of radioactivity from high level waste storage sites. As this leaching
process operates over very long time periods, it is particularly difficult to assess
this long-term potential for ground-water contamination. Similar difficulties exist
in the evaluation of potential contamination in large-scale accidents.

Structural materials of many types contain some level of naturally occurring
radionuclides and are sources of radon. These materials, such as concrete and
gypsum board, may contain nominal levels; or in some cases enhanced levels
through the use of uranium tailings material or by-product gypsum from phosphate
rock. Phosphate fertilizers may also contaminate foodstuffs and soil with mem-
bers of the uranium series from the original phosphate rock.

Consumer products are also a source of low-level exposure to radionuclides.
Notable examples are luminous dial watches (3H, 2 2 6Ra), smoke detectors
(241Am), and lantern mantles (232Th).

Finally, sources of occupational exposure deserve special attention. These
include workers in the nuclear fuel cycles, the manufacture of consumer products
mentioned above, and also the use of radionuclides for medical and industrial
purposes. The significance of these latter sources has not been adequately
assessed.
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Variables Requiring Study - The biological significance of radionuclide re-
leases to the environment is strongly influenced by a number of variables. These
include the distribution of radionuclides with particle size, the interactions of
aerosols, and the physical and chemical forms of released radionuclides. These
variables have a strong influence upon biological uptake and metabolism.

Specific needs exist for more adequate characterization of effluents from
uranium tailings and for better understanding of the physical and chemical forms
of releases in accident situations.

C. NATURAL BACKGROUND ENHANCEMENT

Man's exposure to natural background can be enhanced in one of two ways.
One possibility is to change the environment, most usually by the mining of
radioactive materials or the use of radioactive materials in buildings or con-
sumer products. The second is by relocating man to areas of higher radiation
level such as by living at high altitude or living in areas with high terrestrial or
airborne radioactivity. The latter possibility is not really the subject of research
studies on pathways but the former has been and will be of significant interest.

Radioactive Residues - The greatest environmental changes have occurred
through the mining and processing of uranium and thorium ores. At the beginning
of the century uranium ores for example were used for extraction of radium and
the uranium by-product was left in waste piles. Since the advent of the nuclear
age, a reverse situation has existed and many examples of radium residues con-
tributing to human exposure have appeared. The most notable of these are:

1. Houses in Grand Junction Colorado and in other areas built over uranium
mill tailings or using mill tailings as fill around the house.

2. The mill tailings piles or other residues from uranium production which
contain most of the radium-226.

3. Wastes from early radium refineries which contaminate grounds and
buildings in several areas.

A still older industry which produces uranium and radium residues is the
manufacture of fertilizer from phosphate rock. While the concentrations are
relatively low, the total tonnage of material is enormous.

The process residues containing radium-226 from the uranium series or
radium-224 from the thorium series can lead to human intake by inhalation or
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ingestion. The inhalation route starts with the emanation of gaseous radon
which decays to solid daughter products that are isotopes of lead, polonium
and bismuth. The majority of these products attach themselves to the ambient
aerosol and thus are subject to inhalation. The unattached daughters are also
inhaled and this unattached fraction is quite significant in that the deposition of
these ultra-fine radioactive particles takes place in critical regions of the res-
piratory system. Doses to bronchial epithelium from radon daughters are the
highest exposure of man from natural sources and thus enhanced radon levels
are of considerable concern.

The ingestion pathway for the natural radioactive series may result from
root uptake of material in the soil or from direct deposition of airborne material
on plant leaves. This latter process is only of significance for the members of
the chains following radon. The pathway for enhanced natural radioactivity lead-
ing to ingestion generally involves leaching of the original material by water and
movement of the water either into ground water or soil water with consequent
root uptake. Contamination of drinking water may also be significant.

The various steps in the pathways of natural radionuclides leading to man
have generally been well studied since the radioactivity is sufficient to measure
and the systems are in equilibrium. The data are reasonably complete for both
external and inhalation exposures outdoors. Surveys of indoor exposures are
under way but the complete information is not yet available, while studies of
urban contributions to natural background exposure have not appeared at all.
The present permissible levels for exposure to radon daughter products are
empirical and largely based on high level exposures in uranium mines. Addition-
al information is needed on the respiratory deposition of daughter products. In
the population at large, additional studies of aerosol properties and concentra-
tions are necessary to estimate resulting doses.

The ingestion of natural radionuclides has been studied quite well, but the
transfers of uranium, radium, and thorium from the original minerals to ground
water and then to agricultural soil are not well understood. Plant uptake in-
formation is largely empirical and additional scientific studies would be valuable.

Engineering studies are required on methods of cleanup of contaminated sites
or contaminated land. Removal of radium is the most desirable but other less
expensive methods should be adequate in many cases. Methods of disposing of
radium or other materials removed from contaminated sites are not yet agreed
on and disposal studies are required, particularly if there is to be an expansion
of the nuclear industry.
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As in all facets of the overall radiation problem, there is a continuing need
for concise, authoritative reviews of the extant data.

Since the exposures to natural background radiation are not the province of
industry or of individual states, it is likely that federal support will be required.
It must be considered that while most of these exposures do not change with time,
many of the enhanced exposures will, and allowance must be made for continuing
the necessary programs.

Coal Emissions - All coal contains measurable quantities of natural radio-
active uranium and thorium series. On combustion, gaseous radon and the more
volatile radionuclides such as the isotopes of lead and polonium are released to
the atmosphere, while the more refractory elements remain in the ash. Direct
emissions from coal-fired plants do not seem to present an external radiation
hazard, since concentrations of radionuclides in the ash tend to be in the same
range as soils and rocks. Inhalation of direct emissions would also appear to be
a negligible problem.

Some of the ash, of course, escapes as fly ash but the majority is retained
and must be disposed as solid waste. The airborne emissions from the ash
appear to be less serious since the combustion procedure yields a refractory
ash which tends to retain radon as well or better than the original coal. On th~
other hand the transfer of radium and other radionuclides from the ash into ground
water is not well understood. Certainly a number of range-finding experiments
should be carried out to see whether this is a real problem.

D. TRANSPORT AND TRANSFORMATION

Calculable body burdens of radioelements may result from low-level emis-
sions from nuclear fuel processing facilities, from resuspension of surface-
stored wastes, and from various kinds of accident. Whether the calculated burden
is consequential or not, when biologically considered, it is almost always neces-
sary to specify the burden with some reasonable standard of certainty. The
governing variables in these calculations are judged by the relative magnitude of
numerous chain-like pathways, leading to man, pathways which are now embodied
in complex dose assessment codes or models. It must be emphasized that these
models are at best provisional, but they provide the only practicable way of
accounting for an extremely large number of variables. For many years, these
variables have been grouped in the following several categories, with a great deal
of research effort allocated particularly to the last two categories.

1. "Source terms" (release rates or probabilities, molecular form,
particle size, and associated compounds).
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2. Dispersal (hydrological and atmospheric mechanisms, biotic vectors).

3. Mobilization and uptake (microfloral and plant uptake from soil,
metabolic conversion, etc.).

4. Transport through various agricultural food chains.

5. Physiological processes (uptake, translocation to critical organs,
retention, radiosensitivity).

As we consider radiological situations different from accidental air or water
release, the relative importance of the different environmental pathways changes.
Hence the accuracy to be established for certain state and process variables in
the dose assessment model must also change. (The governing pathway variables
are quite different for a low-level continuous atmospheric emission than for a
rail-car tanker accident, for example). Additionally, the relative importance of
certain of these categories change as we move from assessing the immediate
accident situation to assessing the long-term fate and consequences of the same
radioactivity after it has become dispersed in the environment. For these reasons,
the values chosen for pathway parameters in the dose assessment codes, and
assumptions made about the environmental processes, may alter calculated body
burdens by several orders of magnitude. These points are not widely appreciated.
Consequently, even biologists specializing in different areas may not understand
how to meaningfully interpret radioactivity levels as reported variously in water,
air or soil.

It should be pointed out that any model serves only as a necessary logic dia-
gram to manipulate data too extensive to otherwise keep in mind. For these and
other reasons, radiological assessments currently estimate relative risk, only,
and they are useful mainly for comparing the outcome of several technological
alternatives as they impact the environment. In no case can current radiological
practice determine a quantitative risk. This important point is rather generally
misunderstood.

Such models are characterized by compartments and functional connections
between compartments. Each compartment has unique characteristics, relatively
well defined boundaries, and may include both biotic and abiotic components. In
a terrestrial ecosystem, for example, compartments include air, water, soil,
primary producers (plants) primary consumers (grazers), secondary consumers
(predators) and decomposers (bacteria, fungi). Each compartment can be further
divided, e.g., grasses, forbs, shrubs and trees for the primary producers. For
food chain purposes the level of detail will depend on who is eating what.
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In computing radiation dose, additional subroutines are needed to deal with
variabilities in dietary consumption patterns, ("critical populations"), living
habits (workplace, home, outdoors), and the specific physiology of given radio-
elements (assimilation, retention, critical organs). These subroutines are
well established in current codes for computing radiological dose.

Any discussion of transport must include consideration of possible sinks,
that is compartments where the radionuclides are removed from possible inter-
action with the biosphere. Such sinks exist, for example, in the case of 14C
where the deep oceans retain most of the global inventory, and in the case of some
fallout radionuclides which are slowly moving down below the rooting zone in
soil. In many cases, however, the only disappearance is by radioactive decay.

Functional connections between compartments are represented by inter-
changes of water, specific elemental nutrients, and energy (usually organic
carbon). Typical linkage processes include adsorption, absorption, inhalation,
ingestion, excretion, decomposition, and dissolution. Few of these processes
in fact follow steady-state, or where appropriate, first-order reaction kinetics,
as often assumed. It is clear that seasonal production (vegetation) and re-
productive cycles affecting population size (fish, animals and birds) lead to
modelling difficulties because of decidedly non-steady state conditions.

From an environmental pathways viewpoint, we can move to current re-
search needs.

Source Considerations - Particle size distribution and chemical form repre-
sent basic parameters affecting the biological availability of radioelements. Of
these parameters, the importance of particle size goes beyond aerodynamic con-
siderations affecting atmospheric dispersal and deposition. Particle size de-
termines both subsequent soil behavior and interaction in and on the plant leaf,
whether the particle originates in the upper atmosphere or in wind-resuspended
soils. In very rare cases, only, are suitable size data available to interpret ob-
served plant uptake of radioelements. As a rule, che smaller the deposited par-
ticle, the greater its likelihood of biologically reacting, regardless of chemical
solubility of the compound. A leaf can translocate even anhydrous insoluble
compounds. This point is not generally appreciated by biologists, although the
reasons are probably related to surface area/volume ratio and charge densities
on the surface macromolecules of leaves. Some participates in air like sodium-
plutonium oxide and certain refractories are distinctly unusual, in that they dis-
integrate on contact with water to form exceedingly small particles. It is not
known how readily assimilable these smaller particles may be, although in
animal body fluids, translocation is enhanced 45-fold. There are few if any
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nuclear industrial data of this kind, and the EPA has no stated monitoring re-
quirement for determining particle size and distribution.

A similar problem exists as regards the chemical form of released radio-
activity. One of the more complete documents giving information on source
terms was the LMFBR Final Environmental Statement. For the complete nuclear
fuel cycle, excluding uranium mining, radioelements were potentially of concern
because of high toxicity in biological tissues, low radiation concentration guide
numbers or high comparative release rates, there was no information on chemical
form. Biologists generally assume that the environmental behavior of radioactive
elements will be representative of the simple chemical forms (oxide or nitrate).
This is, in fact, a quite misleading assumption. Certain radioelements bound to
organic ligands are more biologically available than inorganic forms. Radio-
elements complexed inorganically or with agricultural chelates may be either more
or less available, biologically, depending on the metabolism and binding kinetics
of the specific complex molecule. Significant amounts of eomplexing agents are
used, for example, in the nuclear fuel reprocessing industry and these may be co-
disposed with radioactive wastes. Our understanding of the environmental be-
havior of certain long-lived gaseous radioelements, like iodine, has again rested
in elemental chemistry considerations, although methyl iodide and other alkyl
iodides up to a Cg chain length have been identified as principal forms that es-
cape during nuclear fuel reprocessing. Technetium, a potentially large dose
contributor, is poorly understood, and it is not, as originally believed to be, an
iodine-like substance.

Dispersal - In the terrestrial environment, atmospheric dispersal and depo-
sition parameters are the governing variables. By comparison, the amount of
radioactivity from atmospheric sources that distributes in bodies of water is
typically reduced by factors of 10"3 or more. Because people and green plants
act as integrators over time for the low level, chronic release of radioelements,
the biologist concerned with food-chain assessment will be ordinarily interested
in annualized mean deposition rates about the point of release. Several such
atmospheric models have been constructed for the prediction of annual deposition
of trace metals from combustion facilities and for radioelements from weapons-
test fallout and nuclear process facilities. Dispersal in the upper atmosphere
is adequately known, while there is a lack of information on segments of the
lower atmosphere dispersal, for example the chemical transformations occurring
in plumes.

Atmospheric models have not been systematically validated for deposition
in forest or field canopies. Consequently, there is significant uncertainty about
their quantitative reliability. In canopies, deposition processes are not under-
stood. Also, recycling of radioelements from soil deposits to the green leaf is

r



neither understood nor accurately measurable (via -wind resuspension or gaseous
interaction with soil). Resuspended soil may provide a 5- to 10-ti.mes higher
source to the plant than the rooted soil itself. Other factors include: localized
variations in deposition due to differences in type and intensity of precipitation,
airborne particulate properties and concentration, increased deposition caused
by eddies near obstructions, variable patterns from wind-shifts, deposition of
large particles that cannot remain airborne, runoff, puddling of rainwater, in-
creased accumulation on polar surfaces, etc. Present knowledge of the detailed
deposition mechanisms for a particular terrain is not adequate to calculate local
differences in any detail, nor to know whether a geometric factor of 3 or some
larger number brackets the range of predictive utility for the models used. These
considerations also point to a key need to integrate biological, sampling efforts
with either atmospheric experiments or actual situations involving long-term
radioelement release.

Hydrological dispersal, sediment sorption/desorption and sediment trans-
port are processes which can be modelled more readily for predictive purposes.
This is particularly useful for lakes, rivers and impoundments where radio-
elements are introduced directly to water. The physical movement of aquatic
biota and their metabolism also may play a very important role in exposing people
to radioactivity via food chains. Knowledge of these latter two processes, which
are very much site-and situation-specific is sparse. A quantitative understand-
ing of their importance is doubtful.

In freshwater ecosystems, concentration of a radioelement in the water
column depends on free flowing {river or stream) or standing conditions (lake or
pool), controlled principally by residence time, measured in months or years
depending on size, and by sedimentation rate, since most radioactivity of ter-
restrial origin is carried on translocated soil particles of small size. The rela-
tive importance of dilution and sedimentation processes obviously depends on
stream configuration. Such data are highly site specific. Many contaminants are
found to be more concentrated in the sediments than in the water column. It is not
known whether the sediments act as a sink or as the first in a series of steps in-
volving sorption/desorption cycles mediated by biotic interaction. Sediment
transport may occur as massive translocations which potentially cover or un-
cover contamination. Hence, contaminants associated with the sediments may
remain available to biota over long periods of time. In freshwater ecosystems
there is a need for systematic research on the several sediment processes
described.

Biotic dispersal processes have not generally been considered in any systematic
fashion. These are generally site- and situation-specific processes that may include
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such diverse efforts as estimating off-site transport of buried low-level waste by
deer and/or estimating the magnitude of low-level radioactive accumulations in
sediments that may be recycled into food chains by benthic detritivores. The
magnitude of these processes is often small compared to physical dispersal
processes, but their quality of unexpectedness often causes significant public
concern. They iaay sometimes be important or even critical in estimating the
transfer of radioactivity to people via local food chains. The extent to which
this occurs requires specific data on feeding habits of the organism, its standing
population, its migratory range, and human intervention, such as land manage-
ment. The first three kinds of data are not usually sought, although they are the
primary variables affecting dose. Potentially they are measurable and can be
determined with statistical reliability \r-sing specialized approaches. Metabolism
of radioactive compounds transported by biotic vectors may also be important
and will be considered in a later section.

Route of Uptake - Airborne radioactivity may enter green plants predominantly
through different physiological routes than do buried deposits. Current practice in
radiological safety estimation discounts foliar absorption and emphasizes the soil
to root pathway; i . e . , foliar deposits are assumed to leave the leaf with an ex-
ponential half time of about 14 days. This assumption has been shown to be in-
applicable for several sorts of particle in the "respirable" size range (< 1 nm).
The green leaf may represent a far more important route of uptake than does
the soil below, although comparative magnitudes have not been determined. Wind
resuspension of contaminated soil also may lead to greater plant uptake through
the leaf than through the root, but these observations have cot been established on
a firm quantitative basis. Particle size distribution is a governing variable that
has been seldom investigated in each of these situations. Clearly, the quantita-
tive implications of a continuous low-level aerial input to food chains may be
greatly different than that of a low-level burial source.

The uptake route may sometimes be directly related to the particular chemical
form of a radioelement. This is recognized for a few metals in seawater, where
the assimilable form is different and at much lower concentration than the total
assayed in solution. Appropriate data are few. Source term and biological
availability information may be needed to evaluate these situations.

Biological Availability - The concept of long-term biological availability has
assumed new importance particularly in soil/plant systems. It is probably also
important in aquatic sediment/detritivore systems. In neither case, however,
has the biological availability of radioelement compounds been systematically
quantified. The long-term fate for many heavy radioelements is to become im-
mobilized on soil or sediment particles. However, the biologically available
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fraction, typically representing one per cent or less, can vary over 3 or 4 orders
of magnitude for any given element. Such a wide range derives from biochemical
and physico-chemical factors operating in the soil solution, including facilitated
("active") transport by soil microbes and roots. Mierofloral metabolism may
result in the production oi ligands with behaviour significantly different than the
simple ions.

For several radioelements, biochemical and physico-chemical processes in
soil systems have been shown to be significantly influenced by certain source-
term factors, including valence state, organic form, concurrent presence with
acids, chelates and other complexing agents, and particulate state. There is an
important interaction at this level of the ecological system that governs biological
availability and for which information is generally lacking. The influence of geo-
chemical and seawater chemical equilibria in determining the biologically effective
molecular form and concentration of particular elements can be quite marked.
The incorporation of radioelement into organic ligands can significantly enhance
gastrointestinal absorption or in some other cases, perhaps diminish absorption.
These processes are probably rather common, but information is available for
only a few elements. The foregoing uncertainties lead to considerable difficulty
in dose estimation, especially when the governing variables have not been
identified.

The lack of information is particularly marked for freshwater and marine
ecosystems. In aquatic ecosystems, radiocontaminants may enter by several
routes and move with either the water, sediment, or biota. Contaminants in
solution or in suspension are more readily available to free-swimming or float-
ing organisms. However, contaminants sorbed to sediments are more available
to benthic forms. In general, benthic organisms feed by ingesting sediments,
removing the organic fraction, and eliminating the mineral fraction. Such orga-
nisms are important in recycling sedimentary deposits to bottom feeding inver-
tebrates and fish. Contaminants in the sediments are also metabolized by micro-
organisms (Bacteria, fungi, protoza) which are consumed by a variety of filter-
feeding organisms (insects, molluscs). Contaminated sediments may also be
mobilized by diurnally migrating plankton (cladocera, copepod) which are
important forage for pelagic fish. There is a need for developing research
approaches to measure radioactivity cycling, between benthic sediments and
their associated biota. Such work will be highly site specific but magnitude
estimates are lacking.

Marine environments pose some special problems. The relative constancy
in ocean water composition has led to the belief that water to organism concen-
tration ratios are well established. However, ocean discharges are made at
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shoreline into coastal waters which are subject to runoff of fresh water from
land and to the influence of man's activities. There are indications from recent
research that the idea of constant marine concentration ratios is a gross over-
simplification, and, that the concentration of trace elements in coastal water
is very variable - particularly for non-conservative elements. The kind of
tabulations in which concentration ratios are averaged for laboratory and field
data would probably underestimate radioelement uptake in estuarine and some
coastal waters. There is an additional requirement for information applicable
to possible sea-bed disposal of radioactive wastes. Sufficient data exist to in-
dicate that this may be feasible and to encourage further study.

Closely related to biological availability and uptake routes are the concen-
tration ratios widely used in dose assessment codes. Implicit in the use of these
ratios are certain assumptions of questionable validity; e.g., for plant/soil
ratios, approximate dynamic equilibrium as regards rates of soil desorption,
root uptake, foliar uptake, and other soil solution chemical equilibria. Where
published concentration ratios vary over 4 or 5 orders of magnitude, it is not
clear just how much difference should be attributed to plant type, soil type, or
the foregoing factors. It is also not widely appreciated that an appropriate set
of concentration ratios needs to be developed; i .e . , ratios which will differ
quantitatively according to soil treatments, climatic regimen, cropping practice
and circumstances of exposure. Since at best these ratios are operational
definitions for particular sets of circumstances, and without intrinsic physio-
logical significance, there is no one "correct" value for any given radioelement.

In the absence of such careful consideration, current practice leads to the
calculation of generic (maximum) concentration ratios. The doses so calcu-
lated, in the past at least, have been acceptable for routine determination of
compliance (i.e. dose to maximum individual) when the computed doses are a
small fraction of the design limit. However, when the calculated doses approach
or exceed the design limit, or as is happening today when the exposure standards
are being lowered, more realistic data need to be obtained and used. These will
in all cases have to be site specific. The potentially large error in calculated
radiation exposure represents a powerful incentive to obtain information and data
applicable to a specific region or site.

E. METABOLISM AND DOSIMETRY

When people come into contact with radioactive sources via the pathways
described above, they may receive a radiation exposure from radionuclides that
are either outside or inside their bodies. It is the latter case, possible irradia-
tion from internally-deposited radionuclides, that will be discussed here. Our
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principal concern is gaining a better understanding of the influence of various
physical, chemical and biological factors on the radiation dose received by
different body organs i.A its effectiveness. This makes it possible to supply
the critical dose information needed to determine the relationships among
doses to individual tissues and the possible occurrence of short- and long-term
biological effects.

The prime routes by which radionuclides can enter the body are by inhalation,
ingestion or topical absorption directly through the skin or through cuts or abra-
sions. Each of these routes of exposure has some unique features that should be
borne in mind when considering future research strategies. There are also
some commonalities among the end results, particularly in regard to the dis-
position of radioactive material that gains access to the systemic circulation
regardless of the route of exposure.

A substantial amount of information has been accumulated during the past
forty or more years on the influence of various physical, chemical and biological
factors on the behavior and dosimetry of different radionuclides administered via
different routes of exposure. This information exists in differing degrees of
organization and completeness in scientific journals, symposium proceedings,
laboratory documents, informal progress reports and other information files.
It is important that a continuing effort be made to collect, analyze and use these
data as they become available to ensure that all of the information is being used
in the best ways to minimize the exposure of people to radioactive materials.

Inhalation - When a person is exposed to airborne radionuclides by inhalation, a
fraction of the inhaled material is deposited within the respiratory tract and the
remainder is exhaled. The magnitude of the total amount of radioactive material
deposited within the body depends on the total amount inhaled as well as the
fractional deposition. The relative amounts deposited in different regions of the
respiratory tract are influenced by various physical and chemical properties of
the inhaled material such as particle size, hygroscopicity, density, etc. as well
as by anatomic and physiologic characteristics of the exposed person such as breath-
ing rate and depth of breathing.

Material deposited in the respiratory tract is cleared from the deposition
sites by two general processes, mechanical transport and dissolution. One major
mechanical process involves mucociliary clearance to the mouth, swallowing and
passage along the gastrointestinal tract. Another is the transport of relatively
insoluble particles from the pulmonary region of the lung to the tracheobronchial
lymph nodes where they may be retained for long periods of time. The dissolution
process is directly affected by the material's solubility in body fluids. Dissolution
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and subsequent absorption into the systemic circulation occur to different degrees
throughout the respiratory tract but are most prevalent in the functional gas-
exchange region of the lung.

The doses received by different portions of the respiratory tract are dependent
upon the overall efficacy of these clearance processes and the rapidity with which
they work. Since the different clearance processes result in movement of radio-
active material to the lymphatic system, gastrointestinal tract or the systemic
circulation, the relative importance of these different processes also plays a
key role in determining the subsequent patterns of radiation dose received by
other body organs beyond the respiratory tract.

Ingestion - Radioactive material can enter the gastrointestinal tract during
the process of eating food or drinking water containing this material or as a re-
sult of mechanical clearance of inhaled material from the respiratory tract as
noted above. A fraction of the ingested material is absorbed as it passes through
the gastrointestinal tract and the remainder is excreted in the feces. This ab-
sorption is influenced by the physical and chemical properties of the ingested
material, i .e . , element, valence state, degree of biological incorporation, etc.,
as well as properties of the subject, i .e . , age, health status, diet, etc.

Metabolism - Ctace radionuclides reach the bloodstream by absorption from
the lung, gastrointestinal tract or injection site, they are deposited and retained
in other organs in accord with their individual metabolic properties. Different
organs within the body receive different radiation doses depending upon the amounts
of radionuclides deposited in them and how long they remain there before they are
removed by physical and biological processes.

Since the exposure of people is of main concern here, human data on the
metabolism and dosimetry of internally deposited radionuclides are highly valued.
Continued effort should be expended to ensure that all available data are collected,
analyzed and made available for use by others. Recognizing that the amount of
data that have been derived in the past or can be expected in the future from human
subjects is quite limited, continuing use should be made of studies in laboratory
animals to complement the human data by filling in critical gaps in our existing
knowledge and extending it into areas for which there has been no human experience.

Biologic factors also influence uptake and metabolism. For example, gastro-
intestinal absorption changes as maturation progresses, such that a radionuclide
that is readily absorbed in the very young may be less easily taken up in an older
individual. Similarly, the relative concentration of a radionuclide in a target
tissue and its retention (excretion) can be expected to change with age.
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Characterization of differences in metabolism of radionuclides between
young and old is essential to understanding differential susceptibility of various
age groups in human populations to radionuclides. Such metabolic character-
ization is needed also for the identification of the most susceptible population
members. Although the very young or the very old may represent the excep-
tional individual with regard to total population exposures (since they may
represent only a small fraction of the total number), there may be situations
where they represent the critical group of the population. The relationship of
the infant and 131j in milk is a good example of such a situation.

From the above information, it is clear that an adequate assessment of the
risks to people from possible occupational or environmental exposure to a radio-
active material must include pathways by which it enters and is retained within
the body as well as the pathways that bring man into contact with it. Continuing
research is required in this area. Although much information has been obtained
on the behavior of many radionuclides administered by inhalation, ingestion or
injection, many of these studies were not designed to study the possible inter-
actions among variables that might be encountered in occupational or environ-
mental exposures.

Several examples may be appropriate here. Inhaled ultrafine particles of a
relatively insoluble material may have a substantially different pattern of lung
retention and clearance than expected from results seen with larger respirable-
sized particles. Radionuclides that have been biologically incorporated into
foodstuffs may be absorbed from the gastrointestinal tract to a different extent
than expected from existing data. When considering a possible population ex-
posure, people with a range of ages and levels of health will be involved and it
is important to know how to incorporate these factors into any analysis. Addition-
al research is required on the metabolism of radioactive materials that gain
access to the body via different routes of exposure. Particular emphasis should
be placed on determining the relative importance of various physical, chemical
and biological factors in modifying the behavior of these materials as we presently
understand it.

Dosimetry - Proper understanding of dose-response relationships for in-
ternally deposited radionuclides requires that the elements of dose be as
thoroughly understood as are the observed or expected biological responses.
Since radionuclides are frequently deposited non-uniformly within individual
organs, it is important to determine how these irregular dose patterns, which
may change with time, influence the types of cells at risk and the ultimate pro-
duction of biological effects. Continued effort should be expended to define more
clearly those elements of radiation dosimetry for internally deposited radio-
nuclides that play the most critical roles in the production of long-term biological
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responses and how they may be influenced by the physical or chemical proper-
ties of the radionuclide or by the biological properties of the exposed subjects.

Metabolic and dosimetric information of this type is used both retrospectively
to evaluate and understand past exposure situations and prospectively in the estab-
lishment of proper health protection guides and standards and the assessment of
risk associated with different future energy strategies. In addition to obtaining
the information alluded to above, it is critical that improved means be developed
and implemented to synthesize and generalize the results in models that can be
applied to a variety of possible exposure situations. Improvement is required in
the quality and availability of metabolic and dosimetric models that can be applied
to assess the possible consequences of different exposure situations that might be
encountered in the future. These models provide an important way in which di-
verse sets of data can be assembled in an integrated manner.

F. SUMMARY

In the Introduction it was stated that the study of radionuclide pathways lead-
ing to man generally has the goal of allowing us to predict human exposure from
measurements of the radionuclide concentration in some segment of the environ-
ment. This modelling process provides a valuable tool in both the regulatory and
health protection fields. However, most of the models in the regulatory field and
in the health physics profession were designed to maximize exposure estimates.
It is preferable to have scientifically defensible estimates and to add suitable
safety factors at the end. Thus we are still faced with the development and
validation of suitable models for many of the radionuelides of interest.

The measurement of model parameters requires that experiments be designed
to provide the necessary data. Similar experiments are required to validate the
model, and these in turn require cooperation between modellers and experi-
mentalists. Once again it might be pointed out that it is possible to provide use-
ful models for specific circumstances without having an understanding of the
mechanisms involved. This empirical approach is not always simple however,
since the factors developed do not necessarily apply to a wide range of conditions.
The more extensive experimentation required to understand mechanisms is
preferable in the long run.

While most of this report has been devoted to environmental conditions,
occupational exposures should not be neglected. There is particular need for an
improved understanding of the relationships among aerosol characteristics3
aerosol deposition, body burden and excretion. Most of this understanding will
require prospective studies, since the data are not available to perform valid
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retrospective studies. The epidemiological studies on workers exposed during
the Manhattan Engineering District/AEC period are still required, however,

Continued emphasis on human studies and experimental animal research is
required for better understanding of uptake, distribution in tissues, and elimina-
tion of man-made and naturally occurring radionuclides. Information on the
metabolism of radioactive materials is needed to fully comprehend their biologic
significance.

Many research efforts, both past and ongoing, have addressed environmental
pathways, concentration in target organs, and biologic effects of radionuclides.
For the most part, these studies were related to fission-produced radionuclides,
either from weapons tests or from nuclear fuel cycles, although information
from medical uses of radionuclides has been substantial as well. Because of the
prodigious amount of information on certain radionuclides (e.g., iodine isotopes)
critical reviews of existing data would be of great benefit to the scientific com-
munity. Such reviews could address a single radionuclide or element, or a
group of chemically similar elements, or they could be designed to address
specific physiologic topics such as gastrointestinal absorption or placental trans-
fer of several radionuclides. Such reviews could also serve to point out defi-
ciencies for particular radionuclides.

The most useful models will include means of assessing variability and un-
certainty. In this case variability might be considered as the differences in be-
havior due to age, sex or other factors in animals or man and those differences
among plant species or animal species that determine their uptake factors. The
uncertainty, on the other hand, would be the estimate of possible error in the
experimental measurements.

Model parameters would always have some variability even for site-specific
cases and broad averages for population groups would have to include a factor
expressing the possible variability and uncertainty. Thus any exposure calcula-
tion would have to be expressed with some range and valid assessments of this
range are required.

Since all radioactive materials in the environment contribute at least some
dose that may be perceived as a health risk, there can be no end to the need for
research until a judgement is made on what is significant and what of no concern.
In order to bound the type and scope of research there is a pressing need for a
national consensus on what constitutes an acceptable "risk".
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G. SELECTED RESEARCH NEEDS

The nuclear age has produced a very large number of radionuclides, each of
which can exist in different physical and chemical forms. These may reach man
through the various broad pathways of atmospheric or aquatic transport and be
taken in by inhalation, ingestion or absorption through the skin. Ingestion can
involve a large number of plant and animal species, each of which may have dif-
ferent metabolic patterns. Finally, the uptake and response of man can be
affected by conditions of age, health and diet. We are thus faced with an im-
possibly large set of combinations, and we are forced to generalize, to discard
and to accept order-of-magnitude solutions in many cases. In the practical sense,
we may have to be content with a knowledge of broad average conditions, but with
some sense of the inherent variability. The recommendations for research in
the following list are also broad and can only be narrowed to manageable levels
by additional detailed decisions on which radionuclides, pathways, routes of in-
take and the like must be studied.

1. Studies of movement of radionuclides by ground-water leaching. This is
important for present tailings piles and coal ash sites as well as future
nuclear waste storage sites.

2. Studies of the physical and chemical forms of radionuclides released under
chronic and accidental conditions.

3. Studies on respiratory deposition and translocation as a function of particle
size and other characteristics.

4. Studies of "Source Terms", particularly release rates and release
probabilities.

5. Studies of hydrological, atmospheric and biotic dispersal. The latter is
usually small but may be critical in some cases.

6. Studies of soil mobilization and plant uptake, particularly as a function of
time after contamination.

7. Studies of uptake by plants, animals and man, emphasizing biological avail-
ability and effects of age, diet and similar factors.

8. Studies of particle characteristics as they relate to resuspension, soil
behavior and leaf uptake by plants.
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9. Studies of the modelling process, with emphasis on application to a
variety of exposure conditions to develop a knowledge of variability.

10. There is a continuing need for concise, authoritative reviews of the
extant data and it must be emphasized that application of what has
been learned is as important as the research data itself.
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D - Pathways to Man

Outline for Research Topics

GENERAL RESEARCH OBJECTIVE
Identify and quantify those processes and parameters that have a significant
effect on the type and degree of human exposure to ionizing radiation.
Notes:

1. Physiology to determine distribution and deposition in humans should
receive more emphasis than the cluster group assignments would signify.
2. Since all radioactive materials in the environment contribute at
least some dose that may be perceived as a health risk, there can be no
end to the need for research until a judgement is made on what is
significant and what of no concern. In order to bound the type and
scope of research there is a pressing need for a national consensus on
what constitutes an acceptable "risk".

A. BACKGROUND ENHANCEMENT
1. Indoors - gaseous, particulate
2. Drinking water
3. Coal Emissions
4. Weapons fallout

B. SOURCES
1. Types

a. Atmosphere
b. Surface water / sediments
c. Ground water / soils
d. Food
e. Structural materials

2. Variables
a. Particle size
b. Physical, chemical form
c. Aerosol interaction

C. TRANSPORT AND TRANSFORMATION
1. Physical dispersion and transport by:

a. Atmosphere
b. Surface water - streams, lakes, oceans
c. Ground water

Note: includes deposition and resuspension
2. Chemical transformation and metamorphosis (physical weathering

geochemical weathering microfloral)
3. Resuspension
4. Depletion

a. Deposition - air
b. Sedimentation - water
c. Soil binding

5. Biological processes
a. Mobile fractions
b. Folial deposition
c. Soil, root, plant
d. Adsorption and absorption
e. Organism to organism (food chains)

139



D - .Pathways to Man

D. EXPOSURE AND UPTAKE
1. Extent of contact by people with sources

a. Demography
b. Living habits

1) Work and recreation
2) Food and drink

c. Other modfying factors
1) Age
2) Sex

E. HUMAN PHYSIOLOGY
1. Variables Influencing Uptake

a. Inhalation
b. Ingestion
c. Topical absorption and wounds

2. Metabolism
a. Partitioning
b. Retention - biological half-life
jC. Concentration
d. Other modifying factors

1) Age
-2) Sex

F. i RESEARCH ACTIVITIES
1. Models - development and validation
2. Measurement of parameters
3. Physiological studies

a. Animal - interspecies scaling
b. Human
c. Other

4. Assessment of variability
5. Assessment of uncertainty

NEEDS
A. Background sources

1. Authoritative review of extant data - concise.
2. Operational needs for certain surveys.

B. Mill tailings and Mines
1. More adequate characterization of effluents (including aerosol

interactions)
2. Improved concepts for ground stabilization
3. Better understanding of releases in accident situations (chemical

and physical form)
C. 1 a 1) Improve atmospheric dispersal models (complex terrain,

"instantaneous", validation)
C. 1 b 1) Information on ocean transport of buried (high level) wastes

(ocean circulation)
2) Additional information on leach rates of buried radioactivity.

C. 2 Improved understanding (quantification) of geochemical and physical
weathering processes and microbial transformation.

C. 3 Better quantification of resuspension fractions under specific
geographic / topographic / soil structure conditions.

C. 4 Upgrade model parameters.
C. 5 Upgrade model parameters and improved understanding of critical

food chain pathways.
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D - Pathways to Man

D. 1 1) Validate data being used in exposure models.
2) Assess parametric variability and modifying factors vs. current

simplifying assumptions, e.g.
3) Consider agricultural, subsistence, and recreational food chains.

D. 1 1) Determine need to account for food and living habits of exceptional
individuals.

2) Improved understanding of behavior of ultrafine (e.g. oil micron)
particles.

E. 1 b. Quantification of gastrointestinal uptake factors for different
chemical forms of radionuclides (e.g. organic complexes, valence
state, etc.)

E. 2 1) Information on metabolism as a function of age.
2) Need to account for exceptional individual
3) Variations in metabolism caused by differences in the form of

the material.
F. 1. Models currently being used for dose estimation require validation.
F. 2. Experiments should be designed to provide the data required to

develop model parameters. This requires cooperation between
modellers and experimentalists.

F. 4, 5 Assessments of variability and uncertainty are desireable and models
should take these into account.
Research on methods for including these quantities is also needed.
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DISCUSSION FOLLOWING THE PRESEMTATIOH

Pathways to flan
John H. Harley, Ph.O.

f1S. ST. GERMAIN: Jeanne St. G e r m a i n , Memorial Sloan
Kettering Cancer Center.

I wonder if Dr. Harley or perhaps Dr. G u s t a f s o n , who will
report next, would care to comment on the very serious oroblem
of radioactive waste disposal?

As many of the people here know, there is one site at pre-
sent in the United States where one can send wastes which are
generated in the course of bionedical research, as has already
been discussed this morning.

It concerns me that many of the technologies that Dr. Harley
has already spoken about are goinq to he needed by the states
that are proposed in the recent President's council chaired by
Governor Riley of South Carolina to investigate the sitina of
regional disposal sites for biomedical w a s t e s .

And I would like to hear Dr. Harley comment on that problem.

DR. HARLEY: I would put in a plug for the point that
perhaps more research on this would seem to be asked for. I
think that we're in a position to apply what we already know
in this particular case and that we have sufficient scientific
basis for making a political decision.

MR. ARRAS: I would like to ask you this primarily because
if EML can't do t h i s , I don't know if anybody else c a n .

One of the problens that I run into in environmental m o n i -
toring is that there are no such things as n u m b e r s , there are
only r a n g e s , starting with natural backqround of radioactivity
body burden and everything else.

Is there any na.jor research program being planned in
order to give us people in the field guidance in putting errors
together, conbining e r r o r s , so the numbers we net just don't
become a hodgepodge?

DR. HARLEY: It's very very easy to answer the mathematical
side of that in generation of errors. The problem is that we do
not have the very broad coverage of these measurements that
would be desirable. Whether it's necessary or not, I can't
judge.
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DISCUSSION FOLLOWING THE PRESENTATION

Pathways to Han
John H. Harley, Ph.D.

So when someone, as in your case, has a number that he
wants to compare with others, all he can get is a broad average
and range for, say, the United States or the world. And this
is usually one piece of the total exposure. I just question,
myself -- having been trying to make these measurements for a
long time whether we need more than these broad estimates.

I'm sorry, I can't really help you more than that.

MR. ARRAS: Okay,
certain extent, based
that. However, there
like numbers that can
is a little difficult.

I want to make one more comment. To a
on my limited knowledge, I, too, question

l
y g ,

are people from regulatory groups
be called "the nunber", and this

who do

DR. HARLEY: We tried for quite a while to put together
material on natural background. Again, you can only come up
with averages for the country with perhaps an indication
that certain regions would be somewhat different. And we've
done the same sort of thing with fallout, but if we talk
about the east versus the west, then some of us want to know
how about the northeast versus the southeast, or tries to
oin it down to somebody's backyard.

And I say again for the exposures
know enough if we can apply it. All I
with the regulators.

involved, we probably
can say is, good luck
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Suzanne L. Fremeau
Committee Management Officer, N . I . H .
Committee on Federal Research into the
Biological Effects of Ionizing Radiation
Bldg, I , Rm. 103
Bethesda, Maryland 20205

Dear Miss Fremeau:

January 28, 1980

Re: Federal Register Notice 44:76997

1 would like to submit this letter (with attachments) to the Committee concerning questions
about radiation research and related issues of public concern.

On the basis of my own epidemiologic investigations of populations around a plutonium-
processing plant under the jurisdiction of my health department, I think It is essential that
similar studies be launched around other nuclear installations, not only those dealing with the
processing of plutonium and other radioactive materials, but also the nuclear power plants.

With the present status of inadequate knowledge of the radiobiochemistry of contaminants
released in exhaust plumes and liquid discharges from nuclear installations, the evaluation of
the effect of these complex mixtures of radionuclides on biological systems is of utmost importance.
This situation is reminiscent of the status of vitamin,trace mineral, and endocrine chemistry
of fifty years ago, when we talked of international units, based on effects on the rat, mouse or
frog. Perhaps the most important work in this area has been done by Dr. Ichikawa with the
variant spiderwort plant (Tradescantia). Environmental surveillance reports around nuclear
power reactors have shows analyses of only a limited number of the very large variety of radio-
nuclides which are released by such reactors. The total spectrum of such radionuclides include
many that may enter biological systems, and the range of possible effects has not been adequately
studies.'. Certain radioactive trace elements may very well have an unusually high degree of
biological effectiveness not yet appreciated. These investigations should be carried out as soon
as possible.

There is a serious lack of information about the long term effects on man of exposure to
internal radiation from the transuranium nuclides. Such effects are thought to include an i n -
creased incidence of cancer, non-specific effects on health, and genetic injury. Such studies
should be initiated as soon as possible and the results made public. Answers to questions concerning
the importance of such biological factors as age, sex, etc. may best be determined by epidemio-
logic investigations.

It is vitally important that the American public learn the basic essential terms of radiology
such as the picocurie and the millirem, and such concepts as "internal alpha emitter", "biological
half l i fe" , the differences between types of radiation, the behavior of exhaust plumes from power
plants and processing plants, and the long term implications for exposure, especially to the internal
radiation emitters.

JEFFERSON COUNTY HEALTH DEPARTMENT
260 SOUTH KIPLING STREET • LAKEWOOD. COLORADO 80226

303/238*301
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Fremeau - page two

As some supporting documentation for these comments, I include copies of my recent
work dealing with the investigation of environmental contamination around a plutonium-
processing plant and some subsequent epidemiologic studies carried out in the past several
years. I have also been concerned about particulate radionuclides from the exhaust plumes
of plutonium-processing plants and nuclear power plants. The filtration of the alpha-emitting
transuronics,subject to the alpha recoil, self-scattering phenomenon, poses special problems.
These problems include the diffusion of these elements through banks of as many as five and
six high efficiency particulate air filters, in the exhaust systems of nuclear power plants and
plutonium plants, and the inadequate efforts to measure these elements in the ambient air downwind.

I have enclosed some selected articles and reports to support my statement of concern.

Sincerely yours,

r
(—*̂ J( /I - /VKWIA#~-,

CJJ:gw Carl J . Johnson, MD, MPH
Director of Health
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The following attachments were submitted by Carl J. Johnson, MD, MPH:

Johnson, C. J., Tidball, R. R. and Severson, R. C. Plutonium
Hazard in Respirable Dust on the Surface of Soil, Science:
193: pp. 488 - 490., 1976

Johnson, C. J. Evaluation of Hazard to Residents of Areas
Contaminated with Plutonium.International Radiation Protection
Association, IV International Congress Proceedings 2: 243 - 246,
Paris, 1977

Johnson, C. J. Epidemiologic Evaluation of Cancer Incidence
in 1969 - 1971 in Areas of Census Tracts with Measured
Concentrations of Plutonium Soil Contamination Downwind from
the Rocky Flats Plant. 1979 Reprint available from author.

Johnson, C. J. Research Funding of Radiation Protection
Standards. Am. Jour. Pub. Hlth. 69(2), p. 181, 1979

Johnson, C. J. Contamination of Municipal Water Supplies
in the Denver Metropolitan Area by the Rocky Flats Plutonium
Plant. Abstracts #168. 146th National Meeting AAAS. 1980

Johnson, C. J. Uranium Contamination of Private Wells and a
Municipal Water Supply in the Foothills Urban Corridor of
Colorado. Abstract #169. AAAS 146th National Meeting. 1980

Johnson, C. J. Lung Cancer Death Rates of Residents of an
Area Contaminated with Plutonium. Abstract #401. AAAS 145th
National Meeting. 1979

Johnson, C. J. Rates of Leukemia Lung Cancer and Congenital
Malformations by Census Tract in Areas Contaminated with
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Clearwater Chapter
Sunshine Action Group
13896 Dominica Drive
Seminole, Florida 33542
January 27, 1980

Dr. Charles U. Lowe
Special Assistant to the Director
National Institutes of Health
Building 1, Room 103
Bethesda, Maryland 20205

Dear Dr. Lowe:

The Sunshine Action Group, Clearwater Chapter,
is an organization composed of citizens concerned
with the dangers and potential dangers of ionizing
radiation. As such, we were particularly interested
to hear that you will be having a meeting on federal
research into this very problem. CFederal Register,
Vol.44, No.250, December 28, 1979, Pg. 76997.),

We live in an area which is already subject to
high levels of naturally occurring radiation from
our abundant sunshine and our phosphat mines as well
as residual radiation left in our atmosphere from
past nuclear weapons tests. Additionally, we are
not far from a nuclear power plant and a nuclear
weapons facility is in our very midst. This latter
plant uses both tritium and plutonium in its operations.

V7e are aware that tritium is a very low-energy
beta emitter, but also that it combines readily with
other elements and that it is so light that it is
difficult to contain. (1). Since tritium can be
a component of water and of air, we are most concerned
about the biological effects, both long-term somatic
and genetic, which could result from ingestion or
inhalation of tritium over long periods of time. We
are especially concerned because we have reason to
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suspect that tritium (.a form of hydrogen) can be
incorporated into living tissue and, thus, remain
in the body indefinitely. Even if the amount so
incorporated were very small, it is conceivable that
damage could be done which would be irreparable -
even more so when taking into account all other
sources of radiation to which we are exposed in our
daily lives including medical sources.

(2). We feel that the question of additive
effects of minute doses of low-level ionizing radiation
must be addressed before any further nuclear weapons
are built, before any more nuclear power plants are
licensed, before any escalation of an already too-
high level of nuclear wastes is allowed;

(31. We are also very much aware of and worried
about the amount of radioactive material being shipped
to and through our area. We are not at all convinced
that these shipments are fail-safe, nor that they can
ever be made so. This is a question which must be
answered before any more radioactive material is
shipped into highly populated areas.

(4). Furthermore, we were rather alarmed at the
wording of your "broad question" number 8 dealing with
information to be made public. We would most certainly
oppose any form of censorship or classification of
research findings relating to the biological effects of
ionizing radiation. All research in this area should
be made completely and readily accessible to the
public and no "end points or criteria" need to be
judged as to their usefulness "to provide perspective
for public understanding of radiation risks." This
is something the public can figure out for is collective
self given the opportunity. . The public, as you know,
includes not only the little-educated, but "experts
in the various disciplines of radiation biology" as
well. Those of us lacking the necessary expertise to
interpret the research findings will have no shortage
of qualified scientists, researchers, and teachers
to assist us. There may, indeed, be a number of
conflicting interpretations; we consider this a virtue
and a stimulus to further thinking and research. We
can, also, assume that there are researchers capable of
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couching their findings in terms comprehensible to the
average educated layman - as for example in such
magazines as Scientific American.

(5). And one last question: Haven't there been
enough people exposed to enough ionizing radiation
over long enough a period of time to be used for
data gathering purposes? Atomic workers and X-ray
technicians are supposed to be monitored regularly
for amount of radiation exposure, aren't they? Are
no long-term records kept on these at-risk populations?

Thank you for giving us the opportunity to
comment on and ask questions about the proposed federal
research on the biological effects of ionizing
radiation.

Sincerely yours,

Mary B. Thorman,
Convener, Clearwater Chapter
Sunshine Action Group
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SCIENTIFIC PROJECTION PAPER FOR
ECOSYSTEMS AND ENVIRONMENT

THE NEED FOR SUPPORT OF RESEARCH IN RADIOECOLOGY
RELATED TO ECOSYSTEMS AND ENVIRONMENT^;

Prepared by

S. I. Auerbach,2 in collaboration with B. G. Blaylock,2 E. A. Bondietti,2

C. T. Garten,2 W. C. Hanson,3 F. 0. Hoffman,4 C. L. Osterberg,5

V. Schultz,6 J. R. Trabalka,2 and F. W. Whicker7

I. INTRODUCTION

The relationship between ecosystems, environment, and ionizing radiation
and its sources, both natural and anthropogenic, is an all-pervasive one.
That the geologic record indicates that our planet resulted from some kind of
solar atomic explosion only reinforces the concept of this relationship,
although the reality of this connection becomes infinitely tenuous with the
evolution of a carbon-based, solar-energized life system over several billions
of years. It is, however, the demonstrated pervasiveness of the radioactive
elements once released into the biosphere that has alerted public concerns,
and it is these multiple concerns about the relationships of ionizing radia-
tion and its sources which require that we not only improve our knowledge of
radioecology, but also improve our presently limited capabilities for radio-
ecological interpretation and understanding of the relationships between
radionuclides and our ecosystems. We have, therefore, in this paper attempted
to place in perspective the several elements of radioecology, with respect to
ecosystems and environment, the specific areas of identified and recognized
problems, and the areas of research which we believe need strengthening.
Because of the several levels of research need, we have subdivided this paper
into a series of sections each dealing with a specific research element or
area pertaining to the overall question of ionizing radiation in relation to
ecosystems and environment.

*A report to the Subcommittee to Develop Federal Strategy for Research into
the Biological Effects of Ionizing Radiation, DHEW, NIH.

^Environmental Sciences Division, Oak Ridge National Laboratory (operated by
Union Carbide Corporation under contract W-7505-eng~-26~wTinf the U.S.
Department of Energy), Oak Ridge, Tennessee 37830. ESD Publication No. 1487.

•^Ecosystems Department, Battelle-Pacific Northwest Laboratory, P.O. Box 999,
Richland, Washington 99352.

4
Health and Safety Research Division, Oak Ridge National Laboratory.

^Ecological Research Division, U.S. Department of Energy, Washington,
D.C. 20545.

^Department of Zoology, Washington State University, Pullman,
Washington 99164.

'Department of Radiology and Radiation Biology, Colorado State University,
Ft. Collins, Colorado 80521.
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II. NEED FOR EDUCATIONAL TRAINING IN RADIOECOLOGY

The limited number of individuals currently engaged in research and
teaching in the discipline known as "radioecology" have had rather diverse
backgrounds. E. P. Odum commented in 1961 at the First National Symposium on
Radioecology that, "In a very real sense, no one in the field of radioecology
was trained specifically for the type of work he is now doing." A large per-
centage of these individuals had their primary training in ecology or closely
related fields such as mammalogy, entomology or ichthyology. Ecological
training cf these individuals encompassed general plant and animal ecology,
wildlife and fisheries sciences, freshwater and marine sciences, and agricul-
tural ecology. Today only a very small number of individuals have majored in
radioecology during their graduate academic studies.

In the past a limited number of special institutes have been developed to
encourage individuals to become familiar with the field of radioecology or the
use of radiation as a tool in ecology. The Oak Ridge Institute of Nuclear
Studies (currently Oak Ridge Associated Universities) in cooperation with Oak
Ridge National Laboratory conducted summer institutes in radioecology in 1963
and 1964. The program was primarily for college science teachers and empha-
sized techniques. The first five weeks of the course was essentially the
regular course of the Institute with the last two weeks involving ecological
applications and related endeavors. In another instance during a two-week
period in 1966, the Department of Radiology and Radiation Biology, Colorado
State University, presented a participating institute in radioecology.
Attendance consisted of teachers, research workers, and a limited number of
graduate students. The institute's objective was to provide a practical
course in radioecology to assist persons in developing a research and/or
training program in this field. In addition to these two programs designed
for ecologists rather than engineers, short courses on isotope techniques have
been organized in a number of disciplines. Such courses have not, however, in
general, involved the study of the fate and effects of radionuclides in the
environment other than as related to use of a radionuclide in a technique.

In past years within the United States, programs relating to radioecology
were developed at Colorado State University, Oregon State University,
University of Tennessee (in cooperation with Oak Ridge National Laboratory),
University of Georgia, University of Utah and the University of Washington.
With the exception of the one at Colorado State University, however, these
programs gradually expired. Further, as far as we are able to determine,
similar specific academic programs are nonexistent in foreign countries.
Several universities and institutes in the USSR do, however, have courses in
radiation hygiene (radiation health physics). These undoubtedly include some
ecological aspects.

Overall, during t.he last decade, there has been a noticeable decline in
the number of persons actively engaged in research relating to radioecology.
This has occurred during a time when there has been an increase in public con-
cern as to the safety of nuclear activities in the United States. This de-
cline in research effort has also been reflected by a rather drastic decrease
in the number of persons being trained in research disciplines. In addition,
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non-ecolegists associated with the nuclear industry are not being exposed to
ecological concepts, including specific subject matter of radioecology.

The need for educational training in radioecology is apparent. As pre-
viously noted, other than at Colorado State University, programs developed
specifically for the training of radioecologists currently do not exist. We
consider such a program Co be one chat requires training in the basic
sciences; namely, mathematics, chemistry, physics and biology, as well as
specialized disciplines such as ecology, nuclear physics, health physics and
radiation biology. Although in-depth training in these disciplines would, of
course, vary among students, the overall program should stress principles and
field experience.

III. IMPORTANCE OF CONTINUING RADIOECOLOGICAL
STUDIES AT SELECTED NUCLEAR FACILITIES

The complex interactions between environmental processes and raicrocontara-
inants like radionuclides are not reducible to reliable generic models. The
behavior of radionuclides in ecosystems is as much a function of the char-
acteristics of the ecosystem as it is of the chemical nature of the radioele-
ment• Site-specific research is critical, therefore, in parameterizing
Dredictive models of radioecological processes.

For many radionuclides, particularly those with natural isotopes, the
principles of ecological behavior are well understood. For example, the
generic behavior of 90gr ^s w e n understood, but it is also recognized that
the calcium status of the ecosystem exerts an enormous influence on actual
bioaccumulation and mobility rates. For radionuclides which fall in this
general category, the basis for continued research is the need to accurately
define the transport parameters for the specific ecosystem being evaluated.

Other radionuclides, particularly the transuranium elements and Tc-99,
are man-made and have no natural isotopes. The chemistries of these elements
are, therefore, much more poorly understood. Because of their long physical
half-lives, several isotopes of these elements warrant careful evaluation
since their food chain may be a function of the chemical forms present. Any
long-term extrapolations based on short-term experiments are risky, since the
chemical forms present experimentally may not represent the actual forms
present after attainment of biogeochemical "equilibrium." Failure to explore
and define the probable biogeochemical behavior may result in the lack of a
scientific rationale for dealing with the complex issues of ecological
behavior.

Historically contaminated ecosystems, associated with a variety of U.S.
nuclear installations, represent an important, continuing research resource.
These ecosystems have been contaminated as a result of normal operating
releases (incidental), radioactive waste disposal operations, and accidental
discharges. The latter two sources of contamination are of particular concern
in the context of present/future rosearch needs. Environmental decontamina-
tion either has been performed or is contemplated at a number of sites, and
improvements in the "state-of-the-art" in this area are particularly relevant.
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Documentation of environmental transport behavior of radionuclides and
analogous elements in a variety of human food chains would extend our under-
standing of both naturally occurring (actinides) and man-made (fission/
activation products) radionuclides. It would also help to substantiate long-
term projections of the biogeochemistry of these elements and their hazard to
man. Past/present research has identified -.a diverse assemblage of general
processes (and sub-processes) that are important in assessing environmental
transport, distribution, and fate of radionuclides (Table 1). The ultimate
end-point is the assessment of potential radiation dose to man (human conse-
quences). Many of the processes involved are poorly known for a number of
radionuclides, particularly the actinides important in nuclear fuel cycles and
certain fission/activation products (Tc, Nb, etc.).

Characterization of the chemical associations of radionuclides in potable
waters, soils, and food organisms is essential for generalizing foodchain
behavior. Several nuclear sites exist where a diverse radionuclide assemblage
has been subjected to many years of weathering and biological activity (30+

years) akin to long-term natural processes. These sites are important
resources for chemical characterization in the environment, as well as for
determining long-term environmental transport behavior of radionuclides.

Although the present environmental programs deal primarily with transport
and ultimate availability to the human population, we would be remiss if we
did not remain alert to possible high bioaccumulation and/or effects in
natural populations (ecological consequences). Accordingly, we recommend co-
operative efforts with personnel in biomedical programs to extend our ability
to detect deleterious effects of radiation in chronically-exposed natural
populations (e.g., pathology, cytology, population genetics). We believe this
is a research area in which negative information may be extremely useful.

The role of the ecosystem in controlling rate of human exposure to radio-
nuciides via food chains (chronic releases), or from combinations of exposure
routes in an accident situation, or in allowing decontamination after an acci-
dent needs further delineation. The processes which delay transfer to man
will also play key roles in controlling the spread of radioactive contamina-
tion and in assisting decontamination efforts after an accident. These
factors will also be critical in determining consequences to ecosystem com-
ponents. Structural characteristics which delay transport inevitably result
in localized concentration in space and time which, in turn, produces in-
creased radiation dose rates to specific constituents of the biocoenosis.
Examples of this might be increased radiation doses to the apical meristems of
pines when the forest canopy intercepts 90% of an aerosol fallout insult or to
the benthic community of a reservoir after 90% of the radionuclide inventory
of a liquid release has been sorbed by the sediments.

Historically contaminated nuclear sites offer distinct advantages for
serious radioecological investigations: controlled access io relatively large
areas with high concentrations of a varied assemblage of long-lived radionu-
clides as opposed no areas contaminated by weapons' fallout or deliberately
contaminated with short-lived analogues. Further, analytical chemistry-
radiochemical facilities at nuclear installations are well developed, with
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Table 1. Conceptual framework for environmental transport, distribution,
and fate of radionuclides in aquatic and terrestrial ecosystems

A. Physical Transport

1. Atmospheric - net directional flow of air, volatiles, and
suspended particulates..

2. Hydrologic - net directional flow of water, solubles, and
eroded/suspended particulates.

3. Gravitational - net downward flow of particulates (esp. organic
matter, POM; e.g., leaf-litter-POM-humus system).

B. Partitioning Processes

1. Sorption

2. Differential surface deposition (particulates)

3. Resuspension

4. Bioaccumulation

5. Trophic transfer

C. Conversion Processes

1. Non-equilibrium

a. Hydrolysis, other chemical degradation
b. Photolysis
c. Microbial degradation

2. Equilibrium

a. Complexation
b. Oxidation/reduction
c. Precipitation/dissolution

D. Removal Processes

1. Burial and diffusion in sediments/soils

2. Leaching and erosion of soils

3. Sedimentation on floodplains

4. Volatilization
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many years of demonstrated competence in the research area. However, some
disadvantages exist. In many cases, study results are difficult to interpret
because of non-equilibrium conditions (time-variant discharges of radionu-
clides) or because of complex chemical constituents in the source material
(pollutants, chelating agents, etc.). Thus, it may be difficult to generalize
the results for application outside the immediate discharge site. For this
reason, research on systems which do not receive chronic discharges or signif-
icant quantities of interfering non-radioactive materials should be given
higher priority.

Early studies of radionuclide transport-radiation effects in natural sys-
tems were often hampered by primitive analytical tools-dosimetric techniques
available at the time. Present/future work, however, requires much more
exhaustive analytical measurements, particularly of the non-radioactive chem-
ical and biochemical environment, in order to allow generalization of radionu-
clide behavior to other systems. Thus, whenever possible, investigators
should be encouraged to determine the relative uptake of the widest array of
nuclides reasonably available, e.g., long-lived fission products such as
90Sr and *-*7Cs £n association with transuranics, in order to provide com-
parative information of greatest utility. This will serve to overcome defi-
ciencies of earlier studies and to provide additional confirmation of the
long-term behavioral characteristics of toxic long-lived fission products.
Use of modern dosimetric techniques (e.g., thermoluminescent dosimeters)
should be sine qua non in any future research designed to detect radiation
effects in natural systems.

IV. SYSTEMATIC DETERMINATION OF UPTAKE AND TRANSFER COEFFICIENTS
FOR SPECIFIC RADIONUCLIDES ORGANISMS AND MEDIA

The need for a systematic determination of uptake and transfer coeffi-
cients for specific radionuclides, organisms and media is dictated by the use
of these factors as parameters in models that determine compliance with envi-
ronmental radiological regulations. The uptake and transfer coefficients
currently used in regulatory models are composed of generic default values
intended for use in lieu of site-specific information (1). Recent evaluations
indicate that uncertainties may often be associated with the use of these
default values because of the inherent bias in the data base from which they
have been derived, as well as because of imprecisions related to variability
in environmental conditions and experimental methodologies (2). Many of these
uncertainties also occur because uptake and transfer experiments performed in
the past and reported in literature have not been directly applicable to the
parameters as defined by regulatory models; thus, considerable judgment is
necessary to derive values from these studies for the purpose of assessing the
dose to man. Although regulatory models request the use of site-specific in-
formation, uptake and transfer data for specific radionuclides in food chains
of direct or indirect importance to man are seldom available on a site-
specific basis. These inherent uncertainties produce eminent needs for
research to quantify the inaccuracies associated with dose-assessment models,
to improve ths data available for input to the models, and to revise as neces-
sary the structure of the models to improve their predictive capability.
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The best method for determining uncertainties in the predictions of dose-
assessment models is model validation. Model validation involves the testing
of model predictions against observations obtained under conditions consistent
with the realm of model application. In most situations, complete validation
of dose-assessment models is impractical because of difficulties in monitoring
radionuclides deposited in tissues of living humans; however, validation is
feasible for the portions of dose-assessment models used to predict atmos-
pheric and hydrological transport and food-chain bioaccumulation. Research
should attempt to validate models using actual releases of radionuclides from
operating nuclear facilities, planned releases under experimental field condi-
tions, and stable elements indicating the behavior of radioisotopes (assuming
similarities in physical-chemical form between the stable element and the
radioisotope). Isotopes of the elements H, C, Mn, Co, Zn, Sr, Tc, Ru, I, Cs,
Pb, Po, Ra, Th, U, and other actinides are probably the most common nuclides
of importance when the primary pathway of human exposure is via the ingestion
of contaminated foods.

With the exception of limited validation experiments on atmospheric and
hydrological transport models (3), validation studies of direct relevance to
dose-assessment models including food-chain transport have not been performed
to successfully quantify model uncertainties. Without the results from prop-
erly designed validation experiments, the total inaccuracies associated with
model predictions cannot be determined. At most, in the absence of model
validation, speculative quantification of predictive uncertainties can be con-
ducted by first assuming the conceptual and mathematical structure of the
model to be correct and then investigating the imprecisions in dose assess-
ments through an analysis of the imprecision of input parameters (4). How-
ever, imprecision analyses require information on the distribution of data
available for model uptake and transfer coefficients. As mentioned earlier,
research is needed to upgrade the quantity and quality of the available data
base for input parameters, because an unbiased data base for performing an
imprecision analysis on dose-assessment models does not exist.

The uptake and transfer coefficients of critical importance to regulatory
models are those having direct relevance to pathways of human exposure.
Radioecological research will be particularly needed to obtain data for pre-
dicting exposures resulting from the transport of radionuclides in agricul-
tural food chains. The primary parameters in terrestrial environments are
those involving atmospheric deposition onto soils and vegetation, resuspension
and leaching from these surfaces, uptake from soils by the edible portions of
vegetation, transfer into meat, milk and other animal products utilized by
humans, and losses and redistribution of radionuclides due to food processing
and marketing practices. The existing data for the transfer of radionuclides
into meat are especially fragmentary (5). In the aquatic environment, the
primary parameters involve the bioaccumulation of radionuclides from water and
sediment into the edible portions of aquatic biota. The existing variability
in values reported for these parameters may span one to several orders of
magnitude (6).

To improve the accuracy in deriving appropriate parametric values for
dose-assessment calculations, research should be oriented toward obtaining the

161



data needed Co verify currently used default values. In addition, this
research should identify and quantify correlations between model parameters
and the determination of environmental factors external to those considered in
the regulatory models (such as edaphic and climatic variables) that may have a
substantial influence in controlling parametric variability. The results of
such research should be instrumental in reducing the large imprecisions asso-
ciated with model parameters and allow for an improved accuracy in deriving
transfer coefficients on a site-specific basis. This information may also
identify needs for changes in model structure that would improve the applica-
tion of regulatory models to conditions prevailing at specific sites. Time-
dependencies and steady-state aspects of transfer coefficients should also be
considered.

V. RELATIONSHIPS BETWEEN DOSES, DEPOSITION OF RADIONUCLIDES,
AND CONSEQUENCES ON ORGANISMS AND POPULATIONS

The principal justification for evaluating the relationship between doses
due to external radiation exposure and deposition of radionuclides and their
consequences on selected organisms and on populations of organisms is the need
to identify potential effects on the organism and population level which will
ultimately affect the overall structure and function of natural communities
and ecosystems. The need for solutions to radioactive waste disposal and the
possibility of accidentally contaminating landscapes and aquatic systems make
it necessary to assess the effects of radiation on the physiological ecology
of plants and animals in both laboratory and field settings. The magnitude
and importance of radiation effects are less in localized incidents of envi-
ronmental contamination than in cases where the potential exists for wide-
spread dissemination of radioactivity to the general environment and into
biogeochemical cycles (such as from the generation of electricity).

The consequences of external and internal radiation exposure to organisms
and populations of plants and animals will depend upon the type of radiation
(type of nuclide) as well as the physiology and ecology of the species
examined. For example, the internal dose from "bone-seeking" transuranic
radionuclides will be of greater importance in long-lived vertebrates than in
short-lived invertebrates. There is, therefore, a need to identify and pri-
oritize radiation effects in plants and animals according to their radiation
sensitivity. Some work of this type has been done in laboratory trials and by
externally irradiating plant communities. Unique behavioral or ecological
niches of some species may, in combination with biogeochemical cycling,
increase or decrease their sensitivity to radiation. For example, many radio-
nuclides accumulate in soil, and one consequence of this is potentially higher
dose rates for root systems or ecosystem decomposer organisms.

It remains to be shown that a threshold for radiation effects exists in
most species of plants and animals and whether the net effect of low-level
radiation is beneficial, detrimental, or neutral to survival and reproductive
fitness under natural conditions. The opportunity exists for laboratory and
field research to identify both somatic (temporary) and genetic (evolutionary)
effects which alter survival of individuals ar.f the productivity of popula-
tions. Generally, detrimental consequences (cancer, mutations) are believed
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to be associated with the environmental dissemination of radioactivity. The
discovery of somatic radiation effects which are detrimental to organisms in
natural communitres would ultimately influence standard setting by federal
agencies and international organizations, if environmental protection and
preservation of selected species is deemed important. For example, there may
exist radionuclides or chemical forms of radionuclides in ecosystems which are
concentrated in particular tissues and structures (e.g., chloroplasts and
reproductive tissues) that ultimately affect the primary and secondary produc-
tion of populations and communities. These are open questions.

Radiation also exists in combination with other nonradioactive mutagens
and carcinogens, in the environment. The synergistic effects of internally
incorporated radioactivity in combination with other widespread contaminants
have not yet been investigated in natural populations of plants or animals.

A real need exists to identify a viable approach to the study of low-
level radiation effects in natural plant and animal communities. At low dose
rates, changes in organisms may be imperceptible, or if perceptible, their
significance to fitness may be unclear. Therefore, the effect of low-level
radiation is assumed to be negligible over a short time frame. The cumulative
effect of continuous low-level radiation, either internal or external to
organisms and populations, is debatable and can be adequately addressed only
through additional research. For example, are animals and plants that inhabit
areas characterized by high background levels of natural radioactivity more or
less radiosensitive than organisms from areas which have low levels of natural
radiation? There is a need to determine if such continuous low-level radia-
tion is a stressor that is imperceptible at the level of individuals but
perceptible only on a population level. Changes in populations at the bio-
chemical level may be detectable using modern electrophoretic techniques cor-
related with dosimetry data. Are genetic changes due to low-level radiation
in effect selectively neutral if they are imperceptible to researchers?

A review of the chapter on "Radiation Effects" in Radioactivity in the
Marine Environment (7) indicates that a problem exists in literature in the
interpretation of the effects of low levels of radiation on fish eggs and
larvae. Some of the Russian literature, in particular, cites effects at very
low levels of radioactivity. Those results have not been generally reproduced
elsewhere, and there has been some support for joint work at a neutral site to
repeat the experiments under carefully controlled conditions.

Such an experiment was attempted at the Monaco Laboratory of the
International Atomic Energy Agency (IAEA) by international experts. Unfortu-
nately, the project had to be abandoned because of the inability to obtain
fish eggs of the required quality, plus an unanticipated lack of facilities to
keep fish eggs viable over the necessary period of time and lack of a proper
irradiation source. But this and other efforts did lead to a better under-
standing of the problems involved.

A recent report (3) summarizes the problems in evaluating the effects of
low-level irradiation experiments and suggests how these problems can be
either overcome or minimized. The report states that "the response to
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irradiation was masked by the great sensitivity of the eggs to perturbing
influences of loosely controlled mechanical, osmotic, chemical or thermal
factors, in addition to the variable quality of the eggs." It points out that
many of the larval abnormalities seen by experimenters can be due to poor
rearing conditions and that research protocol should include the close control
of other environmental variables such as temperature, salinity, pH, oxygen
tension, etc., during egg development. It is especially difficult from early
published literature to determine how precisely these variables were
controlled.

The greatest single procedural problem with most experiments, as noted in
the literature, was to accurately determine the abosrbed radiation dose — an
extremely critical variable. Experiments in which the radioactivity had been
added to the water were the most difficult to evaluate; those in which a sealed
radiation source was used were more tractable.

Clearly, additional experiments using the most modern techniques would be
useful in determining the sensitivity of aquatic organisms to radiation. The
recommendations of the panel cited above would, if implemented, certainly
reduce the variability of the results.

It would, however, leave unanswered the larger question: "What is the
impact of low levels of irradiation on populations of aquatic organisms in the
natural environment?" The report offers some helpful suggestions. But with
the growing need for nuclear power and the possibility of engineered storage
of radioactive wastes under sediments in the ocean bottom, the levels at which
radioactivity can affect populations of aquatic organisms should be better
known. Of course, damages at current release levels have neither been seen
nor are expected.

VI. EVOLUTIONARY CONSEQUENCES OF
RADIONUCLIDES IN THE ENVIRONMENT

A buildup of radionuclides in the environment would result in individuals
and populations of organisms being exposed to chronic low-level irradiation.
The evolutionary consequences of such an event have been considered many
times, but usually in the context as it related to man. It is generally
accepted that any additional exposure to irradiation above background levels
increases the mutation rate. Insofar as man is concerned, the assumption by
most geneticists is that any increase in the mutation rate is harmful. In
fact, some leading geneticists believe that the existing mutation rate is too
high and that we should strive for a mutation rate of zero in the human popu-
lation. This belief is based on the assumption that there is ample genetic
variability in the population for any evolutionary process that is likely to
occur and that a decrease in the mutation rate will result in the disappear-
ance of some of our most loathsome dominant diseases which are so costly to
society.

We must remember, however, that we are considering populations of organ-
isms other than man and that the same criteria cannot be used to evaluate the
consequences of an increased mutation rate. For humans, a great value is
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placed on the individual members, and many with relatively low adaptive values
are maintained in the population. On the contrary, for organisms other than
man, especially for organisms with high reproductive rates, the value of one
or even thousands of individual organisms to the population may be insignifi-
cant insofar as the long-term structure and fate of the population is con-
cerned.

The theory of evolution assumes that mutation is the raw material on
which evolutionary progress depends; however, the optimum mutation rate for
evolution is unknown. Thus, an increase in mutation rate for some organisms
might be a good thing, increasing their evolution potential in a time of
rapidly changing environment. We know that increasing the mutation rate in
plants and selecting disease resistant, productive plants are beneficial for
man. Yet, developing a DDT-resistant mutant more rapidly (which is beneficial
from the insect's point of view) would not benefit man.

Although a considerable amount of data has been accumulated on the induc-
tion of gene mutations in a variety of organisms, few studies have considered
the long-term consequences of an increased mutation rate in terms of benefi-
cial or harmful effects from che organism's point of view. To assess the
consequences of a buildup of radionuclides in the environment on organisms
other than man, long-term studies on the effects of chronic low-level irradia-
tion on laboratory and field populations are needed. Although consensus
exists that these types of investigations are needed, such studies have never
been extensively conducted because of the cost involved, the time required,
and the suspicion that positive results may not be obtained. However, some of
the useful information that could be obtained from these studies would be
levels of radiation exposure above background level where no detrimental
effects were detected at the individual or population level.

Since we assume that any additional exposure to irradiation increases the
mutation rate in all organisms, at what level do the detrimental effects of an
increased mutation rate became too great a burden for the population to sur-
vive under natural conditions? Furthernore, is there a range within which the
mutation rate of a natural population :an fluctuate without producing detect-
able effects on the population? If so, is the range basically the same for
all organisms?

It is generally believed that the continuous exposure of a population to
chronic irradiation for many generations would produce deleterious effects
through death and failure to reproduce that would be expected to cause some
obvious and substantial effects on the members of the population. However,
studies with highly inbred species of mice irradiated for 45 generations
showed no significant differences between the irradiated and control strains
in growth rate, mortality, and the lifetime survival curves. These results
are generally explained by the lack of techniques sensitive enough to detect
subtle effects, but there is a nagging amount of evidence scattered throughout
the literature which suggests that the exposure to chronic low-level irradia-
tion may not be detrimental to the individual or to the success of a popula-
tion. This conflict with the general assumption that any additional exposure
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to irradiation is detrimental to the population should be resolved by conduct-
ing long-term studies in which environmental stresses and more sensitive tech-
niques are employed to detect subtle effects.

Since most radiation-effects studies have involved single species in
laboratory situations, a paucity of information exists on effects beyond the
species level. To evaluate the evolutionary consequences of the exposure to
chronic irradiation requires investigations at the population level. These
investigations should consider the interaction of chronic irradiation and
environmental stress on population parameters such as intra- and interspecific
competition, predation and other factors which could determine the success of
a population. Basically, we are concerned with the effects that a buildup of
radionuclides in the environment would have on the eventual fate of the organ-
isms inhabiting such an environmeut. We believe that well-conceived, long-
term laboratory and field experiments at the population level are necessary to
document the effects of chronic irradiation on populations of organisms other
than man.

VII. INTERACTION OF IONIZING RADIATION WITH
OTHER ENVIRONMENTAL POLLUTANTS

Webster's New Collegiate Dictionary defines "synergy" as the "cooperative
action of discrete agencies such that the total effect is greater than the sum
of the effects taken individually." This definition suggests that even if we
regulate the release of toxic substances individually, we may still have a
problem with the melange of pollutants flowing into the nation's air and water
ways. Understanding the problem is complicated by the possibility that two
pollutants may be synergistic with each other, but not with a third pollutant.
There is even the possibility that two pollutants will have a detoxifying ef-
fect on each other (e.g., lye and an acid, combining to give a neutral salt),
but this is less likely.

A recent computer search of the biological effects of radiation combined
with other pollutants yielded 133 abstracts, with few, if any, applying to
"natural populations in relevant media." The possible exceptions were those
dealing with bacteria in sewage sludge, treated with both heat and radiation.

Temperature has long been known for its synergistic effects, since it
speeds up chemical reactions. Thus, aquatic organisms subjected to a lethal
dose of radiation will die faster at a higher temperature than those kept in
colder water. By the same token, the biological cleansing processes that work
to remove pollutants from our lakes and streams also tend to operate faster at
higher temperatures, within the thermal limits of their activating enzymes.
Presumably, the chemical reactions would still proceed at lower temperatures,
but at a reduced rate.

The real question is whether an organism, sublethally stressed by a
pollutant such as radiation, can be given an additional push to oblivion by
another pollutant, such as oil, even though the oil itself could be tolerated
by a healthy organism. In essence, this is "the straw that broke the camel'u
back" effect.
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It seems reasonable that a stressed organism, presumably in a weakened
condition, would be more susceptible to a second stress. Still, whether the
effects are merely additive or synergistic has to be determined for most com-
binations of pollutants currently flowing from, or expected to flow from,
energy-related industries. So far, the most-studied category appears to be
radiation-temperature, but not at the low levels of radiation anticipated in
the environment, nor for the populations of organisms at risk.

Regulators concerned with water quality will have to know more about syn-
ergism before they can be confident in their release criteria.

VII. NEED TO UNDERSTAND THE ECOLOGICAL AND RELATED
ENVIRONMENTAL FACTORS WHICH AFFECT THE SPATIAL
AND GEOGRAPHIC DISTRIBUTION OF RADIONUCLIDES

Among the critical factors which determine the consequences of radionu-
clides released to the environment are the transport and ultimate distribution
of such materials. Distribution of radionuclides in the environment must be
known for assessment purposes, not only in the spatial sense (on scales rang-
ing frô j cells to biomes), but also in the temporal sense. Radioecological
research over the past few decades has clearly demonstrated that the spatial
distribution of radioactive materials is primarily controlled by atmospheric,
hydrologic, geochemical, and ecological processes. Since these processes and
their interactions exhibit almost limitless variability, it is to be expected
that radionuclide distribution and bioconcentration will vary tremendously
over time and space. An example of this is the 100-fold differences in the
concentrations of fallout ^'Cs in whitetailed deer from the lower coastal
plain as compared to the piedmont regions of the southeastern Unitea States.
Such differences are caused by ecological factors, rather than variations in
fallout deposition.

Comprehensive research on the behavior and distribution of radionuclides
as affected by ecological variables has been carried out in a few biotic com-
munities. Numerous relationships have been discovered, but there is not yet
sufficient information to permit accurate prediction of radionuclide distribu-
tion in the many biotic communities that have not received direct investiga-
tion. Equilibrium distributions of a few well-studied radionuclides can be
predicted in some communities, but information on time-dependencies and on a
host of less well-studied radionuclides is sparse. With sufficient informa-
tion, a comprehensive theory of radionuclide distribution could be developed
to encompass ecological variables, different radionuclides, and temporal phe-
nomena. Such a comprehensive theory would find important application not only
in the assessment of radionuclides (and other contaminants) in the environ-
ment, but also in the basic sciences.

Radionuclides also provide sensitive and precise tracers of ecological
processes that will assume increasing importance in the cycling of heavy
metals, pesticides, and other materials that result from increased production
of food, exploitation of energy resources, and substantial changes in land-use
patterns. In addition, tiie apparent increase of nuclear energy sources that
will be required by the United States and other nations to decrease their
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dependency upon imported petroleum products will enunciate the need to under-
stand the applied ecologic implications of nuclear power reactors on a broad
scale. Radioecological aspects of the entire nuclear fuel cycle will emerge
as a requisite in the knowledgeable derivation of environmental standards for
national regulation of nuclear energy. Particular interest will be needed in
defining the long-term aspects of radioactive waste disposal. Proper invest-
ment in research now will provide means of determining foci of critical
efforts, management decisions, expeditious research, and allocation of
resources, including economic, human, and energy categories. The accrual of
data from a variety of ecosystems will facilitate the modeling and verifica-
tion of energy and mineral fluxes in diverse systems, leading to broad appli-
cations and extrapolations to other situations.

The current low rates of worldwide fallout deposition upon certain land-
scapes present unique opportunities to observe natural departures from
accepted models. For instance, in arctic ecosystems there now exists a new,
low background of man-made radionuclides that effectively trace the flow of
energy through the simple and direct food webs of circumpolar peoples. With
increasing resource development in arctic areas of North America, the native
peoples are turning from subsistence to cash economies. The ecologic, cul-
tur'al," arid"economic implications of this strategy ate extensive 'and indelible,-
particularly in terms of the social costs to the affected populations. The
results of applied radioecological studies of such situations will provide
valuable input to new resource-management policies that will be required by
the changing pattern of resource utilization in arctic regions.

Similar studies are needed to describe the substantial implications of
large-scale deforestation and other radical changes in land-use patterns in
many areas of the world. The spatial and geographic distribution of radionu-
clides and their chemical analogs may be alteved as radically and importantly
as the potential climatic effects that are of great concern. Coal-fired power
plants envisioned to replace oil-fired generators will produce significant
amounts of natural radionuclides that will be released to the environment in
smoke and ash. Radioecological studies have unequaled potential for determin-
ing the pathways of such materials to man, radiological baseline data sets for
existing and proposed nuclear industrial sites, and the likely distribution of
future inputs between various components of the system, including the final
sinks, if any.

VIII. SUMMARY COMMENTS

The pervasiveness of concern about ionizing radiation in the public mind
stems, in considerable measure, from a lack of understanding about the behav-
ior, fate, and presumed effects of radiation-emitting elements. This lack of
understanding also is applicable to the standards and guidelines which are
used to regulate the quantities of radionuclides which may be released to the
environment. Radioecological research on the transport, movement, and effects
of ionizing radiation is needed to verify the validity of tue standards for
release and to eliminate the potential errors that currently exist in assess-
ing dose to human populations due to uncertainties in the environmental trans-
port of radionuclides in terrestrial and aquatic ecosystems. We believe that
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the public concern over the impact of ionizing radiation (and therefore
nuclear energy) could be alleviated considerably by directing more of our
radiobiologic research effort to scientific questions related to standards and
standard setting.
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E - Ecosystems and Environment

Outline of Recommendations and Expansions

I. There is a need for increased capabilities for radioecological research,
because of the multiple concerns perceived by the public.
A. Information needs

1. Summarization of literature
2. Translation of foreign literature

B. Training of radiation ecologists
1. Programs
2. Promotion
3. Summer institutes
4. Short courses

C. Critical past experiments
1. Reevaluation
2. Confirmation

D. Enhancement of international scientific interchange
II. Execute continuing studies of ecological systems at selected nuclear

facilities, using careful dosimetry and radionuclide analysis as related
to specific site attributes.
A. Environmental releases

1. Bioaccumulation
" * ' " 2: ••Consequences • • — •

B. Waste disposal
1. Bioaccumulation
2. Consequences

III. Systematic determination of uptake and transfer coefficients for specific
radionuclides, organisms, and media, under steady-state conditions.
A. Within food webs
B. Dosimetry assessment models

1. Impr ovement
2. Validation

IV. Evaluate the relationships between doses due to both external radiation
exposure and deposition of radionuclides and their consequences on
selected organisms and on populations of organisms.
A. Field
B. Laboratory
C. Comparisons of field and laboratory studies

V. In the event of a buildup of radionuclides in the environment, there will
be a need to evaluate the evolutionary consequences and the effects on

behavior of individual organisms and populations.
A. Radiation as a selective force in evolution
B. Comparative studies

VI. Investigate the effects of the interaction of radiation with other
environmental pollutants (synergy) on natural and laboratory populations
in relevant media.

VII. There is a need to understand the ecological and related environmental
factors which affect the spatial and geographic distribution of
radionuclides.

VIII. Ecological evaluation of reclamation and stabilization procedures for
reduction of exposure from uranium mining and milling.

IX. There is a need to study the ecological problems associated with the
decommissioning and decontamination of various nuclear facilities.
A. Reactors and related facilities
B. Low-level waste disposal sites
C. High-level storage facilities
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DISCUSSION FOLLOWING THE PRESENTATION

Ecosystems and Environment
Philip Gustafson, Ph.D.

DR. KIM: John Kim, Harper Grace Hospital, Detroit,
Mi chigan.

I just want to ask you, the Chairperson, a question.
This is related to the talk we have now heard. "Pathways to
Man" and "Ecosystems and Environments" both sound very much
alike, so why were the portions separate? Can you give us an
answer to that question?

DR. THIER: I can only tell you that I am here to chair
the session. I was not part of the Dlanning group. I assume
the planning group felt that there were overlaps, as you will
see for the rest of the afternoon, one paper with the other.
And I suspect that they wtstied to focus-on a sligtitly diffe-rent
aspect -- in one case, very specifically on "Pathways to Man";
and in the other, broad environmental issues, but I'm guessing.
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SCIENTIFIC PROJECTION PAPER FOR PHYSICS

Prepared by

R. S. Caswell (Chairman) and M. Inokuti (Editor), in collaboration with J. A.

Auxier, W. C. Roesch, C. A. Tobias, and J. E. Turner

I. FUNDAMENTAL SCIENTIFIC QUESTIONS

A. Interdisciplinary Nature of the Study of Radiation Effects and the Role

of Physics

1. Introduction

There are two major goals of radiation biology. The first is to obtain

a qualitative understanding of the great variation of biological effects that

occur following exposure to radiation. The second is to evaluate the mag-

nitude of the effects that occur in response to physically well-defined rad-

iation exposure. Without precise quantitation, radiation scientists cannot

fulfill their-duty tc society, i.e., the assessment of the nature and' "'

extent of both deleterious and beneficial radiation effects. Only with

adequate quantitative information in hand can society intelligently decide

how to use the beneficial results of nuclear science, e.g., fission and

fusion energy, nuclear medicine, and radiation therapy.

As any of the basic disciplines, such as physics, chemistry, or biology,

are pursued to the most fundamental level, they become increasingly similar

in nature and related among themselves; for example, the studies of electronic

excitation in a complex organic molecule and of its consequences are relevant

to any of these disciplines. Basic radiation science abounds with such

examples. In this respect, the present authors unanimously recommend that

each of the tasks that are discussed by the fourteen Clusters must be plan-

ned and carried out with the full collaboration and participation of physical

scientists, i.e., physicists, chemists, and mathematicians.

There is ample historical evidence of the importance of the inter-

disciplinary approach. Radiation biology did not become a coherent science

until physical characterization of the quality and quantity of radiations

and of their energy transfer to matter became available. Certain models,

based on elements of physics, helped to identify those perturbations which

cause biological effects of radiations. It was shown that the same approach

can describe certain biological effects in a wide variety of organisms. In

the past, physical scientists were more involved in atomic, molecular, and

cellular studies than in more complex systems. However, some elements of

physico-mathematical approaches are useful at higher levels, including the

study of late effects and populations.
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Biological systems have exceedingly complex structures, organization,

and functions. They can often adapt to physical and chemical constraints

of the environment. This environment includes, and has included in the course

of evolution, a variety of ionizing radiations. Normal biological systems

live i n t n e presence of ionizing radiations whose spectra and composition

vary considerably, depending on space and time. Ionizing radiations also

played a key role in the genesis of organic matter and the biological life,

and presumably contributed to some of the mutations that are responsible for

continued evolution of biological species; in this sense, physical character-

ization of ionizing radiations and their interactions with matter is intimately

related to biology in general.

Effects of radiation from man-made sources represent perturbations of

the normal conditions. Because we have not fully understood the workings of

the normal biological systems, quantitative radiobiological studies must

include both normal and perturbed systems. It is only by comparing quanti-

tative differences between the two that we can truly establish the magnitude

of radiation effects, manifested in a variety of endpoints. It is also known

that biological effects of radiation depend, on. other .physical and ..chemical..

factors in the environment. Some of these factors can diminish the responses

to radiation, whereas others, particularly deleterious agents, can be syner-

gistic in their effects with radiation.

The perturbations produced by radiation may also be typical of effects

due to various agents such as toxic chemicals. In this sense, the study of

radiation effects will contribute to research on health and environmental

aspects of non-nuclear technologies as well.

2. Merits of Physical Approaches

Since the beginning of the century, research has been directed toward

an understanding of the effects of ionizing radiation on humans. The past

research has yielded a wealth of empirical findings, but we have not arrived at

a satisfactory understanding of the mechanisms that cause radiation effects.

The biological systems are so complex, the possible biological effects

so manifold, and the effects depend on so many physical variables, that a

complete description of the sequence of radiation effects in time is a monu-

mental task. To understand the basic mechanisms of complex biological systems,

one must first understand the much simpler atomic and molecular processes. As

an example, an understanding of the interactions of radiation with macromolecules

within a cell should begin with an understanding of the energy pathways and

effects of these radiations on simpler organic molecules. Ultimately the

behavior of a segment of a macromolecule, for example DNA, should be understand-

able from physics and chemistry. After, understanding and quantitating

the simple systems, logical models could be synthesized for describing more

and more complex biological systems. In summary, the physics approach follows
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a step-by-step procedure, from the simplest level to the next complex level;

the result is integrated into a logical model. The logical model thus

obtained is often capable of making quantitative prediction, which may be

tested by experiment. If the prediction is verified, by a crucial experiment,

the model becomes more trustworthy. It may be used to predict an outcome of

results to occur under unrealizable situations, for example, the carcinogenic

effects of extremely small doses of radiation* or the genetic effects that

result several generations hence. Finally, physicists, when building a model,

take full advantage of the modern basic knowledge about matter and energy

so that the model is at least consistent with what they know about the

material world. This attitude is the best available insurance against making

gross errors.

There are several readily identifiable areas of research that are essential

to developing and understanding the biological effects of radiation. Of these,

the primary energy-transfer mechanism, the time-sequence of events, and the

space distribution of the secondary interactions are the most fundamental.

Some of their consequences will be discussed in Section I-B. Physical studies

of secondary processes that transport or redistribute the energy of the initial

excitations among molecules are as important as -studies of the altered- molecular

structures. Any of the atoms or molecules of a biological system can partici-

pate in radiation interactions. One important task is to identify those

structures of living systems where perturbations lead to important biological

effects, to characterize the interactions in terms of atomic and molecular

physics, and to correlate certain types of interactions with biological end-

points observed. In this task, the radiation physicist may often resort to

the study of purified components of biological systems, e.g., nucleic acids,

proteins, membranes, and he may use a variety of methods to assess the alterations

caused. The physicist will work in close cooperation with chemists and bio-

chemists on some of these tasks.

B. Physical Research Essential to Understanding Biological Effects of Radiation

When radiation strikes living tissue, it interacts with atoms and molecules

in accordance with the laws of physics. In principle, the changes can be

described quantitatively to provide a basis for understanding of the ensuing

chemical and biological consequences induceds for comparing the effects of dif-

ferent kinds of radiation^ and for making physical measurements relevant to

the assessment of radiation hazards. To this end, physical research is

needed in the following areas.

1. Primary energy transfer from radiation to matter, particularly

condensed matter

The principal physical changes induced in matter by ionizing radiation are

rearrangements (called excitation and ionization) of a number of electrons from

their normal atomic and molecular states, and their consequences such as the
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disruption of chemical bonds. Depending on the kind of radiation, these

changes may be preceded by the occurrence of recoil nuclei struck directly

by the radiation. Always, many electrons are freed and many new chemical

species produced. The physical description of the primary energy-depositing

events when radiation interacts with matter must be known in detail as the

first step in understanding the basic mechanisms underlying the biological

effects of radiation.

We point out here some of the key quantities that characterize the pri-

mary energy-transfer processes. First of all, it is essential to determine

probabilities of different values of energy transfer in a single collision of

an electron or other charged particles at a fixed kinetic energy with a given

molecule. These probabilities, considered as a function of energy transfer,

are called the activation spectrum. This spectrum is the most decisive of mol-

ecular properties, when one begins to analyze radiation effects. Fortunately,

recent research in physics has provided many theoretical and experimental

methods of determining this basic quantity. Yet, the mapping of the activa-

tion spectrum for all of the molecules of chemical And biological importance

will require many years of effort by skilled workers. Second, the energy

. distribution of secondary electrons resulting from a single collision of any

given charged particle with a molecule is another building block for a

complete theory of the primary process. Here again, recent work in physics

has been providing powerful tools useful to obtain the secondary-electron

energy distribution, both from theory and experiment. Finally, when the basic

knowledge about single-collision processes is at hand, one begins to evaluate

consequences of multiple collision processes (both to the material and to

energetic electrons or other charged particles). One method of approach to

this problem is the Monte-Carlo simulation by the use of computers. Another

is the analytic transport theory in which the motion of the particle slowing-

down spectrum plays a key role. (The slowing-down spectrum is roughly the

energy distribution of particles present matter under irradiation.) The

Monte-Carlo simulation and the analytic transport theory are complementary

to each other in the insight they provide, and therefore should be pursued

simultaneously. In addition, experimental determination of the slowing-down

spectrum should be encouraged; in fact, our serious concern is that little

work is under way at present since the pioneering work made in the 1960's

was stopped, apparently by lack of funding. Long-term support of the work

in this area is essential.

2. Time sequence and spatial distribution of secondary radiation-induced

events

The primary events that transfer energy from a radiation field and free

secondary electrons in matter take place in a very short time (10~15 s e c o r

shorter)—much faster than matter can respond chemically. After the initial

deposition of energy, a whole sequence of events takes place. In order to

fully unravel the time sequence, it is important to know exactly what these
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events are and how they are spatially distributed around a particle track.

Studies of correlations between events appear to be of particular significance—

e.g., the importance of whether single or multiple energy-loss events are

likely to occur within a cell or subcellular structure. Although much is

known about the physics of primary energy transfer from radiation to matter,

many fundamental problems are still outstanding. For example, the interaction

of radiation—in general and slow electrons (below 1000 eV) in particular—

with condensed matter is only partially understood. (Better knowledge, though

far from complete, is available for gases, which are easier to study experi-

mentally and theoretically. Some progress is being made, but long-term sup-

port of studies in this area is essential for the ultimate basic understanding

of the physical mechanisms underlying the biological effects of ionizing

radiation.

3. Progression of radiation-induced events into molecular changes

reflecting biological damage

The chemical adjustments to the effects of radiation take place on a much

slower time scale (lasting as long as 10~3 sec) than the events by .which the

energy is transferred from the radiation field. The new chemical species pro-

duced by radiation migrate and react with other normal or radiation-induced

species, as discussed in the paper by the Chemistry Cluster. The resulting

biochemical changes interrupt biological functions in living systems. Pro-

cesses essential to life, such as protein and nucleic-acid synthesis, may be

blocked or carried out incorrectly. Details of these radiation-induced bio-

chemical changes are poorly known.

To sort out the complex chain of chemical reactions leading to biological

effects, one must first have instrumentation for identifying chemical species

and for measuring their quantities. In this respect, many contributions have

been made, and will continue to be made, by physics, especially by spectrscopy

in a broad sense. For instance, it was by absorption spectroscopy used in

pulse radiolysis that the hydrated electron was unambiguously observed. Emis-

sion or fluorescence spectroscopy is also useful for identifying excited states.

Electron spin resonance and spin-echo techniques are valuable for the study

of free radicals and ions. Nuclear magnetic resonance tells about molecular

conformation and motion. Other techniques useful for chemical kinetics include

Raman spectroscopy, laser-fluorescence spectroscopy, and electro-optical

spectroscopy (absorption and emission measurements of molecules under stress

by electric fields).

4. Effects of different kinds of radiations

Different kinds of radiation generally produce different spatial distri-
butions of energy deposition in matter they irradiate, even when the dose is
the same. Furthermore, the biological effects of a given kind of radiation
can be changed by varying the time patterns over which a given total dose is
delivered (this fact is usually called dose-rate effects).
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5. Need for interdisciplinary research

Understanding the basic mechanisms of the biological action of ionizing

radiation requires the intensive collaboration of physical and biomedical

scientists, as pointed out in Section I-A. Within physics, the most relevant

areas include atomic, molecular, and nuclear physics; thermodynamics; statistical

physics; kinetics; and the physics of condensed matter. Because of the inter-

disciplinary requirements of needed studies, federal support should also en-

courage the entry of students and young scientists through fellowship and grant

programs across many traditionally separate disciplines. (See Section III.)

C. Physical Characterization of Radiation Exposure

1. Basic dosimetric concepts

The idea of absorbed energy is now the basic concept in radiation measure-

ments. A crucial task is to measure the absorbed dose, the energy absorbed from

the radiation per unit mass of the absorbing tissue.

• • *• •

The absorbed dose enabled early workers to correlate the observations of

the biological effects of radiation because equal doses of radiation from

different sources seemed to give about the same effects. At the time, however,

x rays and the gamma rays from radium were the principal radiations available.

When, during and after World War II, other radiations (alpha particles, neutrons,

accelerated ioas, etc.) became important, the limited range of the dose-effect

parallelism became apparent. Equal doses of all radiations do not result in

equal effects. To deal with the differences in effectiveness, scientists intro-

duced the RBE (relative biological effectiveness). The RBE is the number by

which the dose of a radiation must be multiplied to give the dose of a standard

radiation (usually gamma rays or conventional x rays) that produces the same

biological effect.

The two concepts, absorbed dose and RBE, are now central to radiation

measurement and to the physical analysis of radiobiological effects. But

radiation scientists generally feel that a more detailed description of the

energy absorption would give a more satisfying way of analyzing biological

effects. Just what kind of quantity would serve this need is quite uncertain

at present, not the least because of the diversity in the nature of the biolog-

ical effects themselves. An area of expansion of dosimetric concepts recently

has been in microdosimetry, which extended the absorbed-dose concept to very

small structures: Individual cells or small sensitive structures within cells.

In these very small sites the amount of energy absorbed from the radiation

depends on the chance results of small-scale physical processes; thus, the

results have to be reported as probabilities of different energy depositions

rather than as a single absorbed dose that averages over many microscopic

structures. These probabilities are more closely related to what happens in the

cell than is the average dose. Further conceptual developments are needed for

better analysis of the biological effects of radiation.
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2. Improved doslmetry

A typical radiation measurement employs a small device placed in the

radiation field at the site of the tissue of interest. The device should not

materially alter the radiation field. It should measure the dose in the

tissue. In the present state of the art, these matters are usually handled

well, but improvements are often possible and sometimes are crucial. For the

most frequently used radiations (x or gamma rays, electrons), the device is

usually a small ionization chamber. The chamber perturbs the field only

slightly and correction is easily made. The chamber measures the dose in air

or in some tissue of average composition; corrections are required to obtain

the dose in other tissues. The corrections can be large in some cases;

for bone, the correction may be so large as to require use of a different

measuring device. Research is in progress to overcome the same problem for

newer radiations such as neutrons, pions, heavy ions, etc.

The size of the active volume of a dosimeter sometimes presents a more-

serious problem. The common measuring devices rely, for their proper operation,

on the condition called radiation equilibrium. In this condition, the radi-

ation field is constant over a small distance, and, to achieve sensitivity, the

device is made a size comparable to this distance. But at any boundary,

notably air-tissue and bone-tissue boundaries, the dose may change rapidly

over distances smaller than the size of a device designed to function in

radiation equilibrium. Then special, very small instruments are required in

order to obtain meaningful measurements.

On a still smaller size scale, the study of the effects that microscopic

density or composition inhomogeneities in subcellular structures have on rad -

iation energy absorption is desirable. Microdosimetry concerns such very small

structures, but uses the concept of radiation equilibrium and hence is unsuitable

for this purpose. One possible approach to the study is extensive Monte-Carlo

simulations by use of modern computers.

Although a dosimetry problem often depends on specific samples and must

be considered for each experiment, general dosimetry research is merited in

many cases. The need for continued exploration of new devices is discussed

below. Basic data such as stopping powers, attenuation coefficients, W values,

and G values . are needed for dosimetry and are determined in independent

studies. These basic data require continued evaluation because the accuracy

to which they need to be known increases as the dosimetry becomes more

sophisticated.

3. Internal dosimetry

The difficulties of dosimetry are all compounded when the radiation comes

from radionuclides deposited within the body. Physical and biological processes

tend to distribute radionuclides nonuniformly in the body, so that radiation

is produced nonuniformly. By contrast, in radiation equilibrium (as discussed
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in the previous section), the radiation is supposed to. be produced uniformly.
Just how these differences are to be accommodated within a system of dosimetry
suitable for comparing internal and external radiations is mostly unexplored
territory.

The final complication, of course, is the difficulty in determining the

distribution of the radionuclides in the body. Whole-body counting and bio-

assays indicate how much is present; this amount is conventionally assumed to

be uniformly spread. Only post-mortem studies can pinpoint locations by radio-

autographic methods. Improvements in in vivo measuring are clearly needed.

II. APPLIED PHYSICS AND TECHNOLOGY

A. Radiation Sources

1. Natural and artificially enhanced environmental sources

Much is known about radiations and their sources in our environment.

The present variety is exemplified by solar and galactic radiations, naturally

occurring radionuclides in the geosphere and biosphere, and artificially pro-

duced radiations from nuclear explosions, accelerators, medical and industrial

apparatuses, and other radioactive contaminents. Although detailed character-

istics of most of those radiations are known, new discoveries of additional

components are continually being made.

We do not wish to make a detailed list of the complexities involved in

the physics of radiation monitoring; instead, we illustrate two problem areas

of current research interest below.

First, with the advent of space flight it was discovered that there is

a wide spectrum of radiations of solar and galactic origin which is varying

with time and location in interplanetary space. Some components of these,

notably certain high-speed atomic nuclei, ultrahigh-energy protons, and multi

particle jets have not yet been successfully produced in laboratory accelera-

tors. We must develop sound knowledge of space radiations and their effects

in order to make manned exploration of space and of the planets safe.

Second, the renewed quest for power has brought the recognition that

geological sources are often associated with natural radioisotopes. For

example, coal is often contaminated with toxic long-lived (heavy) alpha-

particle emitters. If these contaminate the atmosphere in the form of micro-

scopic particless, they might be deposited in the lungs of the human population.

Thus, the effluents from both inuclear and coal-fired power plants need to be

assessed from the point of vlep of biological effects of radiation.
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2. Radiation generators and accelerators

Radiation biologists use a vast array of radiation sources which in-

clude ultraviolet lasers, x-ray machines, gamma-ray sources, advanced

electron linear accelerators, synchrotrons, and microtrons. Table I is a

partial listing of new and proposed radiation sources.

Future radiation research requires continued development of new radia-

tion sources. The radiation physicist has traditionally participated in de-

signing and constructing these new devices. He has also had responsibility

for studying the interaction of new radiations with matter, as well as pro-

viding information on the construction of adequate safeguards. The develop-

ment of instrumentation and dosimetry, collaboration with biological scien-

tists toward establishment of permissible limits, and radiophysical studies

of waste-disposal methods, are all in the realm of activities of radiation

and health physicists.

New radiation sources provide important opportunities for fundamental

biological research because of the new physical quality of their radiations.

For example, neutrons, pions, and accelerated heavy ions interact with matter

differently from x rays or electrons, and thus lead to molecular, cellular,

and tissue effects. The evidence is accumulating that the molecular damages

of these high-LET particles are different in quality and quantity from the

damages produced by low-LET particles, and for this reason the biological

effects are also different. High-LET radiations produce double-strand scis-

sions in DNA with high efficiency. Probably they also produce unusual kinds

of mutations, and their efficiency for carcinogenic transformations and

lethality is high. Chemical modification for radiation injury and some of

the cellular repair processes are also different. At very high-LET values,

heavy ions appear to produce "tunnel lesions" or channels in some tissues

(e.g., retina and lens). These same ions produce unusual sensory and

neural effects, e.g., light flashes when they cross the retina; and in vitro

they can stimulate synaptic transfer. High-LET particles are efficient causes

of embryonic lesions; they can be utilized for the study of mechanisms in

differentiation and development. The explorations of these and other effects

caused by various radiations will be useful for assessing the hazard of

radiations.

Monochromatic x rays produced as synchrotron radiation offer opportun-

ities for the study of biological consequences of interaction of photons with

atomic electrons in specific energy levels. In situations where the Auger

process predominates, x rays have a high biological effectiveness. These

x rays also offer new tools for studying cellular and molecular structure,

as discussed in Section II-C.4.

Cosmic rays and some of the new radiations produce, through nuclear

processes, clusters of many particles which occur simultaneously in very

close geometrical proximity. Whereas the exploration of such events (called

stars, jets, and clusters) is only beginning, one may observe some novel
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Table I. Some of the new and proposed radiation sources.

Radiation or

source

Description and uses

Electrons

X rays

Protons

Mesons

Neutrons

Fusion

reactors

Low-energy

ion beams

High-energy

heavy ions

Bio-medical

accelerators

Electron-positron colliding-beam machines at kinetic energies

of up to 100 GeV exist and are planned for higher energies.

Electron accelerators of a few GeV are used to generate

synchrotron radiation. Novel methods are under development

for the production of extremely intense collimated beams of

x rays.

Proton synchrotrons exist for several hundred GeV kinetic

energy and are planned up to 10,000 GeV.

Pion generators use high-intensity protons of several hundred

MeV to produce mesons, neutrons, and neutrinos.

A variety of fission reactors are under dEvelopment for power

production. Reactors and accelerators for the production of

intense fast neutron beams are being constructed.

Several forms of fusion reactors are being designed. These

will be very powerful sources of radiations, including

neutrons, tritium, and a variety of heavy ions and radio-

active nuclides.

Machines for the production of intense ion beams are being

developed for a variety of applications: isotope separation,

ion engines for space travel, implantation microprobes and
microdosimetry, and other purposes.

Heavy-ion accelerators now operate to 2.7 GeV/amu; it is
planned to accelerate all elements of the periodic table to
10 GeV/amu. One of the purposes is to ignite fusion.

Specialized radiation sources exist and are in planning stages,

for a variety of biomedical uses. Among these are accel-

erators for the production of electrons, protons, neutrons,

helium, heavy ions, and pious; accelerators for isotope

production serve nuclear medicine.
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biological results—perhaps in genetic and developmental biology. Since
such events are present in space and in the environment of ultrahigh-energy
accelerators, they might constitute a health hazard in certain special sit-
uations.

Historically! the availability of new radiations and of new basic know-
ledge about particles and radiations often led to new physical approaches
to problems of biology and medicine. Among current developments are new
diagnostic techniques. Heavy-ion radiography is extremely sensitive for the
detection of density differences in soft-tissue structures, and neutron radio-
graphy can image hydrogen concentrations. Radioactive heavy-ion beaTis are a
new tool for nuclear medicine. Soft x-ray microscopy and heavy-ion micro-
scopy are capable of imaging cells and tissues containing water at high mag-
nifications, unlike conventional electron microscopy. Neutron activation
analysis can estimate the content of certain trace elements accurately in vivo.

During the last few years, it has been demonstrated on the basis of
physical and radiobiological data that certain nuclear particles have potential
for improving the effectiveness of cancer therapy. These are fast neutrons,
protons, heavy ions, and pions. Some of these particles have advantageous
depth-dose distributions, combined with high biological effectiveness: These
deliver biologically effective doses to deep-seated tumors, while the radiation
effects in adjacent structures and skin remain relatively minor. Heavy ions
and neutrons are believed to be particularly effective for therapy of tumors
with anoxic cells and necrotic centers. These particles decrease the magni-
tude of the oxygen effect by reducing the radioresistance of anoxic tumor
cells.

Particle therapy necessitates an interdisciplinary approach with ex-
tensive collaboration-of physicists with radiobiologists, radiologists, and
therapists. Particle-therapy programs benefit from advanced diagnostic
methods such as x-ray and heavy-ion computerized tomography.

In most of the particle-therapy programs, existing physics accelerators
are being used with modified beams and exposure rooms. However, it is becoming
apparent that the accelerator requirements for therapy are different from the
requirements for physical research alone. Therapy programs require greater
operational accelerator reliability than is usually needed for physical-
research accelerators; there are, however, special requirements on beam
quality, intensity, and timing. Medical-accelerator facilities may eventually
include complex instrumentation for beam scanning, isocentric delivery, beam
sharing between several treatment rooms, etc. Then it might be advantageous
for a federal program to include support for the construction of biomedical
facilities and the development of other advanced instrumentation.

Other biomedical applications have been suggested for particle accelera-
tors. The high mutagenic efficiency of certain particles could be used for
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improving plant and animal genetic stocks in agriculture. Particles might
be effective for the preparation of vaccines and for sterilization purposes.
Among many suggestions for medical uses of particles are the study and treat-
ment of focal epilepsy and other diseases of the nervous system which might
benefit from the availability of finely controlled particle beams. Pituitary
particle therapy has been already effectively used for control of syndromes
such as acromegaly and Cushing's disease. Further exploration of the effect
of pituitary heavy particle radiation on hormone-dependent carcinomas and on
advanced diabetes with vascular disease, might also be of interest.

B. Dosimetry

1. Improved dosimetry methods and instrumentation

a. Solid-state dosimetry. Solid-state detectors, usually made
of silicon or germanium, are powerful tools in charged-particle and gamma-ray
spectroscopy, which is frequently applied to dosimetry. They are not close
to tissue in. atomic number and cause interface effects that must be studied
carefully both experimentally and theoretically. A possible solution to
the problem would be the development of organic semiconductors, which may be
expected in the next decade.

Advanced instruments such as spectrometers and personnel monitors can
be imagined from the combination of small solid-state detectors with micro-
processors. Combined with telemetering capability, they could be used as
in vivo dosimeters in humans and animals.

Passive solid-state detectors (for example, those using neutron radia-
tion damage to silicon or thermoluminescent detectors) need to be developed;
they will be more sensitive, more nearly tissue-equivalent, and thus con-
venient for personnel and environmental monitoring.

b. Chemical systems. Absorbed dose in water is important in
medicine and biology. Aqueous chemical dosimeters with photometric analysis
have been developed over many years as standard systems for determining doses
absorbed in an aqueous medium. Still incomplete for some systems, however, is
knowledge of radiation-chemical yields, kinetics of intermediate species,
and optical molar absorptivities (molar extinction coefficients), as discussed
also in the paper of the Chemistry Cluster. Although such systems give dose
readings within a small uncertainty (± 1%),one limiting problem is the
rather narrow useful range; e.g., aerated ferrous-sulfate (Fricke) dosimeter
solutions are good for 40 to 400 Gy. Another drawback is the necessity
for extreme purity of ingredients, cleanliness of glass containers, great
care in handling, as well as the necessity of a high-quality spectrophoto-
meter that has temperature-control capabilities. The size of typical
dosimeter ampoules and associated transition-zone wall effects from glass con-
tainers constitute sources of error that could be alleviated by establishing
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standard experimental geometries for practical determination of chemical
yields. There are indications in the literature that new aqueous chemical
systems have been developed with wider response ranges and higher sensitivities;
for example, a system called FBX appears promising. Further studie are needed
in electrochemical potentiometry and high-frequency polar oscillometry as
alternative analytical techniques for ascertaining chemical yields. These
methods are said to be simpler and precise because neither the use of sealed
ampoules nor ultra purity of ingredients is necessary.

c. Improvement of traditional ionometric and calorimetric dosimetry
systems. The ionization chamber is the most commonly used dosimetry instru-
ment; it is unrivaled in its measurement precision and long-term stability.
Nevertheless, the accuracy seems to be limited to the order of 1 percent. The
complexity of the interaction of radiation with the chamber wall material and
with the cavity material has prevented development of a fully adequate
theoretical prediction of chamber response. Research toward the precision of
at least a few tenths of a percent is needed.

When an ionization chamber is used for measurements inside a condensed
medium, an important source of inaccuracy is the large difference in mass
density between the chamber wall and the cavity gas. Promising steps have
been taken to eliminate this problem by the use of conducting organic liquids
in the cavity, but so far these have not provided satisfactory long-term
stability. It is highly probable that careful research will provide a stable
liquid ionization chamber, viz., a valuable and important instrument for
dosimetry in condensed media.

A traditional instrument for direct measurement of absorbed dose is the
calorimeter. Made of graphite, it has been used in electron and °^Co gamma-
ray beams, and made of conducting tissue-equivalent plastic, it has been used
for neutron and pion beams. The instrument is complicated to build and oper-
ate, its accuracy is limited by the unknown influence of the vacuum gaps that
separate the nesting elements, and sometimes by the insensitivity. The value
of the calorimeter would be greatly enhanced if the vacuum gaps could be
eliminated by use of a homogeneous medium, and if the sensitivity could be
increased at least an order of magnitude, perhaps by cryogenic techniques.

d. Search for new systems including those with response similar to
biological systems. Difficult problems in dosimetry are the energy depend-
ence of response and the meaningful determination of radiation energy deposi-
tion in certain materials such as biological tissues, gaseous and condensed
media, solid-state systems, plastics, and foodstuffs. Radiation spectra
and effective correction factors are often too poorly known to give an accu-
rate interpretation of dose equivalent, absorbed dose, and RBE, from ioniza-
tion-chamber or calorimeter readings alone. Therefore, it is important to
develop dosimeter systems that simulate various media in terms of their rad-
iation absorption properties and tliat can readily be calibrated against primary
dosimetry standards. There are on the near horizon promising new systems that
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need further development. Some of these can be used over broad ranges of

absorbed dose, namely, carbohydrates and amino acids, whose radiation effects

can be analyzed by means of ESR spectrometry, optical-rotational analysis,

polarimetry, and lyoluminescence. Certain dyes in liquid and solid solutions

also show promise of being practical dosimeters, and should be investigated,

both in terms of radiation-chemical Kinetics and real-time dosimetry capa-

bilities. Other promising systems include tissue-equivalent gases and

liquids, water calorimeters, liquified inert gases, and certain solid-state

systems. Not enough information is available on the mechanisms of the rad-

iation effects and ways to achieve optimum accuracy and precision. Here,

work in basic radiation physics, as discussed in Sections 1A and IB, is most

likely to contribute substantially.

e. Biological dosimetry methods. Biological dosimeters are

sensitive to the biological end-point chosen, and there is some question con-

cerning how well they correspond to the response of human tissue. They have

been used in neutron dosimetry to achieve about two-percent reproducibility.

There is some room for the development of new and more tissue-like dosimeters;

the most important progress in the near future will be in relating the

dosimeters to accurate physical dosimetry.

f. Indirect methods of dosimetry. Spectroscopy as used in
dosimetry is usually thought of as a method for determining properties of

the radiation field, in particular, the energy spectrum of the energetic part-

icles. The important case where further research is needed is for neutrons,

where time-of-flight is the only high-resolution method available. Solid-

state detectors such as Ge(Li) and Si(Li) work excellently for photons and

charged-particle radiations, having both good resolution and high efficiency.

From basic points of view, two other spectra are important: slowing-

down spectra and energy deposition spectra. The slowing-down spectrum was

discussed in Section IB. Energy-deposition spectra (energy deposited in a

volume corresponding to part or all of a cell) have been measured to deter-

mine LET and lineal energy, the latter in connection with the microdosimetry

theory. These measurements need to be extended to smaller volumes (with

diameters below 1 pm). Only one method, the spherical tissue-equivalent gas

proportional counter, has been used significantly so far. Other methods are

needed, particularly for condensed material.

An example of devices useful for personnel protection from neutrons is

the polyethylene sphere surrounding a thermal neutron detector (Bonner sphere).

With the rapid advanced in microprocessors, it is now becoming possible to

build personnel monitors and survey meters that can achieve the desired

response by integrating and adjusting the response of several detectors. Neutron

personnel monitoring is an example of a field where current instruments are

very poor, where the above approach holds promise for rapid growth.

g. Fast-time-resolution dosimetry methods. With the strong interest
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in rapidly transient radiation fields in medical, industrial, and energy ap-

plications, there are needs for improving the resolution of real-time dosimetry.

Fast electronics and electron optics, pulse lasers and streak cameras, and

other new techniques, can be used effectively to this end. Very fast response

chemical systems based on dye solutions, phospors, and solid-state devices,

as well as certain analytical methods in pulse radiolysis, including Raman

and ESR spectroseopy, polarimetry, and conductimetry, should be useful.

Eventually we may achieve a resolution of nanoseconds or picoseconds.

h. Instrumentation for dose-pattern measurement. The measurement

of spatial dose distributions gives rise to the following requirements:

(1) a small size, to permit adequate spatial resolution; (2) close match in

regard to density and atomic composition between device and phantom.materialss
to prevent perturbation of radiation field; (3) the sensitivity adequate so

that doses in excess of those in clinical practice are not needed; (4) the

possibility of automated read-out, with direct transfer of data to a computer

that produces isodose curves. Available detectors usually do not satisfy all

of the above criteria. For example, silicon semiconductors satisfy (1), (3),

and (4), but not (2). Thermoluminescent detectors satisfy (1) and (2), but

not (3) and (4). Research is needed to develop instruments, or combinations

of instruments, that satisfy all criteria. Special attention must be paid to

the measurement of absorbed-dose patterns in the vicinity of interfaces in

an inhomogeneous phantom. Finally, it might be worthwhile to pursue the pos-

sibility of in vivo measurements in patients, in a non-invasive or minimally

invasive manner.

i. Technology of dose-distribution calculations. Improved cal-

culations of the spatial distribution of absorbed dose in patients contributes

greatly to treatment planning for radiation therapy. In fact, they are in-

dispensable if one attempts to reach an accuracy of 5%, i.e., a desideratum

by physicians. Current calculations assume oversimplified beam geometry and

spectra, and treat the irradiated body as homogeneous. There is an urgent

need to extend these calculations by taking into account modifications of the

beam characteristics by collimators, scattering foils, and other parts of

irradiation apparatuses; by including the effects of inhomogeneities (such as

bone, low-density lung tissue, voids) in the human body. Efforts in this

direction have so far been limited in scope and inadequate as a basis for

precise treatment planning. Systematic work is needed pertaining to irradia-

tion by photons (x rays, gamma rays, bremsstrahlung) charged particles (electrons,

pions, protons) and neutrons. The work should include (1) the calculation of

spatial patterns of absorbed dose in a limited number of key situations;

(2) the generation of a large tabulation of absorbed-dose distributions for

situations of clinical interest, and the analysis of these data to provide an

understanding and simple approximate rules. Last but not least, the feasibility

should be explored of making accurate real-time predictions of dose levels in

patients, based on measurements (e.g., with scanning devices) of the pertinent

anatomical features, and on the automated incorporation of these features into

an individualized mathematical phantom.
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j. Mixed-radiation dosimetry. For neutrons and pions, it is neces-

sary to determine how much of the dose is due to each of many radiation components.

For example, all neutron fields are accompanied by gamma rays. Measurement

of a weak radiation component in the presence of a strong component is fre-

quently difficult. Current-measuring ionization chambers, i.e., a common

method of radiation dosimetry, have been used to distinguish between radiations,

but too poorly. Research is needed for finding methods that discriminate

sh°rply between radiations, yet retain good dose response and adequate sensi-

tivity.

2. Problems Where Improved Dosimetry is Needed

Although technological developments for dosimetry were once well sup-

ported by federal agencies, this has not been the case in recent years, and

there are many important problems that require new or improved technology.

Some of the problems bearing on a better understanding of the effects of rad-

iation on humans are listed here. The list is intended to be representative,

and not exhaustive.

a. There is no system available for monitoring personnel for

neutrons in the energy range between thermal energies and 500 keV, at an

accuracy better than a factor of two. Added to this deficiency is the fre-

quently coexisting beta and low-energy gamma radiation fields; they increase

the uncertainties by another factor of two or greater.

b. Quantitative determination of radionuclides incorporated in

the body has always been a severe problem. Bioassay techniques are, at best,

qualitative indicators. For some nuclides, e.g., "'Cs and "^Co, gamma-ray

scanning in a whole-body counter is adequate. For 90sr and many alpha

emitters, no system provides even an approximation of the quantities in the

body.

c. Despite much effort toward measuring gamma radiation in the

environment, there is no satisfactory system for monitoring population ex-

posures to very low doses. Developmental work is needed to provide the sen-

sitivity, dynamic range, and energy independence necessary for measurements

in high-background areas, which may occur with large-scale accidental releases

(either from nuclear accidents or thermonuclear war) and with madical exposures.

d. In addition to the non-uniform distribution of natural radio-

nuclides by locale, there are wide fluctuations in doses due to environmental

dynamics. This is especially true for the natural sources of radioactive

noble gases and their progeny. The dose variations are great and depend on

the quantity and size distribution of other particulates in the air. Instru-

mentation and interpretive techniques need extensive study and development.

e. Though much is known about radiation toxicity and something
is known about many toxic substances, dosimetric techniques for non-radiative
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toxic substances are unavailable or are far too crude. Dosimetry techniques
for these non-radioactive substances, e.g., the poly-aromatic-hydrocarbons,
should be developed, because biological effects of radiation sometimes are
modified by the effects of these toxic substances.

f. Until recent years, personnel dosimetry was directed to assur-

ing that exposures were below applicable guidelines. A detector can indicate

exposure only to itself, and uncertainties of dose values to the detector of a

factor of two were considered reasonable. Because only one or a few detectors

per person were feasible, the dose variations over the body could be even

larger, e.g., a factor of ten or greater. An average dose to the detectors

was considered adequate in estimating an individual's annual dose. Such

estimates were always made using highly conservative assumptions so that any

uncertainties resulted in a higher recorded dose than the most likely value.

For risk evaluations or epidemiological studies, such estimates are not suf-

ficiently accurate.

g. There is no method now available for using dosimetric data,

together with radiobiological data, in decision-making in large-scale emer-

gencies. Incorporation of risk values versus dose-level distributions within

a population can be done well only if all data relating to dose, effects,

and decision-making are stored and programmed for computers. Thus, develop-

mental work in this area should be commenced soon.

h. From the point of view of an individual, a major source of

human exposure is medical treatment. Rapid developments have been made in

the application techniques and in medical evaluation of results of these tech-

niques, but there is yet no systematic, standardized series of programs for

treatment planning to minimize the dose to tissues other than the area for

treatment.

i. In recent years, there has been an increased interest in the

standardization and the quality control of dosimetric systems, both nationally

and internationally. One such program is sponsored by the NRC, and another

by the IAEA. A federal program to assure the uniform accuracy of measurements

should be supported. The National Bureau of Standards may be the logical

center to administer such a program.

C. Physics Contributions to Radiation Applications

1. Diagnostic Radiology

Diagnostic radiology began by visualizing the interior of the body by

casting an x-ray shadowgram on photographic film. The method has been im-

proved in many ways. The output of x-ray tubes has been increased to permit

shorter exposures and to reduce blur of the image owing to patient motion.

The size of the spot from which the x rays come has been reduced to achieve

sharper images. In special machines, the spot has been made very small,
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permitting production of magnified images that enable study of fine structures

in the body. Stationary and moving grids or slits have been introduced be-

tween the x-ray tube and the film to block x rays Scattered by the body be-

fore they reach the film. These scattered rays produce a background fog on

the film; their removal sharpens the image and increases the visibility of

the faint shadows. The film itself has been changed in many ways. For example,

finer-grained films have been developed for seeing more detail; coarser

grained, for higher sensitivity. Fluorescent screens, which capture more

x rays than films can and expose the film by the light they give off, have

been introduced to increase the sensitivity and to reduce the dose to the

patient even further. Although x-ray filni remains the principal means of x-ray

detection in diagnostic radiology, new detectors have been devised. Television

systems using fluorescent screens have been developed for real-time imaging.

Gaseous and solid-state devices are being developed for sharper imaging.

Diagnostic methods have also expanded beyond the use of x rays to include

use of ultrasound and thermography (i.e., mapping of body-surface temperatures

by measuring infrared radiation), and still other methods are in view. The

use of energetic heavy ions from large accelerators is being studied. These

ions cast a different kind of shadow: x rays produce shadows because they

are differentially absorbed; the heavy ions are not absorbed but they travel

different distances, depending on what tissues they have gone through. Their

differential distance spectrum may provide a sensitive way of distinguishing

minute differences between tissues. Also being examined for use in diagnosis

are microwaves, either by nuclear magnetic resonance or by microwave scattering.

A common thread connecting all parts of diagnostic radiology is image

analysis. The diagnostician does not see the inside of the body; he only sees

an image of it. Scientific analysis of what an image can show and how the

physician becomes aware of what it shows is a formidable psycho-physical problem.

The physical aspects of the problem, however, have been yielding to mathematical

analysis. In particular, such analyses have shown the effects of each part of

the diagnostic system—the x-ray tube, the grids, the film, the film viewers,

etc.—on the quality of the final image. The analysis can now be used in

improving old systems and inventing and designing new ones.

The prime example of the image analysis is computerized tomography

(CT), the new scanning technique that has swept the world in recent years.

It resulted from a mathematical analysis of how one could produce an image

of a cross section of the body. The CT device uses an analysis that has a

fast computer handling the staggering load of numerical computations needed

to construct an image. By giving cross-sectional pictures instead of shadow-

grams, CT has revolutionized many aspects of diagnosis. Similar methods are

now being developed for visualizing radioisotope distributions in the body,

as discussed in Section III. C2.
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2. Nuclear Medicine

The application of radioisotopes to diagnostic and kinetic aspects of

medicine was confined to a few laboratories until physicists and engineers

developed the gamma-ray camera and medical isotopic scanners. With the advent

of these instruments, nuclear medicine rapidly became a recognized diagnostic

specialty. New areas of pathological and medical research are opening up as

physics instrumentation develops and radiopharmacological advances occur.

a. Three-dimensional imaging. Early scanners and cameras allowed

two-dimensional studies of the distribution of administered radioisotopes in

the body. Recently a variety of new instruments has been developed, such as

the 2ir scanner, which allows, by the use of computerized tomography, three-

dimensional localization and measurement of isotope distributions. Extension

of such instruments to nearly 4TT geometry is technically feasible.

b. Dynamic scanning. Improvements in computerized data-handling

will allow one to view the distribution of radioisotopes in the body as time-

dependent flow processes. The rates of flow and turnover of isotopes can be

of great value to the understanding and diagnosis of disease. Dynamic patterns

already obtained in human heart and brain illustrate the approach.

c. Accelerators for isotope production.' Many of the positron-

emitting isotopes of interest to medicine have short lifetimes. For this

reason, many of them have not been effectively used in nuclear medicine. We

now look forward to increased production of additional carrier-f ree, isotopes

by hospital-based cyclotrons and to gains in radiopharmaceutical procedures

for rapid synthesis and administration of isotopes to patients.

When high-energy heavy ions collide with nuclei in matter, some of the

particles of the beam become radioactive. The nuclear interaction can occur

with exchange of a relatively low amount of energy and the radioactive part-

icles continue to travel with nearly the same velocity as that of the parent

beam particles. The radioactive beam can be magnetically separated from the

parent non-radioactive beam. Already relatively pure beams of H(J, ^ O , and

l^Ne have been obtained. It is likely that eventually any of the known radio-

isotopes can be obtained as part of a particle beam. There are many potential

applications of radioactive beams in nuclear medicine. For example, if

radioactive beams are used for radiation therapy, the location of particle

stopping points can be studied with gamma-ray cameras, thus allowing verifi-

cation of treatment plans. Radioactive beams can also become instant tracers;

as soon as the beam particles come to stop in tissue their radioactivity allows,

tracing of flow processes and of biochemical transformations that occur in the

body. For example, instantaneous Iqcal measurement of blood flow becomes

possible. Another potential appliaction is in the synthesis of radio-

pharmaceutical preparations.
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d. Fluorescent x-rays. Fluorescent x-rays are emitted from

excited atomic states having a hole in an inner shell. The energy of these

x-rays is characteristic of the atomic properties of the emitter. X-ray

fluorescence can be used to measure in vivo or in vitro the concentration of

certain elements. There are already established techniques for measuring the

trace-element distribution in biological materials in vitro, using electron or

proton beams for the excitation of fluorescence. These techniques are valuable

in recognizing the roles of important trace elements. The in vivo applications

are relatively recent. For example, one can measure the iodine content of

the human thyroid gland by x-ray fluorescence.

e. Neutron-activation analysis. It is a highly sensitive method

for the detection of trace elements developed over the past two decades. It

was also found to be useful for imaging of the distribution of certain elements

in vivo. In this procedure, individuals receive a dose of neutrons generated

from a cyclotron or reactor; the induced radioactivity is then analyzed by a

whole-body counter or scanner. This method can determine important variables

such as whole-body potassium content in humans. Imaging the distribution of

potassium allows visualization of the muscle masses. It can be used also to

determine the neutron dose received by nuclear-accident victims.

3. Radiation Therapy

New machines, e.g., microtrons, are being developed to produce electron

beams more p.ff iciently. Several kinds of heavy-particle radiations are

expected to have therapeutic advantages because they are more effective than

the conventional radiations against tumor cells that are anoxic, or because

the radiation can be more closely confined in the patient. Accelerated heavy

ions, pions (certain short-lived particles produced at high-energy accelerators),

and fast neutrons are being studied. Also, interest has revived in therapy

with the particles emitted following slow-neutron capture in boron compounds

administered to the patient. Usually the initial trials of these radiations

use radiation machines that were built for other purposes. The machines have

to be modified to produce and control radiation beams suitable for medical use.

The RBE of the heavy particles changes with their energy and with the

absorbed dose. The use of this fact may result in new treatment planning.

Conventional planning consists of drawing a map of the part of the body in

the treatment field and marking on it the doses to be delivered. The dose

alone are adequate for x and gamma rays or electrons because their RBE is

almost constant. But the changes in RBE for heavy particles may make the

doses alone an inadequate way to plan the treatment.

Conventional treatment planners are actively studying and developing

changes in their methods for other reasons. The CT scanners give a mass

of data not previously available on the location and composition of the tissues

in each individual patient. Recent advances in computers have made it feasible

to consider calculating a treatment plan for each individual based on that
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information. The desirability of accurate individual plans has been under-
lined by studies that show small changes (of the order of 10%) In the dose may
have serious consequences: too low a dose may mean treatment failure; too
high a dose may mean side effects. Developing the new systems requires two
major research efforts: (1) methods for determining dose fields in inhomo-
geneous bodies, and (2) efficient computer algorithms for putting the methods
into practice.

4. Analysis of Molecular and Cellular Structure

Basic research in physics has led to numerous techniques and instruments

for unraveling the structure of matter, including the biological cell and its

constituents. The knowledge of the structure, both at the molecular level

and at the cellular level, is a prerequisite for the full understanding of

the cell behavior under all circumstances, and notably under exposure to rad-

iation. A classic example of physical instrumentation is the x-ray diffraction

method; indeed, it was by the most imaginative analysis of x~ray diffraction

patterns that Crick and Watson determined the molecular structure of DNA.

We can now name a number of techniques, all stemming from current physics

research, that are likely to contribute to the structure analysis of the

biological cell and its constituent molecules in greater detail. These tech-

niques include electron microscopy, electron-impact spectroscopy, x-ray

absorption spectroscopy, x-ray fluorescence microanalysis, Auger-electron

spectroscopy, photoelectron spectroscopy, small-angle neutron scattering,

channeling and blocking of charged particles, and cytofluorometry. And

there are many other techniques likewise conceivable. All these techniques

are promising in one way or another, and will suit diverse purposes in the

vast problem area of structure analysis. Yet, those techniques require further

research in physics for some years to come to fruition, i.e., the routine use

by biologists and chemists. Furthermore, entirely new possibilities will

certainly emerge from frontier physics research. For these reasons, basic

studies aimed at instrumentation development are amply justified.

In what follows, we shall discuss some of the techniques and instru-

mentation with emphasis on merits and problem areas.

The microscopy and microprobing by the use of high-energy electrons are

well known. With the advent of field-emission electron sources in the last

decade, electron beams of diameters of a few A (10~8 cm) are now realized and

used for scanning microscopy and microprobing of some materials. In this way,

the resolution has been brought to an unprecedented level, at which photo-

graphic images of even single atoms have been taken, although those atoms

have to be heavier than bromine at present. Application of the technique to

biological molecules is hampered now by the excessive dose, necessary for good

imaging, which causes structural changes in a specimen. Further research is

needed to reduce the dose for imaging. The use of protons or ions instead of

electrons may lead to other possibilities.
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Another example is x-ray absorption spectroscopy. High-resolution

absorption spectra of various materials are now being taken by use of new

photon sources, most notably synchrotron radiation sources. The spectra are

rich in information about electronic structure, which dictates chemical prop-

erties. For instance, the spectra show much structure at photon energies

near inner-shell ionization thresholds. Very close to the thresholds one sees

manifestations of the electronic structure due to atoms neighboring the atom

from which a photoelectron emerges. At higher energies, one sees an effect

of interferences of photoelectrons from many atoms, which is called EXAFS

(extended x-ray absorption fine structure) and provides the knowledge of geo-

metrical arrangements of the atoms concerned.

The study of electrons emerging as a result of photoabsorption or

charged-particle impact opens up other possibilities of better structure-

analysis methods. Auger electron spectroscopy, photoelectron spectroscopy,

and electron energy-loss spectroscopy are examples in this area. The electron

spectroscopy in general involves measurement of energy distributions of

electrons emerging from materials, under external agents such as photons,

electrons, or ions. The energy distributions reflect the electronic structure

and some aspects of chemical binding, in unprecedented detail. So far most

of the applications of this technique have been limited to those samples

that can be held in high-vacuum, thus excluding the biological cell.

However, attempts have been made to obtain electron spectra from liquid sur-

faces, although at modest success so far. We believe that further research

in this area will bring an instrument highly useful for biologists.

Still another example is the small-angle neutron scattering. Intense

beams of neutrons at energies much greater than those from current nuclear

reactors will be available from new sources by use of accelerators now under

construction at several laboratories in the U.S., U.S.S.R., and in Western

Europe. These neutrons provide a new method for structure analysis,

especially for the determination of the position of hydrogen atoms, which

are virtually impossible to be seen by x-ray or electron methods.

We have already pointed out the advent of synchrotron radiation in the

context of x-ray absorption spectroscopy. The synchrotron radiation is also

useful for diffraction analysis. The synchrotron radiation is intense—

indeed much more intense than conventional x-ray sources, at longer wave-

lengths, and is also pulsed in time. By use of these virtues, we find a new

possibility, i.e.. following in time structure changes of biological molecules

due to chemical reactions or other external perturbations. Indeed, some

details of the enzyme action have been elucidated by use of this technique.

Finally, channeling and blocking of charged particles by crystalline

materials should be mentioned. When charged particles penetrate through

matter with regular crystalline arrangement of atoms, the energy loss of the

particles depends sensitively upon the direction of incidence with respect to

the crystalline structure. This recognition is about two decades old in
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physics, and has been used to elucidate structure of many inorganic materials.
We now expect that a further development in this area will bring forth another
new tool for biological research.

III. OTHER PROBLEMS RELATED TO RESEARCH ON THE BIOLOGICAL EFFECTS OF

IONIZING RADIATIONS

Research into the biological effects of ionizing radiations is an inter-

disciplinary field, and as such, needs the active collaboration among many

scientists, including physicists, chemists, mathematicians, and biologists.

Physical scientists should participate along with life scientists in the plan-

ning, execution, and analysis of experiments studying the effects of radiation

upon biological systems.

In order to provide an adequate supply of highly qualified scientists

trained in the related multi-disciplinary fields of radiation physics, radia-

tion chemistry, and radiation biology, education in these fields should be

stimulated in many ways, such as fellowships and postdoctoral appointments.

Provision should also be made to encourage interaction among active scientists:

sponsorship of conferences and attendance at the conferences, and opportunities

to spend periods of time at active universities and research laboratories away

from the scientist's home base. Finally, international cooperation through

organizations such as NATO, IAEA, and UNESCO should be fostered, because

expertise and resources in the U.S. alone may not be adequate to accomplish

all of the urgent goals in physics research necessary for the full under-

standing of radiation effects, let alone the goals pointed out by other Clusters.

IV. SUMMARY AND CONCLUSION

Thorough elucidation of the biological effects of ionizing radiation

requires full participation of physical scientists, together with life

scientists; in other words, it will be a fruition of interdisciplinary efforts.

Without recourse to this approach, whose necessity we have pointed out in

various contexts, research into the biological effects of ionizing radiation

will fail to achieve the maximum effectiveness. Therefore, a key point in

the federal research strategy will be to ensure involvement of all physicists

actively engaged in radiation research and to recruit more physicists for

work in this area.

Many new developments in physics, both basic and applied, will occur in
dosimetry, spectroscopy, and other physical techniques for studying radiations
and their interactions with matter in general. Together with the current rapid
development in data-handling methods by use of computers and miniprocessors,
experiments in radiation biology will be made more precise and accurate in the
near future, provided that the outcome of contemporary physical research is
to be fully used. Likewise, physics research will continue to provide new
kinds of radiation sources and other instrumentation, indispensable for progress
in life sciences and their applications.
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Finally, and most importantly, physical research has provided, and will
continue to provide, the soundest possible basis for elucidating detailed
mechanisms of molecular and cellular processes that lead to the biological
effects of radiation. Even from this point alone, it is amply clear that
basic research in radiation physics should be a key element or the federal
research strategy.
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APPENDIX: Outline of Agenda Developed on 7 November 1979 by the Physics
Cluster

I. Fundamental Scientific Questions

A. Multidisciplinary nature requires mathematics, physics, chemistry,
and biology together at the most basic level.

1. Radiation effects are a perturbation of the normal biological

system; one must study normal and perturbed systems.

2. To understand complex biological systems one needs to understand

first the much simpler atomic and molecular processes, both

normal and perturbed.

3. One of the roles of physics, after understanding and quanti-

tating simple systems, is to synthesize logical models that

describe behavior of more and more complex biological systems.

B. Physics research essential to progress in biological effects of

radiation.

1. Primary energy transfer from radiation to matter, especially

condensed matter.

2. Time sequence and spatial distribution of secondary radiation-
induced events.

3. The progression of the radiation-induced events into the molecular

damage, eventually reflected biologically.

4. Effects on the above process due to physical differences among

various kinds of radiaton.

5. Complete understanding of these phenomena will require input

from diverse fields of physics: atomic physics, molecular

physics, nuclear physics, thermodynamics and statistical physics,

kinetics, and physics of condensed matter.

C. Physical characterization of radiation exposure

1. Conceptual translation of the fundamental information to biol-

logically relevant parameters. Present dosimetry system, based

on absorbed dose and LET, needs improvement or replacement.

2. Improvement of dose-distribution information, including radiation

quality, inhomogeneiiies, tissue variations, and size of

domain, including micron and submicron levels.
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3. Special problems of internal-radionuclide dosimetry.

II. Applied Physics and Technology

A. Radiation Sources

New radiation sources are becoming important, e.g., heavy ions,

synchrotron radiation, pions, exotic particles, space radiations.

1. New protection problems
2. New research opportunities

3. New therapeutic and diagnostic applications

B. Dosimetry

1. Improved dosimetry methods and instrumentation

a. Solid-state dosimetry, passive and active

b. Chemical systems

c. Improvement of traditional systems, e.g., calorimetry,

ionization
d. Search for new systems, e.g., lyoluminescance and liquid

xenon

e. Biological dosimetry methods

f. Indirect methods of dosimetry, e.g., spectroscopy

g. Time-resolution dosimetry methods

h. Instrumentation for dose-pattern measurement

i. Technology of dose-distribution calculations

j. Mixed-radiation dosimetry

2. Problems where improved dosimetry is needed

a. Personnel monitoring—low energy neutrons, beta rays, low-

energy photons

b. Dosimetry of radionuclides incorporated in the human body,

location and quantification, e.g., plutonium particles in

the lung

c. Methods for population dosimetry—background levels, nuclear

accident, medical exposures, and civil defense

d. Environmental dynamics of dose or activity distribution

patterns, local and global

e. Dosimetry of other environmental agents that may synergize

with radiation

f. Dosimetry for epidemiological studies, retrospective and

prospective

g. Incorporation of dosimetry information into decision-making

in various fields—radiation emergencies, risk estimation,

and medical patient management
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h. Improved radiation treatment planning

i. Standardization and quality control of dosimetry measurements.

C. Physics Contributions to Radiation Applications

1. Diagnostic radiology

a. CT scanning and imaging

b. Reduction of population dose through advanced imaging

technology

c. Source improvements such as magnification radiography and

heavy-ion radiography

2. Nuclear medicine

a. Three-dimensional scanning

b. Time-dependent dynamic imaging

c. Use of radioactive beams

d. Use of fluorescent x-rays

e. Neutron activation methods

f. New in vitro assay methods

3. Radiation therapy

a. New radiations, e.g., neutrons, heavy ions, and pions

b. Improvements in radiation treatment planning, e.g., three-

dimentional inhomogeneities, CT scanning, and interactive

therapy

c. Mixed modalities—high and low LET, chemical sensitizers,

chemotherapy, surgery, hyperthermia

d. modeling of biological data for radiation therapy

4. Analysis of molecular and cellular structure

a. Soft x-ray, electron and heavy ion microscopy

b. EXAFS—extended x-ray absorption fine structure

c. X-ray and particle fluorescence microanalysis

d. Auger and photoelectron spectroscopy

e. Small-angle fast neutron scattering

f. Cytofluorimetry

g. Channeling and blocking of charged particles

III. Problems in the Implementation of Research of BEIR

a. Need for interdisciplinary approach-physical scientists

should participate in planning, execution, and analysis of
biological experiments
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b. Education of highly-qualified scientists for radiation
physics and related multi-disciplinary fields should be
stimulated by fellowships, postdoctoral appointments, etc.
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F - Physics

Outline for Research Topics

I. Fundamental Scientific Questions.
A. Multidisciplinary in nature-require mathematics, physics,

chemistry, and biology together at most basic level.
1. Radiation effects are a perturbation of the normal

biological system-one must study normal and perturbed
systems.

2. To understand complex biological systems one needs to
understand the much simpler atomic and molecular processes
both normal and perturbed.

3. One of the roles of physics, after understanding and
quantitating simple systems, is to synthesize logical
models which describe behavior of more and more complex
biological systems.

B. Physics research essential to progress in biological effects of
radiation.
1. Primary energy transfer from radiation to matter, especially

condensed matter.
2. Time sequence and spatial distribution of secondary radiation-

induced events.
3. The progression of these radiation-induced events into the

molecular damage, reflected biologically.
4. Effects on the above process due to physical differences

between various kinds of radiation.
5. Complete understanding of these phenomena will require input

from diverse fields of physics, atomic physics, molecular
physics, nuclear physics, thermodynamics and statistical physics,
kinetics, physics of condensed matter,...

C. Physical characterization of radiation exposure
1. Conceptual translation of above fundamental information to

biologically relevant parameters. Present dosimetry system,
based on absorbed dose and LET, needs improvement or replace-
ment.

2. Improvement of dose distribution information, including radiation
quality, inhomogeneities, tissue variations, and size of domain
including micron and submicron levels.

3. Special problems of internal radionuclide dosimetry.
II. Applied Physics and Technology

A. Radiation Sources.
New radiation sources are becoming important, e.g. heavy ions,
synchrotron radiation, pi mesons, exotic particles, space radiations.
1. New protection problems
2. New research opportunities
3. New therapeutic and diagnostic applications

B. Dosimetry.
1. Improved dosimetry methods and instrumentation.

a. Solid state dosimetry, passive and active
b. Chemical systems.
c. Improvement of traditional systems, e.g., calorimetry,

ionization.
d. Search for new systems, e.g., lyoluminescence, liquid

xenon. ,
e. Biological dosimetry methods.
f. Biophysical; analysis of exposed biological systems.
g. Indirect methods of dosimetry, e.g., spectroscopy.
h. High time resolution dosimetry methods.
i. Systems with similar response to biological systems.
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F - Physics

j. Instrumentation for dose pattern measurement,
k. Technology of dose distribution calculations.

2. Problems where improved dosimetry is needed.
a. Personnel Monitoring-low energy neutrons, beta rays,

low energy photons.
b. Dosimetry of radionuclides incorporated in the human

body, location and quantification, e.g., plutonium
particles in the lung.

c. Methods for population dosimetry-background levels,
nuclear accident, medical exposures, civil defense.

d. Environmental dynamics of dose or activity distribution
patterns-local and global.

e. Dosimetry of other environmental agents which may
synergize with radiation.

f. Dosimetry for epidemiological studies retrospective
and prospective.

g. Incorporation of dosimetry information into decisionmaking
in various fields-radiation emergencies, risk estimation,
medical patient management.

h. Improved radiation treatment planning.
i. Standardization and quality control of dosimetry measurements.

C. Physics Contributions to Radiation Applications
1. Diagnostic radiology

a. CT scanning and imaging.
b. Reduction of population dose through advanced imaging

technology.
c. Source improvements such as magnification radiography,

heavy ion radiography.
2. Nuclear Medicine

a. Three dimensional scanning.
b. Time-dependent dynamic imaging.
c. Use of radioactive beams.
d. Use of fluorescent x-rays.
e. Neutron activation methods.
f. New in-vitro assay methods.

3. Radiation Therapy
a. New Radiations-neutrons, heavy ions, pi mesons.
b. Improvements in radiation treatment planning, e.g.,

3-dimensional inhomogeneities, CT scanning, interactive
therapy.

c. Mixed modalities-high and low LET, chemical sensitizers,
chemotherapy, surgery, hyperthermia.

d. Modeling of biological data for radiation therapy.
4. Analysis of molecular and cellular structure

a. Soft x-ray, electron and heavy ion microscopy.
b. EXAFS-Extended X-ray Absorption Fine Structure.
c. X-ray and particle fluorescence microanalysis.
d. Auger and photoelectron spectroscopy.
e. Small angle fast neutron scattering.
f. Cytofluorinetry
g. Channeling and blocking of charged particles.
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III Problems in the implementation of research of BEIR
a. Need for interdisciplinary approach-physical scientists should

participate in planning, execution, and analysis of biological
experiments.

b. Education of highly-qualified scientists for radiation physics
and related multi-disciplinary fields should be stimulated by
fellowship, postdoctoral appointments, etc.
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DISCUSSION FOLLOWING THE PRESENTATION

Physics
Mitio Inokuti, Ph.D.

DR. GALVIN: Jim Galvin, from the hospital of the University
of Pennsylvania.

It seems that the new word that has come up a number of
times at this meeting is the word "interdisciplinary". I don't
disagree with the point that you made, but I would like to say
that the interdisciplinary approach has been going on for
quite a while,, that there are medical physicists working
in the hospital setting, working very closely with the life
science people, and that a lot of the projects that were
reported on are the outgrowth of that effort. The training
is ongoing, and the people putting the effort in that area
are ongoing. I thought maybe you could comment on the role
of the clinical physicist that does exist and is active.

DR. INOKUTI: Oh, yes; I quite agree.

DR. WYMER: My name is Sheldon Wyner. I'm with the Occu-
pational Safety and Health Administration.

You showed a slide which represented some Monte Carlo
calculations that have been made, apparently, if I understood
it correctly, with respect to the propagation of electrons
through, presumably, tissue.

DR. IMOKUTI: Through water.

DR. WYNER: I see,

I wonder if you could tell me to what extent Monte Carlo
calculations have been made in reference to other kinds of
radiation, in this context? And to what extent if any they
have been validated?

And if any of this other stuff has happened, to what extent
these calculations have been carried beyond the nolecular inter-
action level.

DR. INOKUTI: I guess I'll take up the question in several
parts.

First of all, you asked about the Honte Carlo calculations,
whether the calculation of that kind has been done for other
materials. That answer is yes. The**e are many examples of
Monte Carlo calculations done in many other materials, but
most of the calculations are' still done on pure substances
and I have not seen any very good work on mixtures.
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Physics
Mitio Inokuti, Ph.D.

DR. KIM: John Kim, Harper Grace, Detroit, Michigan.

I'd like to make, first of all, a comment about the
physicists in general. They really excel in creating new
radiation sources, and coming out with all kinds of instru-
mentation.

I'm a physicist myself by training, but we all know that
they don't do quite well in biology. And I think your comment
on the last part, that we need interdisciplinary approaches
to educating physicists, not just in physics, but in biology and
chemistry, is an excellent one.

I have taught students myself. I have tried to create an
interdisciplinary course. It's not easy. If I recall when I
was a graduate student there was a hierarchy among the phy-
sicists. High energy physicists used to think that they were
the tops. And then you come down to the solid state physicists.
And then they looked down at the molecular physicists -- or
they called it chemistry then. Then they looked at biologists
and said, "What is that?" This has changed enormously, of
course. There has been evolutionary changes in the way we
think in a good direction.

I suspect this kind of thing persists also in the medical
world, from discipline to discipline. I'm not sure. In any case,
this also relates to the person who actually made a comment about
the fact that we have a whole bunch of physicists in hospitals
nowadays, some of them call themselves clinical physicists or
medical physicists.

I would like to point out that among physicists we have a
great deal of variety in terms of their competency, level of
understanding -- even in physics, let alone biology. So I
think the need to have some physicists collaborate and make
a genuine effort to interact with biologists and physicians
at all levels -at the fundamental research level — to under-
stand the complicated bionolecular mechanises, all the way
to the area where we have to worry about the reduction of
doses by improving the technology, whatever that may be. Of
course, usually technology is motivated by money making, I
suppose. It's very complex.
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Physics
Mitio Inokuti, Ph.D.

So I'd like to point out that the term "interdisciplinary"
in itself is not all that bad. In fact, that's probably the
only way we can make any contribution. And the physicians and
chemists and biologists who do not consider themselves physi-
cists -- I'd like to point out the frustrations some physicists
feel, because sometimes it's very hard to communicate • "th them.
Therefore, HIH or some other government aqency which has some
money should create as ma y learning sessions as possible, to
have a little group therapy. This would be a good first stage
towards a more interdisciplinary approach.

Thank you.

DR. INOKUTI: I appreciate your comments.

OR. MOSSMAM: My name is Ken Mossman, fron Georgetown
Universi ty.

The basic theme of your presentation referred to ionizing
radiation -- I'd like to no ovc- to non-ionizing ,'atliation, par-
ticularly ultrasound. Ultrasound, of course, has heen used fre-
quently in medicine. And one of the major problems* of course,
in trying to understand the biological effects of ultrasound,
is the proper dosimetry, and the quantitation of dose. What
do you personally, in your cluster group, consider as the major
problems in trying to properly define dosimetry in the context
of ultrasound?

DR. INOKUTI: Our cluster did not address that question.

DR. STRUDLER, NIOSH: A comment on that: There is a com-
mittee very similar to this writing a report very similar to
the report for ionizing radiation - for non-ionizing radiation,
that is called the BEfilR Report, as opposed to the BEIR Report.
It is being chaired by Howard Clark from the Department of
Commerce.

I'm sure if you go over to the Telecommunications Policy
Information Administration, they will tell you what they are
doing. I know they are considering the problems of ultrasound
in their report and in their research strategy.

DR. BAUM: John Baum, from the Brookhaven National Lab.
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Physics
Mitio Inokuti, Ph.D.

Could we go back to the previous questioner who asked about
the Monte Carlo calculations; I think Dr. Inokuti didn't under-
stand part of the question. It related to, had other ions been
used. Of course, you realize that a number of heavy ions have
also been studied and the calculations have been compared with
various experiments. And there is good experimental agreement.

DR. INOKUTI: Thank you.

DR. THIER: Any other questions or comments?

Yes, sir.

MR. GOLDEN: Robert Golden. Walter Reed Army Medical Center.

As a physicist in a diagnostic department in a hosoital, I
find that I'm using equipment to measure personnel exposure that
normally is calibrated to primary X-ray beams. We use this
equipment also to measure our exposure from scattered radiation.

I feel, and I've felt for a long time, that there's quite
a discrepancy between the two, and we don't have the instruments
or the means to properly characterize the scatter radiation that
we're exposed to. I wonder what's being developed to give us
something better than half-value layers since we can't really,
measure half-value layers easily for scattered radiation -- what's
coming along to get a better handle on the scattered radiation.

DR. THIER: Dr. Inokuti or Dr. Sinclair might want to
respond to that. The question was what things are coming
along to improve the ability to measure dosimetry in people
rather than the things which we have now, which are calibrated
for direct radiation? Is that a fair, quick synopsis?

DR. SINCLAIR: I think maybe he's referring to the one
remark I made about total-body dosimeters, biochemical tech-
niques of one sort or another. At high doses, of course,
there have been various ways to do this. At lower doses,
the most promising technique looks like the two-dimensional
electrophoresis which as I said is being developed in a
number of laboratories and has a lot of potential for deter-
mining and assessing new products in the urine that result
from damage to one or another organ of the body. We don't
know how sensitive it is going to be.

DR. THIER: Dr. Inokuti, did you want to comment?
(No answer)
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DISCUSSION FOLLOWING THE PRESENTATION

Physics
Mftfo Inokuti, Ph.D.

Yes, sir.

I guess by thisDR. KIM: I don't want to repeat my name.
time you know it.

DR. THIER: Thank you, Dr. Kim.

DR. KIM: I wonder if the answer was directed to the ques-
tion. I just, want to say something, as a practicing physicist
myself.

The scatter radiation, in terms of how it affects the image
quality is something else. However, as far as the assessing,
in terms of its importance in biological effects, or radiation
protection if you like, you can use TLD chips, put them around
the wall here and there. And at least you can have sone esti-
mate of where the doses are going. That's one very crude,
but practical way of doing it.

MR. GOLDEN: What I really meant was that the personnel
working in a diagnostic room, that is, the physicians, and the
technologists, who are exposed to mostly scattered radiation
from the patients. I find it hard to actually characterize
the effective energy of the radiation with the kind of ion
chambers that we have to measure it. I feel that there still
is a gap between the knowledge of what the detectors do for
the primary beam and the wide range of energies in the scattered
radiation.

I wondered if it is appropriate to use the detectors, the
ion chambers that were used for measuring primary beams as
appropriate for characterizing the scattered radiation, which
is, I believe, a different spectrum.

Thank you.

OR. SINCLAIR: I just alluded to that very briefly in my
talk, the fact that in connection with rendering film badge
dosimetry, which is done primarily for the benefit of the
individual to establish dose but is useful in prospect for
epidemiological studies and for evaluation of treatment, and
whether or not better ALARA is being practiced.

Primarily what we want to know there is the relationship
between the dectector and what it measures, and the dose to
the various organs of the body, taking these situations one
by one and fully documenting what the circumstances are.
And for the range of diagnostic radiation, which isn't that
broad, I believe that by no means impossible.
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Introduction

Among all the environmental hazards to which man is exposed, ionizing
radiation is the most thoroughly investigated and the most responsibly moni-
tored and controlled. Nevertheless, because of the importance of radiation in
modern society from both the hazard as well as the utilitarian standpoints,
much more information concerning the biological effects induced and their
modification and reversal is required. Together with radiation physics, an
understanding of radiation chemistry is necessary for full appreciation of bio-
logical effects of high and low energy radiations, and for the development of
prophylactic, therapeutic and potentiating methods and techniques in biological
organisms.

The necessity of understanding the chemistry of any system, biological or
not, that is to be manipulated and controlled, is so obvious as to make trivial
a statement to that effect. If any natural phenomenon is to be put to our use,
surely the elements of it must be studied and appreciated fully. In the pre-
liminary statements of the various panels of this general group, the need for
additional information on the basic radiation chemistry concerned in radiation-
induced biological effects pervades throughout.

This panel has considered the present state of radiation chemistry and its
relationship to radiation biology and has concluded that:

1) a continuation of support of traditional radiation chemistry is certainly
necessary to extend the base of knowledge;

2) it is necessary, however» to construct a radiation chemistry more
precisely focused on biological problems and responsive to the needs
of biological research, and directed toward bridging physics and
biology;

3) intimate cooperation (not consultation) bet.\»ĉ - chemists and biologists
studying particular chemical-biological problems together is absolutely
essential; and

4) the complex of sophisticated and frequently very expensive instruments
required for kinetic and mechanistic studies of these difficult problems
must be made easily available to them directly or through regional centers.

The following general statements are in support of the outline originally
conceived as the description of the ideas of the panel. The outline is attached
as Appendix I.

I. Very Early Chemical Events

The very early events involved in the deposition of radiation energy and the
transition into the time range in which measurable chemistry begins are among the
most difficult that have to be dealt with in physics, chemistry, and biology.
There are under discussion several physical models describing the nature of the
very early and most nearly immediate events following energy absorption and attempts
are made with these physical models to explain some biological effects of radia-
tion. It is recognized by this panel that delineation of the physical and very
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Space-time development of small isolated energy deposit (spur)
in a dilute aqueous system. In the prethermal time period
(t < 3 x 10~ 1 2 sec), phenomena involve electronic motion for
the most part; the ion-molecule reaction creating H3O4" and the
longitudinal relaxation of HgO require only proton motion. In
the post-thermal period, the species that have already been
created undergo diffusion-controlled reactions with each
other (indicated by the parenthesis on the left of the
equation).

early chemical effects and phenomena is required before explanation of induc-
tion of biological effects in physical terms is permitted.

The figure is a diagram that describes in terms of the events that occur
within them the time domains that must be accounted for. The very earliest events
for which good direct, experimentally derived numbers are available begin in the
region of 10~ 1 2 s. The genesis of the initial products of the interaction between
high energy radiation and water is quite clearly recognized. Much of the recent
"classic" radiation chemistry is directed toward an understanding of these events
In the domain preceding lCf"1* s direct observational information is not avail-
able, and study of events is a theoretical enterprise at the present time. It is
widely accepted that the physical deposition of energy from ionizing radiation
is established in about 1CT"-16 s and the notions concerning events between that
time and the observational times available (about 10~ 1 2 s) are obtained mostly by
extensions of interpretations of experimental data obtained at longer times. In
most theoretical descriptions, the geometrical distribution of the energy deposited
(called "track structure") has been the initial consideration of early chemical
events. Some models have been constructed to calculate the reactions during the
later parts of this interval when formation of the "initial track structure" is
occurring.
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Our knowledge of the very early events in the chemical stage, knowledge that
could help understanding of the chemistry of the later stages in which direct
observation can be made, can be served well by the availability of sources of
fast charged particles giving varying values of LET. Certain heavy particle
accelerators can offer a wide range of LET which make available a variety of
track structures; hence alteration of the spatial and temporal distribution
of "initial" chemical species is possible. Therefore, experiments can be set up
in which these variables can be manipulated, to serve as stepping-off places for
the theoretical studies of the earlier stages. Advancements in this area of
chemistry could conceivably support ideas of the nature of the initial physical
events occurring around 10~*6 S j a s well as describe the chemical precursors of
the later chemistry which takes place at lO"""1^ s or later.

Then, the difficult matter is before us of the distinction between the direct
induction of damage by the absorbed photon or particle on the target molecule of
critical importance (the so-called "direct" effect) and those chemical changes
induced on the critical molecule by secondary reactions with species generated
by absorption of radiation energy in the solvent. Again the theorists will meet
with the experimentalists at some place in space and time using not only the
conventional methods employed traditionally by the radiation chemist or radiation
biologist but also utilizing the large variety of geometrical modes of depositing
energy in the cell provided by using varying LET.

We note that the knowledge concerning these very early chemical events is in
its infancy and the relating of these badly understood phenomena to radiation
biology, of course, is not now possible. However, there is proximate hope that
our understanding of these can be improved dramatically when the experimentalist
can provide to the theorist information derived from short time studies with
beams of varying LET.

II. Kinetics and Mechanisms of Free Radical and Excited State Reactions -
Experimental Approaches

1. Steady state radiolysis and product analysis: In principle, this is the
simplest technique used in radiation chemistry. It requires only a
radiation source, a method for separating reaction products from each
other, and a method for identifying and measuring each of the separated
products. While most of the recent effort in the US has been with
pulsed techniques, steady state radiolysis studies on selected compounds
is well worthwhile, since radically new and powerful methods for separation
and identification have been developed during the past ten years (e.g.,
High Pressure Liquid Chromatography (HPLC), combined Gas Chromatography/
Mass Spectrometry, Raman spectroscopy and pulsed nror, among others.)
Mechanization and computer processing are required. These make possible
separation of even closely related products and their identification.
The number of compounds in even the simplest biological system is large,
and analyses required are difficult, but because of their importance in
radiation biology, these approaches must be encouraged.

2. ESR techniques for radical studies: Considerable progress has been made
in studying the radicals produced by photolysis and by accelerator
irradiation of systems contained in the cavity of an esr spectrometer.
In this way the number, relative abundance, and identity of radicals
produced on irradiation of many substances in solution have been deter-
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mined, some in the time-resolved mode. Furthermore, use of pulsed fields
and Fourier transform analysis is making possible signal averaging for
weak signals.

It is time that esr techniques be devised to investigate intact biologi-
cal systems. It is well known that radicals are responsible for some
of the radiation induced biological damage and development of the esr
techniques must be directed at recognition of the radical species that
are associated with the damaging processes.

3. Pulse radiolysis: For the past fifteen years, the principal effort in
radiation chemistry in the U. S. and Western Europe has been in the field
of pulse radiolysis. The immense power of this technique to detect
transient species involved in the radiolysis process and to follow the
kinetics of primary and secondary reactions is generally appreciated,
particularly as applied to simple aqueous systems. The basic radiation
techniques remain essentially the same, but different techniques are
being used to interrogate the irradiated material. Recent develop-
ments include resonance Raman investigation of molecular configurational
change after irradiation in time-resolved modes with picosecond resolu-
tion. The Raman studies exemplify how established analytical techniques
find new applications with electron and laser pulses, and can greatly
extend knowledge of physical and chemical kinetics after irradiation. In
addition, time-resolved electrical conductivity to measure formation
and reactions of transient ionic species, and fast polarography to inves-
tigate changes in redox states require development and application to
biological problems. Without these, our information store is grossly
incomplete. The use of fast-mix stopped flow devices in conjunction
with electron pulse generators is now a proven technique that is reveal-
ing information on short time scale reactivities of irradiated molecules
with other solutes. Of particular interest are the studies of 0_ and
other radiation sensitizers. The use of lasers as excited state gener-
ators in concert with electron pulse generators could add an important new
dimension to the study of radical/ion interactions in biological systems.
There is much promise in these approaches for fundamental information on
the chemistry of the sensitizing process.

4. Micellar systems: In a cellular environment radiation effects are com-
plicated by inhomogeneities in the medium and by the fact that a large
number of reactions inside the cell is taking place on surfaces and
within various membranes. Extensive study of photochemical and radiation
chemical reactions on micellar solutions has been under way for about ten
years, but these should be increased and extended to include reactions on
synthetic or natural membranes and other structured systems jin vitro.
This is an active area of investigation now, and support should be not
only continued, but should be expanded.

5. Oxygen effects: Studies on CU as a radiation sensitizer at the mechanistic
level are not nearly so numerous as the importance of the phenomenon
demands. O2 is the best of the known radiation sensitizers, and while
there is considerable attention being given to oxygen, singlet oxygen,
superoxide, peroxides and the like much more effort should be directed
to the irradiated cell and simulated cell inclusions, and the role of the
various forms of oxygen in increasing radiation response of these. The
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entire complex of transient generators and analytical instruments
should be utilized on a wide variety of test systems. The need for
explanation of the "oxygen effects" in basic terms is critical.

6. Energy transfer: Because of the high mobilities of electrons in
biomolecular systems, electron transfer processes are thought to be
one of the principal means by which absorbed energy is disseminated
among cellular constituents; these are not well understood. The
transfer and fate of positive ions are even less well understood. Such
processes can be studied by kinetic electrochemical, esr and spectral
techniques. Transfer of excitation energy may be equally important,
but much more difficult to detect and measure in complex systems. Our
knowledge about such phenomena will be increased by the use of pulsed
laser systems for studying specifically excitation transfer processes
in supramolecular systems. It appears to this panel that much of the
methodology for generation of specific excited states and that for
detection of these species currently being developed will be usefully
applied to studying this area of chemistry in the context of radiation
biology.

7. Chemistry of excited states: Scattering of high energy photons (gamma
rays) in biological substances produces about as many excited state
molecules as it does ion pairs, and the chemistry of these excited
states could be very important in regard to radiobiological effects.
But this subject, the role of the excited state, has not been very
extensively investigated, even though all techniques are available.
With electron pulses and lasers, the study of the chemistry of excited
states in solution together with free radicals (the condition that
obtains in an irradiated cell) is now possible to a high degree of
precision.

III. Application of Radiation Chemistry to Kadiation Biology

There are serious problems that require resolution before one can utilize
fully the extensive knowledge of the radiation chemists for the solution of the
complex problems presented by the irradiated biological organism. Over the last
thirty years, the radiation chemists developed a significant literature describ-
ing energy absorption and transfer and reaction mechanisms in the physico-chemical
domain. Most important are their contributions concerning the nature of and the
properties of the early radiolytic products of water created by high energy photons
and charged particles. Naturally, in order to gain the most precise information
the systems are rigorously defined and usually in dilute aqueous solution. Further-
more, to produce sufficient quantity of product and in as short a time interval as
is mechanically possible, very short exposure periods in the single shot mode are
used with high dose rates.

In. contrast, in radiation biology and in most clinical situations, the expo-
sure periods ordinarily are relatively long and the dose rates relatively low.
Any dose-rate dependent chemistry, then, will be different in the two instances.
Also, in long exposure periods, initial radiation products are being irradiated
while new radiation products are being produced, a situation which is rigorously
avoided in well-planned chemical experiments of the non-steady state variety.
In steady-state radiation chemistry, which has yielded much information by product
analysis, reaction rate studies are difficult for this reason.
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Low dose effects in biology present very special and difficult problems
for one attempting to explain the chemistry involved. Only recently have chemical
changes induced by low doses (order of a rad or two) been measured. This gives
promise that the radiation chemistry preceding the grave biological effects that
may follow low doses can yield to experiment. This important area of radiation
chemistry-biology up to now has received almost no attention.

Therefore, while this panel recognizes a serious need for continued and ex-
panded support of in vitro radiation chemistry, it should be of a nature some
different from that which has been done in the past. Much attention must be given
to low dose rate chemistry, as well as repetitive pulse experiments, to test
the properties of the products under conditions more like those in biological
experiments. Further, systems other than the single solute in dilute aqueous
heterogeneous and structured system, and attempts to simulate it in vitro to
measure the influence of concentration and structure are very badly needed.
In the biological area, experiments with very high dose rates must be encouraged
to relate if we can the chemistry that is known to occur under these circumstances.

This is not an appeal for diminution of effort using the techniques that
have been so fruitful in producing the extensive knowledge we have today on the
radiation chemistry of molecules important to the biological organism, but
rather one for an extension of these studies to the different experimental con-
ditions that the biologist must deal with. Obviously a progression through model
micellar and membrane systems noted above is one important route. The chemical
reasons why protectors and sensitizer.s act as they do will not be recognized
without these kinds of studies that are complementary to, and indeed arise from,
the radiation studies of the simple chemical systems. (An associated area is
the radiation chemistry of high LET radiation discussed above).

One should not infer from the above that radiation chemistry has not contri-
buted to progress in radiation biology. It is true that chemistry has. The role
that chemistry has played in the search for radiation sensitizers (RS) for use in
the radiation therapy of tumors is a good example of knowledge of free radical
reactions contributing towards advances in cellular radiation biology. It was
recognized first that the best RS have high electron affinity and that their
efficiency is critically concentration dependent. Next, a correlation between
sensitizing efficiency and redox potential of RS was demonstrated which was shown
to hold for a variety of cells. A relationship between toxicity and redox
potentials of RS was also reconized. These led to several organic sensitizers
that performed so well in cell studies that clinical tests have been initiated.
Thus guiding principles became available in the search for better RS, and more
efficient radiation therapy of tumors became a possibility.

Also it was recognized that not all of the known KS fall into the category
of redox sensitizers. Some metal complexes that act as anti-tumor drugs have
demonstrable radiosensitizing action. Radiation-induced local release of
cyanide from dyes apparently inhibiting emzymic repair in cells, and metal
complexes introduced new angles in radiation sensitization.

Additivity and synergism between two or more RS have also been observed,
suggesting further improvements in radiation therapy of tumors. Yet, for these
complex- systems we do not have predictability. In this particular instance
sophisticated mechanistic studies are urgently required.
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Very complex chemistry is associated with increased radiation sensitivity
in the presence of metal ions. Metal ions are present also as environmental
pollutants; there is the possibility that low radiation dose effects can be
potentiated by them, leading to an increased incidence of delayed effects in
human populations living in a metal contaminated world- Testing all metals
and their complexes for their radiation biological effectiveness is an enormous
task, and any progress on mechanisms of their action that suggests generaliza-
tions could result in prompt identification of the dangerous ones. Here, pulse
radiolysis and chemical studies of unstable and highly reactive lower and higher
redox states of these substances are essential for an understanding of the
basic chemistry involved in their interaction with biological molecules and
free radicals.

High hopes for chemical restitution of radiation damage, though promising
at first, have dwindled. Substantial radiation damage is not easily repaired.
But basic chemical reactions associated with chemical restitution in simple
model systems are understood. We know that -SH groups can transfer H atoms to
neutral free radical sites. We also know that charge transfer processes play
a role, e.g., in the repair of guanine positive ions. We do not know at
present which particular modes of damage are responsible for particular
biological effects and what is the interrelationship of enzymatic and physioco-
chemical repair of relevant lesions. It is unlikely that traditional radiation
chemistry studies alone will provide answers to these questions. Only a close
working relationship of radiation chemists and radiation biologists will result
in the necessary knowledge (see below),

Temperature effects too nust be more exhaustively studied. There is clear
evidence of substantial temperature influences on biological damage which must
have their roots in temperature dependent disturbances of the radiation physics
and/or chemistry of the ce.1. The need here initially is for a greater under-
standing of physical and chemical events in solvents at various temperatures in
liquid, frozen and glass conditions.

A decrease in tumor incidence in chemically induced carcinogenesis has been
observed when antioxidants or micronutrients are administered. It is possible
then that such agents may have a protective action against radiation damage.
Their mechanism of protection against chemical carcinogens is not clear but a
likely mechanism is inactivation of peroxy radicals or inhibition of formation
of peroxides and hydroperoxides. A search for a parallellism between those
reactions and the reactions of radiation-generated peroxy radicals and anti-
oxidants (or micronutrients) could be a benefit in both fields. Cellular enzymes
that inactivate peroxy radicals (SOD) or peroxides (catalase) are well known and
mechanistic studies involving reactions of peroxy radicals and enzymes (or
model system) are required.

The panel recognizes that free radical chemistry is important not only for
understanding model biological systems (which is the primary and most logical
approach) and the theoretical extension of these chemical reactions to biological
effects, but also a direct study of them in the irradiated cell is necessary.
While direct measurement of jln vivo lipid peroxidation (basically a free radical
process) has been made, technique in this area is lacking and requires extensive
development.
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The discussion above is confined to aqueous systems, but the importance of
radiation studies of pure chemicals in non-polar solvents must not be overlooked.
Many of the important structures in the living cell are non-aqueous, these being
responsible for such as cell enclosures, cytoplasmic membranes, nuclear membranes,
and non-polar regions of enzyme-molecules, among others. The nature of radiation
damage in these important cellular constituents and the way in which energy is
or is not transported or exchanged in these systems are of fundamental importance.
It is unfortunate that most of the attention in the past of those interested in
radiation chemistry - radiation biology has been directed to the aqueous system.
But it is understandable, of course, because water is such a large and obviously
important constituent of the cell. Now we must recognize that important energy
transfer is not necessarily an aqueous phenomenon only and our attitudes must
open and attention must extend to include non-aqueous systems as well.

And, perhaps most difficult of all, there is the problem of recognition of
the chemistry of the irradiated critical target molecule(s) in the cell;
specific biological end points must be correlated with damage in specific
targets, which damage is brought about by a special chemistry in the area of
the target. There must be intimate cooperation between chemists and biologists
in properly equipped laboratories to reach these difficult and distant goals.

IV. Availability of Instrumentation

The general goals recognized in the sections above can be reached only after
many scientists have had the opportunity to work on them. This panel believes
that the traditional methods of funding research roust be continued in order to
encourage independent work; but more attention must be given to an alternate
method of approaching these very grave and complex problems. The instrumentation
involved in even the simplest pulse radiolysis study is of such magnitude that
it is impossible to make it available singly to each investigator required for
this research; the instrumentation must be shared. The sharing must be done in
a manner that is fair and equitable and encouraging to the individual scientist
and in a way such that his independence is protected. This serious fact of
scientific life has been recognized by some agencies. The initial intent of the
National laboratories when set up by the AEC was that there should be much cooper-
ation and interchange between the laboratories and the external scientific community,
and in some instances these intentions have been fulfilled. It is not true, however,
that there are freely available high energy radiation and/or laser facilities to
the extent that there should be. The "open" laboratories dedicated to the outside
users and equipped for radiation chemistry - radiation biology are very few in
number. One example is the Lawrence Berkeley Laboratory, supported by DOE, that
has superb facilities for the study of high energy charged particles of many kinds.
The charter of the LBL includes the statement of intention that the Laboratory is
available to all properly qualified scientists asking appropriate scientific
questions. There is an active users group (national and international) open to
all scientists. Another, at The University of Texas at Austin, the Center for
Fast Kinetics Research, is constructed around two Van de Graaff accelerators in the
electron pulse mode and a variety of lasers producing low energy photons at various
wave lengths and at different pulse lengths. As LBL, this laboratory is dedicated
also to the service of all scientists, provided of course that the experiment is
a proper one for the facility; it is supported by The University of Texas and the
Biotechnology Branch of Research Resources of the NIH. (It is to be hoped that
the Synchrotron at Cornell expressly designed for production of synchrotron orbital
radiation will be an open laboratory of the type described above, enabling users
to exploit the very wide range of photon energies delivered in the pulse mode.)
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An important feature of the first two laboratories is that the applying
scientist does not have to become affiliated with an interested staff member at
the center or laboratory in order to do his experiment, nor must he be formally
appointed at the laboratory in order to qualify for time on the instruments.
The first will result in severe narrowing of the kinds of research done, since it
will be restricted to those interesting to the resident staff; and the second
will limit the visitors to those who can leave their home institutions for extended
periods. Ideally, the effective user laboratory will accommodate a number of
visitors with wide-ranging interests who visit frequently for short periods of
time.

These kinds of places must be supported fully if radiation chemistry and
photochemistry are to mean what they should to radiation biology and its under-
standing. For the number of persons required to attack these difficult problems
must be large and the number of laboratories with the necessary complex of
instruments that can be constructed and maintained must be very much smaller.

V. Concluding Remark

But the most important and urgent appeal of this panel is a general one:
that constant, enthusiastic support for basic fundamental research in radiation
physics, radiation chemistry and radiation biology must continue, and even
increase. It is aware of a drift in majority sentiment to more applied research
(ecological or clinical or whatever) with more public presence. The panel agrees
that there is a serious need for support of the applied kind of investigation,
but care must be taken to avoid expansions in that kind of activity at the expense
of support of those responsible for discovery of fundamental facts and ideas,
upon which all applied science must be built. There are many instances in the
presentation above where the need for support of a particular fundamental kind
of research is pointed out. And while frequently we might recognize how one bit
of basic information serves the practical area, that recognition must not be
allowed to become a sine qua non for justification of the fundamental research
we discuss.
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IDENTIFICATION OF AREAS OF RESEARCH IN RADIATION CHEMISTRY
FUNDAMENTAL TO RADIATION BIOLOGY

I. Very Early Time-Scale Events Preceding Chemistry

Relative importance of quality, ionization, excitation, and charge recom-
bination in model systems. Some of these processes can be studied only at the
theoretical level; but attempts should be made to correlate with experimental
studies. Such experimental studies will involve very early time-scale measure-
ments.

II. Kinetics and Mechanisms of Free Radical and Excited State Reactions

A. Experimental approaches
1. Steady state radiolysis and product analysis.
2. ESR techniques for radical studies.
3. Pulse radiolysis for characterization of properties of transients

(time resolved absorption and emission spectroscopy, conductivity,
fast ESR,. light scatter, etc.) in variable conditions in both
polar and non-polar media.

4. Chemistry of excited states as related f.o ionization processes
and photoionization (involving low and high energy photons).

B. Physico-chemical parameters of the formation and the reactions of
primary and secondary free radicals with biological molecules (e.g.,
nucleic acids, enzymes, etc.) irradiated in vitro.
1. Concentration of solutes in solvent (''direct" vs. "indirect"

effects) and organization.
2. State of organization and aggregation (micelles, membranes,

liposomes, solid state systems). Development of hetero-
geneous and organized model systems of increasing complexity.

3. Oxygen effects (peroxy radicals, super oxide radical, singlet 0-,
peroxides, etc.).

4. Electron transfer and energy transfer between and within biomole-
cules and model systems.
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III. Modifiers of Radiation Biological Effects

Radiation chemistry in_ vivo and in model systems in:

A. Enhancement

1. Radiation sensitizers in, and relation to, radiation therapy
(redox sensitizers, anti-cancer drugs, cyanide release,
synergisms, temperature, hypoxia).

2. Metal ions.

B. Protection
1. Chemical restitution (electron, charge and H atom transfer).
2. Effects of antioxidants and nutrients.
3. Enzymatic inactivation of 0_, peroxyradicals, peroxides (SOD,

catalase, etc.)
4. Metabolism and metabolites.

IV. Problems in Applying Radiation Chemistry to Radiation Biology That Must
Be Resolved

A. Very high dose rates within pulses not normally encountered in
radiation biology. Also dilute, homogeneous solution chemistry the
rule.

B. Studies on single and repetitive pulses ui vivo and in vitro in
comparison with steady state studies to allow specific inter-
comparisons between radiation chemistry and radiation biology.

C. Low does radiation chemistry required in vivo and in model systems.

D. Recognition of Importance of the radiation chemistry of non-polar
systems in radiation biological effects.

E. Detailed radiation chemical studies required of particular biological
end-points (e.g., mutation, cell lethality, tumor induction) with
recognition of the specific molecular targets and their radiation
chemistry.

V. Large Instruments for Study That Should Be Generally Available to
Scientific Public

A. Lasers (high power and various wavelength)
B. Electron pulse accelerators
C. High energy particle pulse accelerators
D. Synchrotron orbital radiation
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CROSS-CURRENT QUESTIONS

1. Can metal pollution of the environment conceivably affect MPL's because
low concentrations of metals do increase radiation sensitivity?

2. How can radiation chemistry contribute to the improvement of clinically
used radiation sensitizers of tumors and protectors of normal tissue?

3. • Can improvements in human nutrition alter radiation sensitivity?
Are there cell models that are useful?

4. How can interaction and cooperation between Radiation Chemists and
Radiation Biologists, which have been sadly lacking in the U.S., be
specifically encouraged?

5. How can the relationship between radiation chemical changes in a biologi-
cal molecule and the biological expression of this change be better
understood?

6. How in general can we use cellular systems with biological end-points
in the application of radiation chemical knowledge in biology?

7. How can any of the biological effects of radiation (mutagenesis,
carcinogenesis, cell death, transformation, and many others) be better
understood by involving radiation chemists and their chemistry directly
in the experiments?

225



L



G - Chemistry

Outline for Research Topics

IDENTIFICATION OF AREAS OF RESEARCH IN RADIATION CHEMISTRY
FUNDAMENTAL TO RADIATION BIOLOGY

Among all the environmental hazards that man is exposed to, ionizing
radiation is the most thoroughly investigated and the most responsibly
monitored and controlled. Nevertheless, much more information concerning
the biological effects induced and their modifications and reversal is
required. Together with radiation physics, an understanding of radiation
chemistry is necessary for full appreciation of biological effects of
high and low energy radiations and for the development of prophylactic,
therapeutic, and potentiating methods and techniques in biological organisms.
This group has identified the following general areas of radiation chemistry
for which extensive support should be considered to realize these goals.

I. Very Early Time-Scale Events Preceding Chemistry
Relative importance of ionization, excitation, and charge recombina-

tion in model systems. Some of these processes can be studied only at the
theoretical level; but attempts should be made to correlate with experimental
studies. Such experimental studies will involve very early time-scale
measurements.
II. Kinetics and Mechanisms of Free Radical and Excited State Reactions

A. Experimental approaches
1. Steady state radiolysis and product analysis
2. ESR techniques for radical studies
3. Pulse radiolysis for characterization of properties of

transients (absorption and emmission spectroscopy,
conductivity, fast ESR, light scatter, etc.)

4. Chemistry of excited states as related to ionization processes
and photo ionization (involving low and high energy protons).

B. Physico-chemical parameters
1. Concentration of solutes in solvent ("direct" vs. "indirect"

effects) and organization
2. State of aggregation (micelles, membranes, liposomes, solid

state systems)
3. Oxygen effects (peroxy radicals, super oxide radical,

peroxides, etc.)
4. Electron transfer between and within biomolecules and model

systems.
III. Modifiers of Radiation Biological Effects

A. Enhancement
1. Radiation sensitizers in, and relation to, radiation therapy

(redox sensitizers, anti-cancer drugs, cyanide release,
synergisms)

2. Metal ions.
B. Protection

1. Chemical restitution (electron, charge and H atom transfer)
2. Effects of antioxidants and nutrients.
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G - Chemistry

IV. Problems in Applying Radiation Chemistry to Radiation Biology That
Must Be Resolved
A. Very high dose rates within pulses not normally encountered in

radiation biology
B. Single pulses usually used in pulse radiolysis—perhaps not

applicable to radiation biology (repetitive pulse studies
required)

C. Application of knowledge from nonpolar systems required.
V. Large Instruments for Study That Should Be Generally Available to

Scientific Public
A. Lasers (high power and various wave length)
B. Electron pulse accelerators
C. High energy particle pulse accelerators
D. Synchrotron orbital radiation
At present, laboratories known to Cluster G that welcome outside

users are:
1. BEVALAC, Lawrence Berkeley Laboratory, Berkeley (particle pulses)
2. Center for Fast Kinetics Research, Austin (electron and laser

photon pulses)
3. Synchrotron Orbital Radiation, Cornell.
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DISCUSSION FOLLOWING THE PRESENTATION

Chemistry
Michael G. Simic, Ph.D.

DR. THIER: The report of the Chemistry cluster group is
open for discussion.

DR. TURNBULL: Conrad Turnbull, from the University of
Delaware.

I wanted to thank you for an excellent presentation.
I am too, a radiation chemist. I just wanted to point out
that many people in the medical field feel as though DNA is
the target molecule. But I think one of the things that has
been neglected these days is that other molecules intimately
associated with the DNA, such as histones, need to have much
more radiation chemical effort directed to them.

I think too
1 i ttl e work

DR. SIMIC: Yes. I fully agree with that,
much effort has been paid to HHA. We have very
done on proteins.

DR. TODD: Todd, Penn State.

To illustrate the difficulty with which chemistry inter
acts with biology in this field, I'd like to cite an example
from your paper, in which you asked, "Why not do dose rate
studies"?

The answer is, because cellular effects take place
such low radical concentrations that when we change the
rate from 10 rad per second to 1 0 " rad per second, you
don't see any differences unless you deplete the oxygen
centration to a few parts per million, for example.

at
dose
still
con-

DR. THIER: I'm not going to comment.

DR. SIMIC: I can comment. It depends on how you go
about it. First of all, it doesn't have to be oxygen concen-
tration playing a role in that particular case. If you
irradiate a tumor, you wouldn't have it. I can tell you
also that the dose rate should show some difference if you
had peroxy radicals playing a role. At very low dose rates
the peroxy radicals should engage in some chain reactions to
produce hydroperoxides and peroxy radicals; while at high
peroxy radical concentrations, you wouldn't get a reaction
like that.

There are a couple of papers in radiation chemistry
exactly demonstrating that. I don't know if anybody has looked
at that in biology. I am interested in that and I will try.
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DISCUSSION FOLLOWING THE PRESEMTATIOM

Cheni stry
Michael G. Sinic, Ph.D.

PR. BURNS: Fredric Burns, New York University Medical
School.

I'd like to explore just a little bit more of your point
about DMA. My understanding of the direct and indirect action
of radiation is pretty much as you described. There also is
a stronq thread in radiobioloqy that the interaction with
ONA, either directly or indirectly, is very much related to
biological effect.

riy question is, can you actually say that in the indirect
route, none of these, either radicals or their immediate radio-
chemical products, actually do interact with DMA?

DR. SIMIC: Well, I think if these radicals did not
interfere with DMA and do not contribute towards cell killing,
then I think various agents added to cells would not affect it
a great deal. We see, in fact, that some of the chemicals
effect by reducing the cell killing or increasing the cell
killinn, so maybe some of those reactions are associated with
the indirect effect. I would say that the radiation sensiti-
zors most likely are affecting the free radical reactions.

DR. KVA: When you talk about cells, it's not just DNA,
but it's all sorts of membranes. It's like a wall around the
house and a gate; some things can come in or cannot come in.
So maybe some of these free radicals miqht attack some other
parts of this little house, your own house -- that is, the
membrane, the living room, the dining room, and finally your
master bedroom, where your DMA might be. Am I correct? So
you do not have to have a direct attack on DNA all the. time.

DR. SIMIC: Well, I don't think I mentioned DNA in my
talk at all, I was very careful about that. It is true that
many other parts of the cell will be attacked. I'm saying,
again, this has been neglected. For instance, the study,
which we would like to see a great deal expanded, is exactly
that, to look perhaps at the membranes, the effects of radi-
ation on nembranes. I think it's extremely important.

There are various models for heterogeneous systems.
People have been engaged in studies of micelle, which are
absolutely beautifully amenable to this type of investiga-
tion, and some excellent kinetics and mechanistic conclusions
have come from that work.
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Cheni stry
Michael R. Simic, Ph.D.

on
You

cell?
should, I think, also look at the effects of radiation

The trouble is we don't have enouah radiation chenists
who are intimately associated with radiation biology. First
of all, there aren't that many of us, but those
assoriated with radiation M o l o g y are rare.

who are real 1y
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I. INTRODUCTION (Damage spectrum, cellular processing, and biological endpoints)

The biological consequences of ionizing radiation are initiated at the
molecular level. The normal functioning of even the simplest living cell
requires that tens of thousands of chemical reactions operate in coordinated
fashion. Ionizing radiation disrupts the operation of this complex system by
altering the detailed chemical composition of the cell and its sensitive control
elements. The energy of the ionizing events is of much greater magnitude than
that of chemical bonding so the chemical alterations which occur are generally
more complex than those experienced under normal physiological conditions.
Furthermore, highly reactive free radicals are produced that extend the spectrum
of damage and complicate analysis of the causes of subsequent biological effects.
In the course of evolution living systems have developed intricate enzymatic
responses to deal with many of the molecular alterations produced by ionizing
radiation and other deleterious agents in the environment- Our understanding
of the biological effects of ionizing radiation is necessarily coupled to a
detailed knowledge of the various repair systems than can operate to reverse
or modify the damage. The most serious biological consequences appear to
result from damage to the primary genetic material, the deoxyribonucleic
acid (DNA). Accordingly the basic research in this field has emphasized
cellular responses to damaged DNA. The topic of DNA repair has been treated
comprehensively in the proceedings of several recent conferences (1-3) and in
numerous reviews (cf. 4-8).

Research into the biological effects of ionizing radiation has received
considerable scientific effort over the past 30 years as fostered and supported
by the AEC(DOE) and other federal agencies. During this period a great deal
of information accrued of a cause-effect nature relating Ionizing radiation
exposure to a number of biological endpoints including lethality, mutation and
cancer. The studies have spanned the biological kingdom from viruses and
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prokaryotic organisms to large mammals. A principal difficulty in interpreting
these data at the molecular level lies in the fact that unlike ultraviolet
light and many chemical agents, that produce a fairly narrow range of damage
for which assays have been developed, ionizing radiation produces a broad
spectrum of currently non-assayable lesions in cellular components such as
DNA and membranes. Although the literature is replete with facts, most of
the information tends to be descriptive: specific ionizing radiation-induced
lesion(s) cannot be correlated with corresponding biological endpoint(s).
We do know of some specific radiation effects in DNA; single and double-strand
breaks and certain base alterations such as thymine glycols. However, most
of the methodologies that have been developed for quantification of specific
lesions produced by ionizing radiation are not adequately sensitive at
biologically significant doses. Some enzymological techniques are sufficiently
sensitive but these suffer from the fact that they have broad specificities
and the specific enzymes are not yet available in highly purified form.
Therefore, a research effort to understand the biological effects of ionizing
radiation necessitates development of sensitive new techniques, perhaps involving
immunochemical approaches, for quantifying specific lesions produced Jji vivo.
Concomitantly with the development of improved methodology for the recognition
and quantification of specific lesions, the spectrum of damage produced in each
of the crucial biological molecules must also be defined. These studies should
focus not only upon the principal target molecule DNA, but should also include
DNA-protein interactions, since DNA in the eukaryotic cell is complexed with
histone and other proteins. Furthermore, membranes should also be examined
with respect to the classes of lesions formed in them by ionizing radiation.
Lastly, it is important that the spectrum of lesions be delineated with respect
to radiation quality. Different radiation sources produce different spectra
of damage with consequent differences in biological effects.

Once the spectrum of damage produced in biological macromolecules has
been determined cellular processing of the specific lesions will become
amenable to investigation. It must be determined whether a particular lesion
persists in the molecule in question, whether it is repaired, either enzymatically
or non-enzymatically or whether it is modified. The processing of molecular
lesions will influence their biological consequences. For example, a
preponderance of easily assayed repairable lesions might be trivial with respect
to a particular biological endpoint, whereas persistent lesions produced in
very small numbers might constitute the relevant damage. Conversely, a
persistent lesion may turn out to be trivial, whereas a repairable lesion
produced in large enough numbers to saturate repair system capabilities might
produce the endpoint in question. These considerations lead directly to the
problem of which particular lesions produced by ionizing radiation are
responsible for lethality, mutations and/or cancer. Although, for the
reasons outlined above, these answers are difficult to obtain the highest
priority should be given to the development of methodology for quantification
of specific lesions.

Once this is accomplished it should be possible to lay the foundation for
determining which lesions produce designated biological consequences, possibly
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utilizing viral DNA probes which can be irradiated iii vitro or jtn vivo and
then assayed for specific lesions by the new methods, transfection and plaque
assays. It appears that in simple viral systems "base damages" make up the
majority of lethal lesions produced in DNA irradiated jin vitro. The particular
damage(s) in question must be delineated with respect to lethality as well as
other endpoitits and these studies must be extended to DNA irradiated in its
normal cellular environment, both in simple prokaryotic systems (to provide
models) but also in more complex systems. This approach can be facilitated
by comparative studies with chemically-produced or ultraviolet-produced lesions
which have been already correlated with particular endpoints. Further, the
use of mutant cell systems which have been demonstrated to be deficient in
the processing of particular lesions is useful for determining whether those
lesions are responsible for a particular biological effect.

The consideration of the repair of ionizing radiation damage is crucial
from several points of view. In order to predict low dose rate and low dose
effects, which effects are extremely important for the determination of
permissible doses for the general population as well as for oc.cupationally
exposed workers, it is essential to relate the processing of specific lesions
with respect to their biologically significant endpoints. Repair may be either
advantageous or disadvantageous; for example, a threshold effect at low doses
might be observed for cell lethality, but if a repair process is responsible
for the mutagenic or oncogenic event, an inverse threshold effect might be
expected for those endpoints. Also, low doses of radiation might induce
responses that are either beneficial or harmful, again depending on the
endpoint measured.

To understand the molecular mechanisms for repair of ionizing radiation
damage it is essential that an integrated approach be followed, whereby basic
enzymology is performed on systems for which genetically defined radiation-
sensitive mutants are available. Historically this approach has been
successful for elucidating the mechanisms involved in repair of ultraviolet
induced pyrimidine dimers. The use of genetically characterized bacteriophages
and bacteria, which are amenable to enzymology, should aid in establishing
direct connections between a particular repair process and the enzyme(s)
responsible for effecting it. For repair processes operative on chromatin,
a number of lower eukaryotic organisms are available as model systems, each
having particular exploitable advantages. For example, Saccharomyces
cerevisiae is better characterized with respect to radiation genetics than
any other eukaryotic organism, but particular genetic defects have not yet
been characterized biochemically. Other possible model systems for
examining repair relationships include slime molds for developmental aspects
and paramecia for aging. Further along on the evolutionary scale the classic
genetic tool, Drosophila melanogaster, is beginning to yield to biochemistry
vith the advent of tissue culturing techniques.
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II. REPAIR PROCESSES (Removal or Reversal of Lesions in DNA)

Cells in all living organisms, including nan, possess multiple enzymatic
mechanisms whose combined actions promote the restoration of radiation-damaged
DNA to a normal state. Three mechanisms have been identified to date: (i) ex-
cision repair of modified bases, (ii) rejoining of single-strand breaks, and
(iii) rejoining of double-strand breaks. The direct removal of alkylations
(e.g., demethylation) is an identified mode that is not relevant to radiation
damage. Excision repair is thought to proceed by the following coordinated
reactions: the damaged base is first removed as a free residue by a DNA
glycosylase (or sometimes it dissociates spontaneously); the resulting apurinic
or apyrimidinic (AP) site is then released by two sequential single-strand
nicks, the first catalyzed by an AP endonuclease and the second by an exo-
nuclease; a DNA polymerase then inserts new nucleotides into the ensuing gap
(a process termed repair synthesis), using the undamaged complementary strand
for base-pairing instruction; and finally the newly made and pre-existing strand
segments are joined by'a polynucleotide ligase. (1, 5). Certain types .of
radiation-induced damage to the sugar moiety (deoxyribose) in DNA may also be
corrected by a similar excision-repair mode. Single-strand breaks are believed
to be rejoined by "abbreviated" modes of excision repair (6, 7), the mode
dictated by the chemical nature of the strand termini. A minor fraction of
the breaks containing 3'-0H and 5'-PO4 end groups are presumably restituted
directly by polynucleotide ligase; most breaks, however, are not these simple
phosphodiester scissions, and their repair is more complicated, involving
exonucleolytic digestion to "clean the frayed ends", repair synthesis, and
strand ligation. Single-strand breaks are routinely measured under alkaline
conditions, and a fraction of those detected are therefore due to alkali-
labile lesions, in addition to the clean breaks in the phosphodiester backbone
(6). A fraction of these lesions, as mentioned earlier, is generated by the
repair of AP sites and presumably initiated by AP endonuclease action.
Double-strand breaks are sealed by a poorly understood process which most likely
involves recombinational exchanges between sister duplexes, since the rejoining
of these breaks in bacteria and yeast requires the presence of duplicated
chromosomes (homologous chromosomes or sister chromatids) (9).

All three repair mechanisms have been identified and characterized to
varying degrees in bacterial and mammalian cells while only the rejoining of
single- and double-strand breaks has been observed in lower eukaryotes such
as yeast (1, 6, 9). Our success, albeit limited, in elucidating the different
enzymatic reactions in these repair mechanisms has been largely accomplished
by comparing various hallmarks of DNA repair in normal and mutant (radiosensitive)
cell lines in different species in parallel with the isolation and characteriza-
tion of putative repair enzymes from various biological systems (e.g., human
placenta) (1).

Nonetheless, there remains much to learn about DNA repair, even in the
relatively simple bacteria. Little is known, in particular, about excision
repair of radiogenic base damage. Only one class of chemically defined radio-
products—namely, thymine glycols of the 5, 6-dihydroxydihydrothymine type,
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has been shown to be excised in Escherichia coli, and only DNA polyraerase I and
polynucleotide ligase have been implicated to date in their repair (10). £. coli
also seems to act on other, chemically undefined radioproducts in both host and
bacteriophage DNA but the participating enzymes have yet to be identified; these
presumed base and/or sugar defects are detected as radiation-induced sites in
UNA which are sensitive to damage-recognizing enzymes (DNA glycosylases and
endonucleases) present in protein extracts of Micrococcus luteus (11). Of
particular radiobiological significance is the DNA glycosylase isolated from
E- coli which acts on 7-methylguanine residues containing an opened imidizole
ring (12). Its primary intracellular function may be to initiate the repair
of ring-opened unalkylated guanine residues induced in DNA by ionizing radiation.
Undoubtedly living cells possess DNA glycosylases for recognizing other types
of radiogenic base alterations; their detection awaits the preparation of
suitable DNA substrates, each containing a specific class of modified bases.
Such DNA substrates would also be invaluable for screening different radio-
sensitive cell lines for the presence of the purported DNA glycosylases.

Numerous JS. coli radiosensitive mutants await charcterization. An under-
standing of the primary biochemical defect in each one will help piece
together the molecular basis for the harmful biological effects of radiation
in this simple system that has served well as the primary model to guide
exploration of DNA repair in more complex systems.

There is a paucity of information on DNA repair mechanisms operating in
yeast and Drosophila after radiation exposure. With the exception of the*
involvement of the rad52 gene product in the sealing of double-strand breaks,
the functionsof the gene products defective in the radiosensitive strains of
Saccharomyces cerevisiae have not been defined as yet (13). An activity
toward X-ray-induced alkali-labile sites in DNA has been purified from S.
cerevisiae, suggesting the presence of an AP endonuclease (14) and implying
that yeast possess an excision repair system to overcome radiogenic damage.
The detection of X-ray-induced DNA repair synthesis in Drosophila melanogaster
provides strong evidence for the presence of DNA repair mechanisms in this
lower eukaryote (15).

Thymine glycols are excised from DNA during post radiation incubation of
various human and rodent cell lines (16). Anomalies in the removal of this
class of radioproducts havebeen reported for skin fibroblasts from some patients
with Fanconi's anemia (FA) , a rare genetic disorder characterized by congenital
anatomical defects and hypoplastic bone marrow (8). M. luteus extract-sensitive
sites also disappear from the DNA of irradiated mammalian cells. Fibroblast
lines from some humans with the rare hereditary neurovascular disorder ataxia
telangiectasia (AT) are sluggish in the removal of these sites (17) while all
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mammalian cell lines examined to date are proficient in sealing both single-
and double-strand breaks (9). Several enzymes having properties consistent
with roles in the repair of radiogenic DNA damage have been partially
purified from numerous mammalian sources; these include AP endonucleases,
$ polymerases, and polynucleotide ligases (5, 18).

The study of DNA repair in mammals has been severely limited by the
narrow range of radiosensitive mutants currently available for analysis. To
date all of the radiosensitive cell lines are naturally occurring; that is,
they have been obtained from persons with certain rare genetic diseases
associated with predisposition to cancer and/or severe neurological complica-
tions (e.g. AT, FA, bilateral retinoblastoma, tuberous sclerosis, Huntington
disease) (19-21). Thus our research material is restricted to mutants which
permit the donors to at least undergo relatively normal embryonic development.
There is an urgent need to develop laboratory methods for selecting a wide
range of radiosensitive mutants, already available in prokaryotes and lower
eukaryotes. It would also be desirable to transform such mutants, thereby
ensuring their immortality as cell lines iji vitro. This would, for example,
permit enzymologists to grow the large quantities of cells required for
purification of repair enzymes.

Effect of Chromatin Structure. DNA in mammalian cells appears to be
structurally organized into nucleosomes consisting of core DNA (y 140 base
pairs wrapped around 4 pairs of histones) and linker DNA (̂  50 base pairs
relatively free of nuclear proteins). There is increasing evidence that both
the intragenomic distribution of some carcinogen-induced damage and the
remedial action of repair mechanisms can be influenced by this first level of
chromatin organization (4, 7). Reaction products of many radiomimetic chemicals
are confined to linker DNA. On the other hand repair synthesis occurs randomly
throughout the entire genome in y-irradiated human lymphocytes, suggesting
that radioproducts are repaired with equal efficiency in core and linker DNA.
However, a multitude of questions remain to be answered. Do different repair
enzyme systems operate on radioproducts in linker DNA than in core DNA and,
if so, what is the relative efficacy and fidelity of each (see below)? Does
the association of core DNA with proteins locally stabilize the DNA and
thereby facilitate the rejoining of double-strand breaks?

Within a given eukaryotic species, different cell types often exhibit
greatly different capacities to repair DNA damage, presumably arising from
changes in the pattern of gene expression during different stages in develop-
nent. In general, the overall rate of serai-conservative DNA synthesis decreases with
increasing cellular differentiation, and this change is often associated with
a reduced ability to perform various DNA repair responses. Such terminally
differentiated cells as myotubes and neurons are less proficient at repairing
the lesions induced by various carcinogens, including ionizing radiation and
radiomimetic chemicals, than are their proliferating ancestral cells (7). It
would appear that mammalian genes coding for repair enzymes may be switched
on and off at critical stages in development. Understanding the control of
their expression promises to help clarify the underlying, mechanisias leading
to the somatic effects of radiation.
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Efficacy and Fidelity. Central to a fuller understanding of the role
of DNA damage and its repair in mutagenesis and carcinogenesis is a quanti-
tative assessment of the accuracy of repair processes in restoring damaged
DNA sites to normal structure and function. It is of high priority to measure
with great precision both the percentage of the total damage amenable to
repair (efficacy) and the frequency at which errors are introduced by the
repair processes themselves (fidelity). The assays used to monitor excision
repair and strand rejoining indicate that the efficacy of these repair
mechanisms is very high, since even after supralethal doses of radiation to
living cells over 90% of the single- and double-strand breaks are closed and
in excess of 70% of the base and sugar defects disappear from the DNA (9, 10,
17). However, these assays tell us little about the fidelity of the repair
processes. This shortcoming is particularly true for the trr -*-- iiid-rejoining
mechanisms; the conventional methods, involving velocity pcd'tw• •."-itlnc of the
extracted DNA in sucrose gradients, simply measure the ead- co~*u. rejr.ion of
broken strands and provide no data on the rate at which *•<• ct -..a* defects
are generated during the course of rejoining. It would bi >̂ o onative, for
instance, to know how often the wrong strands are linked tc*.*.ute.L- durine the
closure of double-strand breaks.

Two promising research avenues in the assessment of the efficacy and
fidelity of repair mechanisms are (i) physical (e.g. thermal elution chroma-
tography on hydroxyapatite) and biochemical (e.g. digestion with S^ endonuclease)
analyses of the structure of radiation-damaged sites after repair has run its
course and (ii) measurement of the relative yields of radiation-induced
mutations at sites containing each class of radioproducts (9, 22). The
outcome of these suggested studies will profoundly influence our insight into
the biological effects of radiation when it is delivered at low dose rates
and in low doses. As a case in point, determination of whether the repair
processes are error-prone or error-free would shed light on the presence or
absence of thresholds for the somatic and genetic ill-effects of radiation.

Viral Probes. Viruses are useful biological tools for probing the actions
of DNA repair mechanisms in bacterial and mammalian cells (23, 24). The
ability of living cells to support the reproduction of carcinogen-inactivated
virus, a phenomenon known as host cell reactivation (HCR), is a sensitive
assay for measuring the capacity of cells to repair DNA damage. The observed
enhancement in virus reproduction by treating host cells with a carcinogen
prior to their infection with a DNA-damaged virus [denoted as induced virus
reactivation (IVR)] raises the possibility of inducible responses to DNA
damage in cells as discussed below. Quantitation of carcinogen-induced
mutation yields in viral DNA Can provide information on the efficacy and
fidelity of repair mechanisms operative in the host cells.

To date, both HCR and IVR have been largely investigated using far
ultraviolet light as the DNA damaging agent. However, ionizing radiation
has been selected on occasion; for example, human fibroblasts have been shown
to perform HCR on X-ray damaged Herpes simplex virus and y-ray damaged
adenovirus (23). Mutation studies in bacteriophage-infected E,. coli indicate
that IVR is mediated at least in part by an inducible error-prone repair
•echanism. Whether IVR is as highly mutagenic in mammalian cells remains
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unresolved. Thus far the answer seems to be "yes" for monkey kidney cells
but "no" for human fibroblasts (23, 24). Data are urgently needed on IVR
in which the virus and/or host cell are damaged with ionizing radiation;
such information may be critical for an understanding of the mutagenic and
carcinogenic potential of radiation.

Although not regarded as use of virus as probe, ic has often been suggested
that carcinogen-inactivated virus may be gainfully employed to select for DNA
repair-deficient mutants in mammalian cells since such mutants, unlike normal
cells, would not be expected to repair damage to viral DN£ tnd would therefore
survive infection with the crippled virus. Viruses may also oe utilized to
obtain established (transformed) cell lines from mammalian <"iploid cells.

III. EFFECTS OF PHYSIOLOGICAL STATE ON RECOVERY RESPONSES

It is an established principle of radiobiology that the effects of ionizing
radiation are influenced by the states of growth and/or differentiation of the
cells comprising the various tissues or organs of the organism. For example,
some of the tissues most affected reproductively by radiation are those in
which cellular division is required for normal function (e.g. bone marrow,
spermatogonia, and intestinal crypts). The organs of atomic bomb survivors
most involved in subsequent cancer included blood-forming cells, stomach,
lung, and breast. Thus, there is a tissue or organ specificity for the
oncogenic effect of radiation on human beings. Although cell culture experiments
indicate that irradiated cells held in a non-growing state for a day or so after
irradiation exhibit higher survival and less transformation than do irradiated
cells whose growth is not hindered, the molecular bases for such phenomena are
far from clear.

There would appear to be at least thrue general lines of research that
should lead to a better understanding of the relationship of particular
biological endpoints to the physiological state of the irradiated cell. These
are: (i) Characterization of the molecular events responsible for the increased
survival and decreased malignant transformation that the non-growing state
confers on irradiated cells (For example, the relation of the time course of
DNA repair to the period of growth suppression should be determined.);
(ii) Research toward the goal of understanding the similar biological and
molecular phenomena occurring in cells of different tissue types belonging
to various organs. (Many specialized cell types are difficult to grow and
research effort toward their successful culture would be an essential part
of this approach.); and (iii) Efforts to link biological differences between
the cells from radiation produced tumors and the (normal) cells from the
tissue or origin of the tumor to the molecular events in (i) and (ii). This
would be a long-term program leading ultimately to molecular understanding
of the role of cell differentiation or growth state in modulating tumorigenesis.

IV. CONDITIONED RESPONSES

It is now well-established in bacterial systems that there are inducible
responses to damage in the genetic material that are activated by the same
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agents that produce the damage (4) . In the classical phenomenon of Weigle
reactivation it was shown that an ultraviolet irradiated virus is more likely
to survive if the host has also been irradiated. However, the higher survival
is obtained at the cost of an enhanced yield of mutants among the survivors.
The mechanism of this so-called "SOS" recovery phenomenon appears to involve
tolerance of persistent photoproducts (pyrimidine diners) rather than their
removal. We know that the inducible response includes the stimulation of
synthesis of the recA gene product which has also been implicated in genetic
recombination. However, we do not know the actual mechanism of the response
and its potential role in the host cell itself. Further research is needed
on the molecular mechanism of SOS recovery as well as on possible analogous
tolerance processes for the lesions produced by ionizing radiation. Recently
an adaptive response of bacteria to sublethal levels of the potent mutagen,
N-methyl-N'-nitro-N nitrosoguanidine, has been discovered. This response is
clearly unrelated to the SOS recovery phenomenon. The adapted cells exhibit
higher survival and lower mutagenicity when exposed to lethal concentrations
of the mutagen than do the non-adapted control cells. The molecular mechanism
of this conditioned response also deserves thorough study and there may even
be additional phenomena of this sort yet to be discovered. It is particularly
exciting and provocative that the Weigle reactivation phenomena have now been
demonstrated in mammalian cells (4, 23). Furthermore, low levels of ionizing
radiation can "induce" the enhanced viral reactivation and mutagenesis^as
noted in section II above.

An understanding of the phenomena of enhanced recovery in preconditioned
cells is highly important for a number of reasons. First, we should like to
know what sort of conditioning of the organism places it in the most favorable
position with respect to tolerance of an exposure to radiation. As a practical
application suppose that workers might be "conditioned" to better tolerate the
radiation exposure sustained during, the cleaning up of a radioactive "spill".
However, another perhaps more significant concern is the potential consequence
of the inducing treatment itself. Does it place the cells at increased risk
for oncogenic transformation? It is yet to be determined whether or not such
conditioning treatments markedly enhance the risk of cancer. A specific cause
for concern in this regard is the realization that in model bacterial systems
the conditioning treatments coordinately promote the induction of latent
viruses, such as phage lambda in J2. coli. By analogy low dose "inducing"
exposures to ionizing radiation may induce an oncogene or perhaps activate a
dormant tumour virus in humans. This is clearly a high priority area for
study and the research should be closely coordinated with that in the tumour
virus field.

V. FUNCTION OF DAMAGED TEMPLATES IN REPLICATION AND TRANSCRIPTION

It is essential that we learn fundamentally how the normal enzymatic
machinery of replication and transcription responds to the presence of a
lesion in DNA. If the lesion can be quickly and accurately repaired then it
may be as though it had never existed. But what if it is encountered by enzymes
of replication prior to repair? Can it still be remedied by the excision-repair
schemes or does it then constitute a non-repairable defect? If so what are the
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molecular consequences and the biological endpoints? At the simplest level
a permanent replication'block in the sole copy of the genome may be lethal,
but this need not be the only outcome. In addition to the inducible tolerance
responses cited in section IV above there are evidently recombinational schemes
for bypassing replication-blocking lesions in DNA. These strand exchange
mechanisms have been well documented for bacterial DNA containing pyrimidine
dimers but less conclusively proved for mammalian systems (1,-4, 6). There
is essentially no information on how replication forks in DNA are able to
circumvent specific lesions produced by ionizing radiation, if indeed that
is possible. In fact we do not even know what happens when a growing point
in DNA encounters a break in one of the parental strands. There is good
evidence that strand breaks do inhibit initiation of replication in the tandem
"replicon" units in the mammalian genome (25) and this phenomenon deserves
further study in its own right. It is curious that X-radiation which efficiently
produces strand breaks in DNA does not appear to similarly enhance the yield
of sister-chromatid exchanges in human cells (26), another phenomenon that
deserves study in relation to replication-blocking lesions.

With the recent dramatic development of DNA sequencing technology it is
now possible in principle to learn how replication systems behave at the sites
of specific lesions in defined templates. Thus, it has been reported that DNA
polymerase I from E_. coli is blocked one nucleotide before the site of a
pyrimidine dimer in the template DNA strand (27). Analogous studies should
be carried out with other polymerases and with templates containing base
damages produced by ionizing radiation. In particular it is important to
compare the activities on defined DNA templates containing known lesions, of
DNA polymerases like pol I that include an editing 3'-5' exonuclease activity
and typical mammalian polymerases that lack this proofreading function as an
intrinsic feature. A prominent model for the SOS recovery process involves
suppression of an editing exonuclease to permit replication, albeit error-prone,
through the damaged region of a DNA template (1, 4). The ultimate goal of
such basic biochemical experiments is to determine which responses are
beneficial and which deleterious to the irradiated organism.

VI. CELLULAR EFFECTS AND CELL TRANSFORMATION AS ALTERED DIFFERENTIATION

While the mechanisms of radiation induced cellular effects must ultimately
be defined at the molecular level, the molecular approaches should also be
guided by cellular level studies. A variety of temporal radiation effects
related to cell killing have been defined, and a range of biological endpoints
ranging from subtle cell cycle perturbations to chromosome aberrations have
likewise been defined. By temporal effects we mean those changes which if not
repaired lead to cell death. The second group of effects which are permanent
in nature were listed in our outline as mutagenesis, transformation, and
alteration of differentiation. While it is possible that this broad range of
biological effects could derive from a common mechanism, namely, structural
alterations in DNA induced by radiation, it is also possible, indeed likely,
that other mechanisms could be involved as well. Mutagenesis has been for
some time a primary focus of radiation effects because mutations in many
prokaryotic and eukaryotic systems can be defined and quantitated with relative
technical ease. While transformation of cultured mammalian cells has been
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achieved no comparable system exists for the analysis of an alteration of
differentiated cell functions. While mutagenesis is certainly sufficient to
account for the phenotypic alterations observed in transformed cells, it still
remains a very plausible alternative that many forms of transformation represent
heritable phenotypic changes that appear analogous to the transcriptlonal
regulation processes which occur during differentiation. The transformed
phenotype could result from the expression of heritable transcriptional
changes in cells without alteration in DNA base structure or sequence. It
is alternatively possible that the transformed phenotype could result from
the transposition of normal cell or retroviral gene sequences. We are just
beginning to learn the possibilities as the miracle of differentiation and
its control becomes revealed in molecular terms.

While a great deal has been learned through the use of mammalian fibroblast
cells, the transformed fibroblast may well not be analogous to transformation
in some stem cell-derived or differentiating cell populations such as
hematopoietic and epithelial cells in which blocking of terminal differentiation
is a plausible interpretation of the neoplastic state. It is, therefore,
important that the effects of ionizing radiations be studied in selected
differentiating cell systems. The technical limitation toward reaching this
end is in the culture techniques which at present do not allow cultivation
of stem and differentiating cell populations. Effort should be directed toward
improving cell culture technology, specifically to achieve long term maintenance
of stem cell populations and analysis of the differentiation characteristics
of these cell populations. Then the effects of radiation dose and quality
on the expression of the differentiated phenotype and of the transformed
phenotype should be assessed in these populations. Such studies are of basic
importance to cell biology in general and to an understanding of the cancer
problem in particular. Furthermore, they are appropriately suited to studies
on the effects of ionizing radiation since the dosimetry, quality of damaging
agent, and the quantitation of cellular recovery responses are being developed
to such a high degree.

VII. INTERACTION OF ENVIRONMENTAL FACTORS WITH IONIZING RADIATION

In this section we address the more complex issue of the modulating
effects of biological, chemical, and physical agents when combined with
ionizing radiation. It is complex because as emphasized in the preceding
sections we still lack understanding of the normal cellular processing of
specific radiation-induced lesions. The observed changes in biological
endpoints can be the result of interactions of these agents with any one or
several of an intricate series of steps from the initial ionizing event to
the ultimate consequence. However, research into the interaction of carcinogens
(viral, chemical, and radiation) is an important area of investigation because
the combined actions of these agents may increase risks of cancer in the human
population. An increase in virus-induced tumors has been reported for laboratory
animals treated in combination with chemical carcinogens. Recently, it has
been shown that both chemical carcinogens and ionizing radiation enhance the
capacity of oncogenic viruses to transform human and rodent cells. Increased
respiratory cancer in humans has been demonstrated among uranium miners who
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were heavy cigarette smokers, suggesting a possible synergistic effect between
irradiation and chemical carc/nogens. In cell cultures benzo(a)pyrene-induced
cell transformation is enhanced following pretreatment of cells with low levels
of X-irradiation. Observations such as these document the fact that interactions
between radiation, chemical carcinogens, and viruses exist and that such
interactions can be quantitated using appropriate biological assays.

A number of relevant topics are amenable to current research methods,
including: (i) Determination of the biological effects of exposure to other
agents on the cellular response to ionizing radiation: (ii) Determination of
the nature of the dose-response curve at low radiation levels and the establish-
ment of threshold/nonthreshold levels for different biological endpoints (cf.
28) ; Ciii) Direct determination of the modifying effects of agents on the
introduction of specific lesions and their repair in irradiated cells.
Additionally it would be useful to have correlative evidence on the nature of
synergistic (or additive?) responses between radiation and chemicals on DNA
damage and endpoints such as transformation or susceptibility to viral infection.
Increased emphasis should be placed on the use of synchronized populations of
cells in test systems as one possible means of simplifying the interpretation
of results of these studies.

Specific research topics and the rationale for their being recommended
for future investigations are presented below:

Activation of Viral Gene Expression. Evidence to date suggests that
some forms of radiation-induced leukemogenesis in mice might result from the
initiation of retrovirus synthesis followed by recombination between cellular
and viral nucleic acid sequences. These particles may infect susceptible stem
cells and reintegrate into critical areas affecting cell differentiation.
Endogenous virus sequences also are found in chickens and subhuman primates
and the possibility exists that those host mechanisms that control the
expression of these genes could be involved in the expression of host sequences
responsible for the neoplastic process. Therefore, even if the induction of
these endogenous viruses is not an essential event in radiation-induced
tumorigenesis, it may still provide a useful model for the effect of radiation,
on cellular gene expression since sensitive assays exist for detection of viral
gene sequences. In addition, molecular approaches are available for identifica-
tion of gene products that lead to the transformed phenotype. Research directed
toward the nature of the induction of viral gene expression by radiation would
provide valuable information into our understanding of fundamental biological
processes.

The response of cells chronically or acutely infected with viruses to
ionizing radiation is also an important health issue. It has been shown that
retroviruses in rodents are activated by radiation; in humans, clinical
observations have shown an association between exposure to sunlight and
activation of latent viruses harbored in epithelial cells. An important area
of investigation is to determine if cells—overtly or latently infected with
known human viruses—are in any sense resistant to radiation, are more
sensitive to radiation effects, or whether they respond by producing infectious
virus leading to the establishment of clinical disease.
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Enhancement of Viral Transformation. A need exists for more sensitive,
quantitative assays for the biological effect of low levels of radiation. The
enhancement of human or hamster cell transformation by DNA viruses has been
demonstrated with ionizing radiation, UV-radiation and chemical carcinogens.
This assay has proven quantitative and capable of detecting activity of
physical or chemical agents at dose levels significantly lower than those
reported for conventional cell transformation or mutagenesis assays. Studies
have shown that the carcinogen interaction with cellular DNA leads to an
increased integration of viral DNA into the host genome, thereby increasing
the probability of virus-induced cell transformation. Investigations need to
be conducted to determine whether these enhancement phenomena permit an
assessment of biological effects and dose response curves for radiation at
levels that are currently not detectable by other methods.

Viral or Chemical Interaction with DNA Repair Systems. Combined viral
and radiomimetic chemical treatment of cells in culture has generally not
elicited a synergistic response when measured either by induction of unscheduled
DNA synthesis or incidence of chromosome aberrations. However, the interaction
of certain radiomimetic chemicals and chemical carcinogens, shown to induce a
"UV-like" repair response has resulted in a modification of the repair pattern.
The combined treatment has led to reduced repair activity, additive effects,
or synergism depending upon the time interval between treatments. The effectr
of low or high levels of ionizing radiation on the repair activity induced by
chemical carcinogens needs to be explored. To what extent do some specific
lesions interfere with the repair of others? Does ionizing radiation exposure
result in direct or indirect inactivation of enzymes required for repair?
(If true, are these effects manifest in the biologically significant dose range?)
An enhanced frequency of chemical induced transformation has been correlated with
a deficiency in post-replication repair of DNA after ultraviolet irradiation
of rat cells containing a C-type virus (29). Do some virus infections interfere
with repair pathways? The answers to these questions should provide fundamental
knowledge at the molecular level concerning the role of multiple etiologic
factors in mutation and cell transformation.

Cocarcinogenic Interactions. A substantial literature exists on tumor
promoters (cocarcinogens); mostly in relation to enhancement of chemical
carcinogen-induced tumorigenesis. Tumor promoters are defined as agents, not
in themselves carcinogenic, that amplify the effectiveness of a known carcinogen.
The enhancement is often quite dramatic and can be demonstrated when the promoter
is administered long after the exposure to the initiator (carcinogen). This
has led to the view that promotion somehow increases the probability that an
initial "mutation" may be expressed to yield the transformed phenotype. The
diversity of substances that can function as promoters has suggested a diversity
of mechanisms for the phenomenon. Only limited information is available on
the interaction of tumor promoters and ionizing radiation. However, there is
preliminary evidence that a known tumor promoter does enhance X-ray induced
transformation in cell culture (30) so it is conceivable that tumor promoters
do interact with ionizing radiation. There are environmental workplace
situations where persons may be exposed to tumor promoters. Upon receiving
medical X-rays, would these people be at a higher risk for having subsequently
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been exposed to these compounds? This gap in our knowledge would justify the
support of studies to determine whether there is an experimental basis for
interaction of tumor promoters and ionizing radiation. The specific questions
to be answered are: Do cocarcinogens enhance the progression of ionizing
radiation-initiated cells to the endpoint of transformation or tumorigenesis?
If so, what is the molecular basis of this interaction? The results of this
research might well elucidate the mechanism of promoter action generally.

Interactions with Chemical Carcinogens and Radiomimetic Chemicals. Evidence
from whole animal carcinogenesis studies suggests that the effects of various
classical chemical carcinogens and ionizing radiation given together may be
either additive or synergistic. There is also considerable evidence that
certain carcinogenic hormones, e.g., diethylstilbesterol (DES) and ionizing
radiation act synergistically in inducing tumors (31). Research to study the
nature of this synergism would be valuable in several respects: It could
provide (x) information as to the molecular action of ionizing radiation and/or
carcinogenic hormones; (ii) information on how two agents interact at the
molecular level; and, (iii) data to confirm epidemiologic observations
indicating synergistic interactions between radiation and chemical carcinogens.

An important research goal is to compare the chemical nature of the DNA
lesions produced by ionizing radiation and by radiomimetic agents. If the
damage is chemically similar, it may be acted upon by the same repair enzymes.
Simultaneous or sequential treatment with ionizing radiation and radiontimetic
chemicals producing similar lesions could saturate repair systems resulting
in unrepaired and therefore persisting genetic lesions. This area of enquiry
underlines the need to catalogue the detailed lesions produced in the complete
spectrum of ionizing radiation events as emphasized in section I.

Interactions with Radiation Sensitizers and Protectors. Most of the
existing work on radiation sensitizers has to do with compounds which mimic
the radiosensitizing action of molecular oxygen in mammalian cells. These
compounds are known as electronophilic sensitizers. Many are nitrothiazole
and nitroimidazole derivatives and they appear to work through the fixation
of target radicals by oxidation. There is a sizable literature on the
interaction of radiosensitizers and ionizing radiation covering work in whole
animals and in cultured mammalian cells (32). These studies focus on the
field of radiation therapy in which compounds are sought which will sensitize
tumors to ionizing radiation, while not causing significant damage to the
surrounding normal tissues. With regard to radiation protectors, almost
all of the in vivo and in vitro studies have been concerned with radical
scavengers. There is an extensive literature on sulfhydryl compounds and
other radical scavengers. One possible new area of study could be the
development of other types of radiation protectors based on different
mechanisms than simple OH-radical capture.

Hyperthermia. The use of hyperthermia in conjunction with ionizing
radiation in cancer therapy has been investigated extensively. Although
there have been a few studies attempting to define the effect of hyperthermia on
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repair systems, the only general conclusion than can be drawn is that hyperthermia
appears to slow down the repair process. This effect may be due to the heat
lability of repair enzymes or it could be simply a reflection of the temperature
optimum for the affinity of repair enzymes for their substrates. Further research
is needed to clarify the mechanism of repair inhibition by hyperthermia and
how it applies to repair of each type of lesion produced by ionizing radiation.

VIII. GENETIC ALTERATION OF CELLULAR RADIATION RESPONSE

The era of genetic engineering is already with us. We should consider
the possibility of genetic engineering to improve the outcome of the interactions
of ionizing radiations with man.

Because the most important effects of ionizing radiation on humans seem
to be mediated through the genetic material, DNA, the primary objective of
research along this line should be to augment the mechanisms by which the liUA
is naturally protected from damage, i.e., endogenous radioprotection modes
and enzymatic repair mechanisms. Serious research into endogenous radioprotection
has been done in the past and there is still some effort along these lines.
Improving the repair responses, however, is the "wave of the future" with which
we are principally concerned.

Humans sensitive to ionizing radiation have been identified. The outstanding
example is ataxia telangiectasia (AT). Cells from AT patients are unif'ormly
sensitive to ionizing radiation, compared to cells from normal individuals and
a defect in excision-repair has been detected in the cells from some AT patients
(17). Other groups of humans with less marked sensitivity to radiation have
also been identified; in them no firm link to repair mechanisms has yet been
established. Nevertheless, the time is ripe for preliminary investigation into
the genetic sites, i.e., nucleotide sequences, that may be defective in AT
patients and for attempts to repair this defect, using recombinant DNA technology.
The initial studies in this area must involve gene mapping and the identification
of specific gene functions by classical somatic cell genetic techniques.

It is possible that the first repair gene cloning efforts should be
attempted with cells from individuals with the classical form of repair
deficient genetic disease, xeroderma pign.antosum (XP) (1, 8). The reason
for this is that the genetics of this disease are better understood than
are those of AT: seven complementation groups for XP are known. Although
at this time there is no hint of the molecular basis for this complexity,
a "breakthrough" with XP seems more likely than with the AT system. Futher-
more, the direct complementation of the XP defect has already been demonstrated
by the introduction into permeabilized cells of a specific repair enzyme coded
for by the T4 bacteriophage (1, 4).

This kind of investigation, when successful, may be only the beginning.
It is well known that some organisms, both prokaryotic (e.g., Micrococcus
radiodurans, (33) ) and eukaryotic (e.g., Dictvostileum discoideum (34) ) ,
possess repair systems that allow them to withstand extremely large doses of
ionizing radiation (approximately 500,000 rads) without loss of viability.
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It is certainly premature and outlandishly "blue-sky" to plan seriously for
the cloning of genes responsible for this remarkable radioresistance and for
their use in humans, but it is not too early to consider this as a goal for
the future.

IX. SUMMARY AND RECOMMENDED PRIORITIES

Research focused upon an understanding of the cellular responses to
the molecular effects of ionizing radiation should be an essential program
component in the Federal Strategy for Research into the Biological Effects
of Ionizing Radiation. The ordering of priorities within this area should
be roughly the sequence in which we have presented researchable topics above.

Although we know that DNA is a principal target molecule for some highly
significant biological effects of ionizing radiation we need to learn which
other target substances such as membrane components may also be important.
Most of the emphasis should continue to be on DNA affects and highest priority
should be assigned to the identification of the complete spectrum of products
produced in DNA. This will require the development of new specific assays
with increased sensitivity. Lnmunological approaches appear particularly
promising. Once the lesions are known we can proceed to determine how these,
behave as blocks to replication and transcription or as modulators on the
fidelity of these crucial processes. Which lesions are repairable and which
not? What alternative pathways for repair exist and what are the detailed
enzymatic mechanisms in these pathways? In the absence of repair ( or in
spite of it) what responses does the organism have to persistent lesions?
Which tolerance mechanisms for lesions are constitutive and which ones are
inducible (by the damage itself, or perhaps by other conditioning treatments
that the organism may receive)? Are any of the above mechanisms intrinsically
"error-prone" and therefore mutagenic/carcinogenic? To what extent is faulty
repair responsible for deleterious biological effects? We need to distinguish
at the biological level between those effects which are direct consequences of
the lesions and those that result from attempts of the organism to cope with
them.

New cellular systems should be developed to aid in the analysis of
molecular effects. High priority should be given to the search for mutants
in mammalian cell systems with evident defects in the processing of specific
lesions. Studies need to be carried out with differentiating cell populations
and this requires the development of cell culture methodology for stem cells.
We need more information on the differences in response to ionizing radiation
in the cells from various specialized tissues and organs as well as on possible
changes in repair response with development.

Viruses should provide important tools for the research in this area, as
probes for host cell repair responses and also for the isolation of mutants.
Furthermore, it is important to consider the interaction of viruses and ionizing
radiation with regard to possible modulating effects on repair processes and
tumorigenesis. Ultimately, viruses may serve as vectors for the cloning of
genes for repair enzymes and their expression to complement genetic deficiency
in huraancells.
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Finally we must consider the important problem of the modification
of repair responses by environmental factors. We need to learn how chemical
interactants and physical agents enhance or inhibit the operation of cellular
responses to ionizing radiation. These studies at the cellular and molecular
level are fundamental to possible risk assessment and attempts to minimize
the adverse effects of ionizing radiations on human health.
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H - Molecular Effects: Interactions
with Chemicals and Viruses

Outline for Research Topics

A. Spectrum of Damage Produced in Crucial Biological Molecules (high priority)
1. DNA, chromatin, (e.g. protein-DNA interaction), other cellular

structures, (e.g., membranes)
2. Improved methodology for recognition and quantification of

specific lesions (e.g., immunochemical methods)
3. Dependence on radiation quality

B. Cellular Processing of Lesions
1. Unmodified, Persistent Lesions
2. Repaired (e.g., removed) lesions
3. Modified lesions

C. Correlation of Specific Lesions with Biological End Points
1. Comparisons with chemicals or UV-prcducing similar lesions,
2. Use of cell systems deficient in processing of damage (e.g.,

repair deficient cell lines)
D. Repair Processes (Reversal or Removal of Lesion)

1. Molecular mechanisms (integrated approach combining enzymology
with genetics)
Viral and bacterial systems
Lower eukaryotes - yeast, drosophila, etc.
Mammalian systems (more repair deficient mutants needed)

2. Viral probes
3. Role of chromatin structure
4. Effificacy and Fidelity

E. Effects of Physiological State on Recovery Responses
1. Growth state in relation to biological end points and repair.
2. Comparisons of different cell types (e.g., differentiated,

transformed)
F. Conditioned Responses

1. Models and mechanisms for inducible responses
2. Modifiers

G. Function of Damaged Templates in Replication and Transcription, (e.g.,
in vitro studies using defined, sequenced DNA containing specific lesions)

H. Cellular Effects
1. Amplify the range of end points
2. Increase the range of differentiated and mutant cell systems
3. Studies on heterozygotes - gene dosage effects

I. Cell Transformation as Altered Differentiation?
1. Testing of non-mutagenic mechanisms

J. Viral Interactions
1. Activation of Viral Gene Expression
2. Enhanced viral transformation
3. Interactions with DNA Repair Systems
4. Altered cellular response to radiation
5. Are there other intracellular nucleic acid interactants?

K. Chemical and Physical Interactions
1. Tumor promoters
2. Synergism with chemical carcinogens
3. Synergism with radiomimetic chemicals
4. Synergism with radiation sensitizers and protectant
5. Hyperthennia

L. Genetic Alterations of Cellular Radiation Response
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DISCUSSION FOLLOWING THE PRESENTATION

Molecular Effects: Interactions with
Chemicals and Viruses

Philip C. Hanawalt, Ph.D.

MS. CLUSEM: Are there questions or comments to
Dr. Hanawalt?

DR. 8USICK: Don Busick, from Stanford Linear Accelerator
Center.

Thank you for your remarks, Dr. Hanawalt, on basic
research, because I came to this meeting a little angry
about spendinq all this money on epidemiological studies.
So I would like to pass on that in my debates on the project
survival over nuclear power issues, it frequently came up
we can put a man on the moon, why can't we cure cancer in a
decade.

There are several other examples in physics like that,
but the reason we could do that is because the basic research
was done, in some cases as many as 200 or 300 years prior to
that event. With the advancement of technology and computer
sciences, that's the reason we could do it.

In biology -- I happen to be a biologist working in the
physics world -- I clearly understand that we don't really
know, we haven't approached the understanding that they have
in the physics world. In fact, we're probably 300, 400, to
500 years behind them.

MS. CLUSEN: That answer's a good one and one I will
remember Doctor, in defending the basic research part of my
own budget.

DR. KIM: John Kim, Michigan.

I wish Or. Hanawalt would go around as sort of an ambass-
ador for those peer reviewers who say -- for example, when
somebody submits a grant proposal involving a virus related
to carcinogenesis or mutagenesis -- the reviewer will say
something like, "What does a virus have to do with mammals"?
I hope you have more opportunities to talk more loudly to
all these people so that they won't be so intellectually, I
suppose, provincial.
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1. INTRODUCTION

1.1 Comments on status of the field

The important biological effects of ionizing radiation are mutagenesis,
carcinogenesis, and cell killing. Although a substantial body of qualitative
and quantitative data concerning these end points exists, a stage has now
been reached at which it is absolutely essential that the mechanisms whereby
radiation causes these events be characterized.

1.2 The importance of mechanistic studies

Why do mechanistic studies? Despite the fact that ionizing radiation
is the most studied biological damaging agent, there are no experimental
data concerning its effects at low doses such as it is possible to measure
with sensitive physical devices. Whereas harmful chemicals in the environ-
ment are biologically effective at concentrations which cannot be measured,
ionizing radiation can be measured at doses that are a tiny fraction of
those known to be biologically effective. For example, the physical
measurement of dose rates of a fraction of an mR per hour can be made, but
biological effects are only observable experimentally at 10 times this dose
rate. Public concern has recently arisen over the possible effects on man
of doses of a fraction of 1 rad. Very few direct biological experiments
can detect the effects of such low doses. Therefore, extrapolation to the
effects upon man of a fraction of a rad requires a theoretical framework
that is firmly based on an understanding of the mechanism of action of
ionizing radiation whereby mutations, malignancy, and cell killing are
produced.

Should more biological experiments be done? The present storehouse
of radiobiological data appears to be massive, but a need still exists for
identification of basic principles and systematic experimental designs. At
the same time the intrinsic complexity of biological system must be appreciated.
If we had a few reliable principles which clearly explained the mechanisms
whereby ionizing radiation produces mutations, malignancy, and cell killing,
continued experimentation with large numbers of laboratory animals would be
more efficient and rational in design. Such a set of principles would have
to have at least two characteristics: it must predict dose response relation-
ships at low dose rates, and it must provide a reliable framework in which to
make predictions of effects on man.

Many mechanistic studies have been done with cells, molecules, microorganisms,
viruses, etc., and examination of the literature of molecular radiobiology
indicates that a credible theoretical framework may eventually emerge. For example,
under a variety of specified conditions, the induction of chromosome aberrations
correlates directly with cell killing. The experimental data base still has too
many gaps to permit the development of comprehensive principles. Experimental
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and theoretical studies that deliberately cover variables such as cell type,
tissue type organism of origin, cell cycle stage, metabolic condition, etc.
are still needed.

Only a comprehensive and multifaceted approach that utilized information
and concepts derived from both in vitro and in vivo systems, attempts to
establish in vitro/in vivo relations, and has as its objective the revelation
of basic biological principles, will have much chance of success. An improved
understanding of mechanisms will increase greatly the confidence with which
radiation risk at "low doses" can be predicted, because the combination of
mechanistic studies, empirical data, and mathematical models utilize all the
scientist's tools to contribute creatively to this difficult problem.

1.3 Interacting agents

Ionizing radiation is not alone. A myriad of combined-effects studies
have made it very clear that other agents affect the action of radiation,
and radiation affects the action of other agents. Particularly noteworthy
is the simple fact that enormous increases in radiation induced neoplastic
transformation are seen upon post-irradiation treatment of cells at risk
with phorbol esters. The high incidence of lung cancer among smoking uranium
miners is also noteworthy. It is impossible to study experimentally the inter-
action of ionizing radiation damage with effects produced by all other environ-
mental and intrinsic modifying agents.

1.4 Recommendations

It is therefore reasonable to recommend that highly coordinated experimental
and theoretical studies on the mechanisms of radiation mutagenesis, transformation
and cell killing in man be undertaken with the principal goal of clarifying
mechanisms and providing principles by which it will be possible to predict levels
of effect on man and his cells and to use these predictables wisely in risk
assessment and clinical applications. In the paragraphs that follow the nature
of our present knowledge is summarized, gaps are pointed out, and the nature of
coordinated studies required to generate a mechanistic framework are outlined.
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2. MUTAGENESIS

2.1 Comments on status of the field

Many studies with irradiated plants and insects show a smooth linear
dependence of specific-locus mutation frequency upon dose, but experiments
with microorganisms and cultured cells are not so simple. Dose-rate
dependencies are not always consistent, linear dose-response functions do
not adequately describe most cases, and at some loci there is little or
no evidence for mutagenesis by ionizing radiation. Furthermore, the mechanisms
(transition, transversion, frame-shift, deletion, chromatid exchange, etc.)
may differ widely among loci and among treatment conditions.

Since it is practically impossible to obtain direct experimental data on the
induction of somatic mutation in man, an alternative procedure is to use human
and other mammalian cells in culture for somatic mutagenesis studies. On the
basis of observations on experimental animal tumors which become refractory to
antitumor agents, purine and pyrimidine analogues have been used as selective
agents to isolate spontaneous variant sublines from mammalian heteroploid cell
cultures. In 1968, chemical induction of gene mutations was demonstrated
independently in three laboratories, all using Chinese hamster cells. According
to these and subsequent studies the frequency of mutations affecting a variety
of phenotypes can be significantly increased by treatment of human and other
mammalian cells in culture with mutagenic chemicals and radiations. Experimental
induction of gene mutations in cultured somatic cells results in a variety of
variant phenotypes, including altered nutritional requirements, drug resistance,
and conditional lethality. Both forward mutation frequencies and, in a few cases,
reversion rates have been estimated.

2.2 Methods presently available

The techniques for handling mammalian cells in culture have depended
heavily on microbiological methods, and it is not surprising that the mutational
assays are also based on those developed for microorganisms. The choice of
material for study has, in the past, been largely determined by the ease of
culture of established cell lines, particularly those of rodent origin. Although
some work has been performed with mutations to auxotrophy, auxotrophs have limited
application for use in quantitative assays since they lack the advantages of
antimetabolite resistant mutants in providing a rapid selective method to identify
mutants. A number of mutagenesis assay systems based on reversion to prototrophy
are now available, but they have been subjected to limited study so far. The
HGPRT (hypoxanthine guaninine phosphoribosyl transferase) system is the one which
has undoubtedly been investigated in greatest detail.

Estimates of the rates of spontaneous mutations, mainly at the HGPRT locus,
have been published, but the rates in different mammalian cell lines and strains
appear to vary enormously, from 10~8 to 10"4

 p e r cell per generation. A number
of reasons, both biological and artificial, can explain these discrepencies.
Continued acquisition of knowledge leading to improved methods of mutation assay
will result in more reliable quantitative estimates as this young field develops.
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At least four cultured mammalian cell systems exist with which quantitative
data on mutation induction may be obtained on the basis of selection with purine
or pyrimidine analogues, i.e., HGPRT (resistance to 6-thioguanine or other purine
analogues) and TK~ (thymidine kinase deficiency or resistance to thymidine
analogues). These cell assay systems are: (1). The use of 6-thioguanine to study
mutation induction in Chinese hamster lung (V79), embyronic (DON) or ovary (CHO)
cell lines at the HGPRT locus, (2) the use of mouse lymphoma L5178Y cells in
suspension cultures for recovery of TK~ and HGPRT" mutants, (3) detection of
HGPRT mutants in human diploid fibroblasts, and (4) assay of HGPRT" mutants in
long term human lymphoblastoid cell lines. It should be noted that ionizing
raidations have been utilized to study both the dose-effect relations and the
types of mutations, in hamster and human cells. In addition to the HGPRT genes,
mutations at several other loci in human diploid fibroblasts have been found.
These include resistance to 2,6-diaminopurine, ouabain, a-amanitin or diphtheria
toxin, and the ability to use fructose. Furthermore, higher frequencies of
mutations than normal are induced by ultraviolet light or chemical carcinogens
in fibroblast cultures of DNA repair-defective xeroderma pigmentosum cells,
thereby implicating a role for DNA repair in mutagenesis.

2.3 The importance of mechanistic studies

The use of ionizing radiation for the induction of mutation in mammalian
cells is just beginning. Work is still needed to determine the dose-effect
relations. The ultimate goal is to confidently compare the in vitro estimates
of somatic mutation rates, both spontaneous and radiation-induced, with somatic
and germinal mutation rates in man. Equally important is the use of radiation
as a research tool to elucidate the mechanisms of mutagenesis and DNA repair
in general.

In order to extrapolate jLn vitro data for comparison with somatic and
germinal mutations ±n_ vivo, it seems desirable to use human diploid fibroblasts
or lymphocytes. However, cultured mammalian cells of nonhuman origin (i.e.,
rodent cells) may be applied because of obvious technical advantages. Using
the existing genetic markers, such as HGPRT, for which selective procedures
for both forward and reverse mutation are available and optimal conditions
for maximal recovery of potential mutants have been developed, studies to
answer several important questions may be suggested: what are the precise
dose-response relations, specially at the low dose levels? Is there a dose
threshold? What are the molecular characteristics of spontaneous and radiation-
induced mutations? What proportions of mutations selected on the basis of a
changed phenotype (e.g., 6-thioguanine resistance) are due to base-substitution,
frameshift or deletion? What are the effects of dose rate, dose-fractionation,
and types of radiations with varying LET on the induction of gene mutations
in culured mammalian cells?

2.4 Interacting agents

It is conceivable that biological and environmental factors could modify
the frequency and type of mutations induced by ionizing radiation. For instance,
different gene loci have been shown to have different mutability at different
stages of the DNA synthesis (S) period. This observation must be extended to
further demonstrate the possible cell-cycle dependence of radiosensitivity
as measured by mutation induction. The effects of chemical modifiers and
hyperthermia on radiation mutagenesis in mammalian cells need to be determined
and understood.
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Because of known difference of mutability among loci in experimental
organisms, it is imperative to develop mutation assay systems at loci other
than HGPRT in rodent and human cells. "Alien-addition" cell lines in which
one specific human chromosome is selectively retained in human-Chinese hamster
cell hybrids can be constructed and used with a potential advantage of assaying
a variety of mutational events such as point mutations, small deletions, and
chromosome loss. Mutation assays of irradiated mammalian cells as measured
at the protein level using two-dimensional gel electrophoresis and at the
nucleotide.level by restriction analysis could be developed and should be
pursued. Finally, the development of host-mediated or cell-mediated mutational
systems should be encouraged so that a wide range of modifying chemicals which
require metabolic activation may be properly screened in conjunction with radia-
tion in in vitro mutagenicity and carcinogenicity tests.

Two important aspects..of radiation mutagenesis should be emphasized:
(1) natural and man-made radiations do not operate in the absence of other
influences and (2) in addition to human risk estimates, studies of the mutational
effects of ionizing radiation could elucidate the process of mutagenesis.
Therefore, not only the interactions of radiation with physical and chemical
environment of the biological systems must be assessed, but radiation can also
be used as an important experimental tool to reveal the underlying mechanisms
of mutagenesis and DNA metabolism as well as the genetic control of these
processes.

2.5 Recommendations

Several lines of experimental approaches should be encouraged. First, the
use of human cells ±n vitro derived from patients genetically predisposed to
spontaneous or radiation-induced cancers may help to understand the genetic control
of mutagenesis and carcinogenesis.

Second, the use of specific repair-defective mutant mammalian cell lines
may aid in determining the role of specific repair processes in radiation
mutagenesis. These repair-defective cell lines or strains may be derived from
human patients with clinical syndromes or generated in vitro in established
cell lines. Third, we need to know if there is locus specificity in radiation
mutagenesis. Fourth, further correlation must be sought among gene mutations,
cytogenetic changes (including chromosome aberrations and sister chromatid
exchanges) and oncogenic transformation Jjl vitro.

The determination of biological effects of ionizing radiation in human
and mammalian cells ̂ n vitro has the ultimate goal of being extended to identify
and quantify similar effects in humans JLn vivo. Radiation-induced somatic
mutations observed in cultured cells should also occur in vivo. However, before
such extrapolations can be made with reliability and confidence, and difference
in mutation rates, between somatic mutation xn vitro and jLn vivo and between
somatic and germinal rates must be determined. Studies designed to determine
mutation rates at the protein or nucleotide levels should be encouraged. It is
hoped that an adequate mechanistic understanding can be developed so that ±n_ vitro
somatic-cell mutation data can be applied for an estimate of the germinal
mutation rates in man and that genetic risk of ionizing radiation may be reliably
estimated by utilizing cultured cell systems.
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3. CELL TRANSFORMATION IN VITRO

3.1 Comments on status of the field

The research described in the previous section involves the induction
of specific gene mutations in mammalian cells. Although there is strong
evidence to suggest that carcinogenesis has a mutational basis, there are
clearly many other factors involved in the phenotypic expression of such
mutations in the form of malignant tumors. Oncogenic transformation in
vitro is the process by which a cell with normal biochemical, cytologic
and growth characteristics is transformed into one with many characteristics
of a malignant cell, including its ability to form tumors upon reinjection
into syngeneic hosts. This is a complex process which is of particular
interest because, while the experimental system possesses the advantages
of an In vitro experimental model, it strongly resembles carcinogenesis
in vivo.

3.2 Methods and mechanisms

The process of transformation iji vitro requires time and cell
proliferation. It can be divided into several stages: these include the
initiation and fixation of radiation induced damage, a proliferative phase
of expression, and a quiescent phase of expression. Accordingly several
classes of factors involved in carcinogenesis can be studied: (1) factors
related to the initiation of radiation transformation are dose-response
relationships including dose rate dependence, effects of LET, chemical
modifiers and repair processes, and the relationship of transformation to
cytogenetic damage; (2) factors that influence the expression of transformation
in initiated cells; and (3) the interaction of radiation with environmental
conditions and chemical agents that may affect either the initiation or the
expression of transformation. Although in vitro cell transformation systems
have been available for the past 5-10 years, it is only within the last few
years that several laboratories have begun an in-depth examination of the
transformation of cells by ionizing radiation.

The usefulness of data obtained with such systems depends on the
ability of the system to understand and predict effects jin vivo. Needed
important fundamental research includes a further characterization of the
existing systems and the development of new transformation systems—in
particular those involving epithelial cells and human cells. The cell systems
in most widespread use now for studying radiation transformation are established
mouse fibroblast lines. They have the advantage of being stable cell lines,
which facilitates their use and improves the reproducibility of results among
laboratories. However, there remain a number of unexplained phenomena and
sources of variability that require in-depth investigation. These include the
marked dependence of transformation on the initial cell density and on the
quality of the serum. In addition, there is a general lack of knowledge of the
essential events which occur between irradiation and the final phenotypic
expression of transformation. A systematic investigation of these events will
not only increase our understanding of mechanisms, but jnight allow the develop-
ment of techniques for earlier identification of the transformed state. This
would improve the efficiency of the assay which at present requires 4-6 weeks
until transformed foci of cells can be identified and scored.
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3.3 Interacting agents

Recent evidence indicates that one of the most useful applications of
such ±n vitro transformation systems may be the study of the modulation of
the expression of transformation. Radiation is a relatively weak carcinogen
and mutagen in in vitro systems, as compared with many chemical agents. It
appears quite likely that the carcinogenic risk in human populations exposed
to low doses and low dose rates of ionizing radiation may depend largely upon
the presence or absence of other non-carcinogenic, environmental factors. For
example, it is now well known that there is a strong interaction between
cigarette smoking and the induction of lung cancer by alpha radiation; the
increased incidence of lung cancer among uranium miners has occurred almost
exclusively in those miners who are also cigarette smokers.

Recent jln vitro transformation data have shown not only the critical
importance of cell proliferation following exposure to radiation, but have
also shown that post-irradiation exposure to certain promoting agents can
markedly enhance transformation induced by low does of radiation, whereas
exposure to agents such as the retinoids or certain protease inhibitors can
completely suppress transformation induced by relatively large doses of
radiation. In both of these cases, it is thus the secondary, non-carcinogenic
factors which are the controlling ones in terms of ultimate development of
transformation.

3.4 Recommendations

It would seem important, therefore, that a systematic research effort
be made to study factors involved in the enhancement or suppression of the
expression of transformation induced by radiation, as well as to identify
classes of agents which have such effects. The in vitro systems lend
themselves well to this type of investigation. Such a research effort would
have three major goals. The first would be to develop information concerning
the mechanisms for the expression of transformation, and for the interaction
between radiation and other agents. The second goal would be to identify
those classes of agents or factors which are non-carcinogenic by themselves
but which would be particularly hazardous to individuals exposed to low doses
of radiation. The third would be to identify agents that might be of eventual
use in chemo-prevention, that is, agents which might be used in human popula-
tions to suppress or inhibit the carcinogenic effects of radiation.

The development of reliable systems to study human cell transformation
in vitro will open up important new areas of research not possible in rodent
systems. These include, in particular, the use of human cells from cancer
patients, cancer-prone families, and individuals with various genetic syndromes
associated with a predisposition to developing various types of cancer. Effort
should be devoted also to the development of specific DNA repair-defective
mutant cell lines in order to allow the correlation of the role of specific
DNA repair mechanisms in the process of carcinogenesis.
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Cell transformation systems occupy an intermediate research position
between those developed for the study of specific gene mutations in bacterial
or eukaryotic cells on the one hand, and animal systems on the other, for the
study of the induction of cancer. Although cancer may have a mutational basis,
there are obviously many other factors which come into play in determining
how a specific gene mutation will be expressed in the complex phenomenon of
carcinogenesis. In vitro transformation systems facilitate the study of some
of these factors, as only about 20 to 40 days is required to complete an
experiment as compared with many months or years for Jxi vivo tumor induction
experiments. They represent one of the most sensitive mammalian radiobiological
responses encountered to date, and statistically significant data have been
obtained using as little as one rad of gamma radiation. Clearly, more
information can be obtained in a much shorter time and at greatly reduced
cost.

While ijesearch must be continued to determine the in vivo relevance
of in vitro cell transformation, it seems clear that a systematic investigation
of the separate factors involved in radiation carcinogenesis, using cell trans-
formation ill vitro, should be an important part of any research strategy
on the carcinogenic effects of radiation.

"i. CELL-KILLING

4.1 Comments on status of the field

The mechanisms leading to cell death after mammlian cells are exposed
to ionizing radiation must be described in order to quantify and predict
effects from low doses and low dose rates. The study of radiation-induced
cell death in microorganisms and in mammalian cells over the past few decades
has produced most of the information currently available on the physical,
chemical, and molecular effects of radiations on cells. Studies involving
other end-points draw upon information garnered from cell-killing experiments.
Cell-killing kinetics is used in the mechanistic explanation of many of the
acute radiation syndromes. And most of the discoveries of chemical modifica-
tion, repair, and LET dependence of radiation effects have come from cell
killing experiments. The understanding of cell killing at low doses and dose
rates is of critical importance, since cell killing competes with mutagenesis
and carcinogenesis by reducing the number of cells at risk. At higher acute
doses, it must also be considered that cell killing may play a role in carcino-
genesis by promoting homeostatic cell division after lethally damaged irradiated
cells have died.

Other environmental factors (chemicals, non-ionizing radiations, etc),
act independently and/or interactively to cause biological effects similar
to those caused by ionizing radiations. Cell killing is a rapid and accurate
end-point by which to compare their effects to those of ionizing radiation,
elucidate their mechanisms of action, and evaluate the extent to which they
modify ionizing radiation effects.
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4.2 The importance of mechanistic studies

Many studies indicate that cell death from ionizing radiation is caused
primarily by damage in DNA which also results in chromosomal aberrations. To
really understand this relationship, however, the sequence of events starting
with the absorption of the energy in the cell and ending with the death of the
cell must be fully characterized at the molecular and cellular levels. Thus,
several important questions remain. Specifically, what are the chemical modifi-
cations in DNA, possibly resulting from the observed strand breaks and base
damage, that result in chromosomal aberrations, and how do the chromosomal
aberrations modify biochemical, physiological, and molecular processes so that
death of the cell occurs? Are these biochemical and molecular modifications
always the same, or do they differ, possibly because different types of aberra-
tions occur at different loci in different chromosomes? These questions relating
lethality to mdlecular and cellular events must be answered for mammlian cells
exposed to ionizing radiation, but basic studies with ultraviolet light and
various chemicals, and with bacteria and viruses, also should provide relevant
information.

The death of mammlian cells is a dose-dependent phenomenon associated,
at low and moderate doses, with the subsequent progression of the cell through
its division cycle. It has been called "mitotic-linked death". Specifically,
after the cells are irradiated, DNA synthesis is delayed and temporarily
inhibited, the completion of certain events in G2 (the period following DNA

• synthesis and preceding-mitosis) is delayed, and cell death-usually occurs-- - •• • -
after the cells have divided one or more times. Therefore, a thorough under-
standing of the molecular events that control progression of mammalian cells
through their cell cycle is an important part of understanding how radiation
leads to cell death. Such an understanding of critical molecular events in
normal and irradiated cells will probably contribute greatly to understanding
not only radiation lethality, but also the relationship between mutagenesis
and carcinogenesis.

4.3 Recommendations

Certain specific approaches appear to be particularly valid for investigating
the mechanisms of cell killing. Since much of the damage induced by radiation
is repaired, emphasis should be placed on mechanisms of repair. Therefore,
specific repair-defective mutants cultured jin vitro should be characterized,
and the presence or lack of certain molecular repair processes should be related
to radiation sensitivity expressed as mutation frequency, sister chromatid
exchanges, chromosomal abberrations, and cell survival. To assist in the genetic
characterization of these mutants, hybrid cells may be formed by cell fusion.
Synchronous cells in vitro should be employed to further characterize at the
molecular level both the relationship between induction of mutants and sister
chromatid exchanges and correlations between survival and chromosomal aberrations
observed as the radiosensitivity varies during the cell cycle. In these studies,
the use of different dose rates and ionizing radiation differing in linear energy
transfer (LET) should assist in relating the physical absorption of energy to the
resulting chemical and molecular effects. Also, utilization of various chemicals,
especially those posing a potential environmental hazard, as well as radiation
sensitizers and protectors, including hyperthermia, could be of a great value
in relating effects on repair and fixation of molecular lesions to damage expressed
at the cellular level as sublethal, potentially lethal, or lethal.
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As mechanisms of cell killing are investigated, primarily in in vitro
systems, questions and results relevant to the in vivo situation must be
considered. For example, are there fundamental properties of cells in normal
tissues that are different from those of cells in tumors? Such differences
may exist at the cellular or tissue level and may occur because of physiological
changes accompanying transformation to the malignant state, or because of
differences in cell cycle kinetics or distributions in the cell cycle. Thus,
fundamental studies carried out with mammalian cells derived from fresh explants
of tumors and normal tissues and then related to observations in the whole animal
should lead ulimately to a description of molecular and cellular damage expressed
in the whole animal. This description of events occurring in tumors and normal
tissue should give a perspective of the relationship between mutagenesis,
carcinogenesis, and cell death. This perspective is important for cancer therapy
and for understanding radiation-induced carcinogenesis at low doses and low dose
rates relative to carcinogenesis from other agents in the environment.

5. SUMMARY

It can be seen from the preceding paragraphs that our knowledge about
mutagenesis, transformation, and cell killing by ionizing radiation consists
of large bodies of data, which are potentially useful in terms of application
to human risk assessment and to the constructive use of radiation, as in cancer
treatment. The present need for information is not simply a requirement for
more experimental data, but for a coherent experimental and theoretical
•framework u-sing in-vitro and in" vivo methods and resulting in data carefully
gathered for the purpose of producing calculable predictions relevant to man
at low doses and at low dose rates in the presence and absence of interacting
environmental and intrinsic factors.

5.1 Synopsis

The three end-points discussed above are united by a least five significant
concepts in radiation research strategy: (1) The inter-relationships among the
important end-points, mutation, carcinogenesis, and cell killing. Research
on one is meaningful only in the context of information about the other two. (2)
The interaction of radiations with other agents in producing these end-points.
Interaction mechanisms for one end-point may reveal mechanisms.for the other two
end-points. (3) The mechanisms of action of other environmental mutagenic,
carcinogenic, and cytotoxic agents. An understanding of the later steps in
cellular responses to radiation will reveal general biological phenomena that
apply in other stressed cells. (4) The use of repair deficient human mutant
cells. As has been the case with microorganisms, mammalian cells' responses
are determined to a large extent by repair enzymes that act on characterizable
molecular lesions. The absence of specific repair enzymes is exploitable in the
identification of those forms of molecular damage that are important to the cell
in mutagenesis, carcinogensis, and death. (5) The study of radiation damage
mechanisms. There is no better way to extrapolate laboratory data to the clinical
and public worlds than to understand the underlying biological mechanisms that
produced the data.

In summary, the continued study of mutagenesis, cell transformation, and
cell killing at the molecular and cellular level are necessary to reveal mechanisms
that can be interpreted for application to practical purposes.
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I - Mutagenesis, Transformation, Cell-Killing

I. Mutagenesis In Vitro
A. Studies using existing systems

1. Dose-response relations. Is there a threshold?
2. Mechanism: frame-shift? substitution? deletion?

also spontaneous mutation mechanisms
3. Effects of fractionation, dose-rate, LET
4. Cell cycle dependence
5. Effects of chemical modifiers and hyperthermia

B. Development of new systems
1. Loci in rodent and human cells other than HGPRT

(hypoxanthine-guanine-phosphoribosyl-transferase)
2. Use CHO-single human chromosome hybrid to measure small

deletion and total chromosome loss in mutagenesis
independently of single-locus mutation

3. Host-mediated somatic cell mutation assay
C. Mechanistic Studies

1. Use of human cells from patients genetically pre-disposed
to spontaneous or radiation induced cancer to study control
of mutagenesis

2. Use of specific repair-defective mutant cell lines to
determine rolls of specific repair processes in radiation
mutagehesis

3. Determine locus-specific of radiation mutagenesis
4. Seek further correlations among gene mutations, cytogenetic

effects (including sister chromatid exchange), and oncogenic
transformation in vitro

D. In Vivo Relevance
1. In vivo/In vitro approach: determination of expression

in vitro by somatic cells irradiated in vivo
2. Prediction of somatic mutation in vivo
3. Correlation of somatic and germinal in vivo mutagenesis

II. Cell Transformation In Vitro
A. Studies using existing systems (e.g. Syrian hamster embryo, mouse

balb/3T3, and C3H/T1O 1/2)
1. Dose response relations; is there a threshold? Shape at low

doses
2. Effects of chemical modifiers and hyperthermia
3. Cell—cycle dependence
4. Required promotional events
5. High LET and dose rate and fractionation dependence
6. Relationship between mutagenesis and oncogenic transformation

B. Development of new systems
1. Human cells that transform in vitro
2. Epithelioid cells
3. Earlier identification of transformed state (new experimental

procedures)
C. Studies with modulation of transformation expression

1. Factors that facilitate phenotypic expression of transformation
(e.g. phorbol esters)

2. Factors that suppress expression (e.g. protease inhibitors,
retinoids)
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I - Mutagenesis, Transformation, Cell-Killing

D. Mechanistic studies
1. Systematic assessment of essential events between irradiation

and expression of transformation. Use recent techniques
(extended chromosome banding, "haplicon" concept).

2. Use of human cells from patients genetically predisposed
to cancer

3. Use of specific repair-defective mutant cell lines to determine
the roles of specific repair processes in suppressing and
enhancing transformation

4. Relationship between cytogenetic damage including sister chromotid
exchange and transformation

E. In vivo relevance
1. Effects of in vivo environment on transformation assessed

in vitro
2. Correlate in vitro transformation with animal carcinogenesis

by using agents that modulate both
3. Role of cell proliferation in the expression of transformation

in relation to cell killing
III. Cell Killing

A. Mechanistic Studies
1. Correlation of. cell-cycle,. LET, chemical modifications of -

cell-killing and molecular events to identify molecular
processes leading to cell death

2. Why chromosome aberrations and lethality correlate; is the
molecular basis for both the same?

3. Relation of cell killing to gene mutation and in vitro
transformation

4. Use of specific repair-defective mutant cells to determine
roles of specific molecular repair processes in cell survival

5. Characterization of sequence of events between radiation insult
and cell death

6. Mechanism of post irradiation progression perturbations (e.g.
DNA synthesis inhibitions and G2 block) and their relation
to cell killing

7. Control of events that regulate cell cycle and progression and
its relation to cell killing mutation and transformation

8. Sublethal damage interaction
B. In vivo relevance

1. Radio sensitivity of human cells derived from fresh explants of
tumors and normal tissues

2. Differential radiation sensitivity among cell types and the role
of cycle-age distribution in vivo

ifi.fi.



DISCUSSION FOLLOWING THE PRESENTATION

Mutagenesis, Transformation,
C e l 1 - K i l l f n g

Paul Todd, Ph.D.

OR. SINCLAIR: You mentioned that the cell-cycle depen-
dence at low doses was a weak one. Have you really examined
that situation?

First off, if you just plot survival, I suspect that's
true. But we really shouldn't be plotting survival; we should
be plotting killing.

DR. TODD: George Hahn published, 1965, a paper in which
he had cell-cycle dependence as a function of dose, and the
survival ratios were in the yicin.i ty of 1 ,2 ..-.; 1.5. a.t .250 rad,
and they were oh the order of 10 at 800 rad.

DR. SINCLAIR: Well, that was not my first guess, but I'll
take a look at some of my own data on that.

DR. TODD: My own data say that if you use 30 rad, you
get a rather flat response with human cells, and I emphasize
human cells.

DR. SINCLAIR: The second one I have is perhaps a little
more important. One of Hall, Borek and Rossi's data sets had
a point at one rad, that was the same cell, wasn't it, as
the graph, the one that followed, which started at 10 rad.

DR. TODD: I would have to think back, to see whether
it was the same cells or not.

DR. SIMCLAIR: My question is -- is it really one rad?

DR. TODD: It is one rad; I see. You were thinking that
we might have been reading the sane ordinates with different
absolute magnitudes.

DR. SINCLAIR: I just want to comment on the fact that
we have X-ray data at one rad and genuine transformation data.

DR. TODD: We have transformation data at one rad, sur-
vival data at 20 rad, and mutagenesis data at 50 rad.

MS. CLUSEN: Yes, sir?

DR. ELKIND: I'd like to comment a little bit further on
your references to the linear part of the survival curve,
because I think you were relating this to the questions of
risk assessment.
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niSCUSSIOM FOLLOWING THE PRESENTATION

Mutagenesis, Transformation
Cell-Killing

Paul Todd, Ph.D.

I agree that if one knows that the survival curve is
linear and doesn't change with for example, dose rate, that
might be a useful thing to have for risk assessment, although
I'm not sure that slope is particularly taken into account
when people deal with high doses relative to other end points

But I further think that maybe one ought to find out
whether the linear part of the curve is dose-dependent,
and I didn't see any data that you were referring to come
to this point.

Also iii regard" to the material you gave in respect- to-
linearity at low doses, it's always possible, I think, as
such experiments are done with asynchronus cells, that
initial slope nay not apply throughout the cell cycle.

The last point I'd like to make, when you talk about
dose rate effects in cells, and the data you give as an
example was HeLa cells, the lowest dose rate -- about 2-1/2
rad per minute corresponds to about 50 rad per cell cycle.
That's not a low dose rate in terms of life cycle, it seems
to me.

DR. TODD: That's right. I'm not quite sure where to
begin. Concerning taking into account the initial slopes at
high doses, we do some of this research with the radiothera-
pists in mind, as you know, and if a treatment zone gets one
rad, and it contains 1 0 1 0 cells, then of course 5 x 10?
of those cells have been killed.

That's probably significant.

Concerning how far down in dose rate one finds the
slope to be finite is a very good subject for research, but
as we learned yesterday, at a dose rate of about 90 rad
per minute, though it wasn't stated quantitatively, but at a
dose rate of about 90 rad per cell cycle, one finds that in
cells which are in exponential growth originally or have been
synchronized and are multiplying they will be held up in
G2 phase and the G2-retarded cells will be killed with higher
effectiveness. And so the cell survival just goes down and
down and down at this particular dose rate.
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D I S C U S S I O N F O L L O W I N G THE P R E S E N T A T I O N

M u t a g e n e s i s , T r a n s f o r m a t i o n
C e l l - K i l l i n g

Paul T o d d , P h . D .

This is an a n o m a l y of m u l t i p l y i n g cell p o p u l a t i o n s and
this is s o m e t h i n g that w o u l d also h a p p e n , of c o u r s e , in the
i r r a d i a t e d w h o l e o r g a n i s m to its m u l t i p l y i n g cell p o p u l a -
tions -- t h o s e c e l l s which p r o g r e s s will be s u b j e c t to
v a r i a t i o n s , of c o u r s e , in the v a l u e of that initial s l o p e .
At the m o m e n t , I don't know of any e v i d e n c e , t h o u g h , that
the initial slope is a z e r o .

I d o n ' t know if I've ans-'ered all the q u e s t i o n s that
y o u ' v e r a i s e d .

I n c i d e n t a l l y , D o c t o r Elkind is a m e m b e r of our c l u s t e r ,
and these are all s u b j e c t s we feel s t r o n g l y about being
a m e n a b l e to f u r t h e r r e s e a r c h .

M S . C L U S E M : Thank y o u , D o c t o r T o d d .
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INTRODUCTION

Radiation-induced cancer is a research problem that bridges a wide spec-
trum of biophysical and biomedical scientific fields. The precise specification
and integration of all of the events and interactions following the absorption
of ionizing radiation by target tissues Is not yet understood and is the subject
of current and planned research.

Most research on radiation carcinogenesis can be roughly categorized as
being quantitative and/or qualitative in nature. Quantitative radiation car-
•cinogenesis research generally assists in developing risk assessment valuesi
i.e., the numerical value of incidence or mortality in biologic targets (cells
to human population) following a defined dose of ionizing radiation. Dose-
response curves and models are generated, to provide a basis for extrapolation
to low doses from high doses and rates, and assist in supporting risk assessment
in the regulatory process.

An independent (but often parallel) research arena addresses the general
question of basic mechanisms, interactions, and fundamental events that play a
significant role in radiation-caused cancer. From these studies are evolved
hypotheses and molecular, cellular, and tissue models. The development of the
"full field" theory that completely explains why absorbed ionizing radiation
causing cancer has the obvious promise of new approaches to cancer control and
prevention, as well as potential to ameliorate radiation injury. TJv . atrix of
necessary information is not complete but now suggests some fertile rtaearch
areas that will likely further our knowledge of this complex biological problem.

The following brief overview of this most important and central aspect of
radiation research attempts to highlight these frontiers, from the molecular
level of study to that of whole populations, from the basic mechanistic approach
through the quantification of radiation cancer risk.

I. Basic Mechanisms of Carcinogenesis

A. Molecular interactions and mechanisms

An important motivation for molecular studies of radiation carcinogenesis
is to develop better ways to extrapolate risks to low doses and to compare other
species to human. Conclusive proof is still lacking, but it is generally
believed that an alteration of DNA is the starting point of carcinogenesis.
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Carcinogens in general, and radiation in particular, produce a variety of
changes in DNA but no change, with the possible exception of pyrimidine dimers
resulting from ultraviolet radiation, has yet been identified as a specific
initiator of carcinogenesis. It is possible that a secondary lesion produced by
constitutive or induced error-prone and other repair mechanisms could also be
involved in carcinogenesis.

The identity of carcinogenic molecular lesions and how they cause normal
cells to become malignant need to be studied more intensively for ionizing and
nonionizing radiation. The role of mutations in relation to primary molecular
damage and carcinogenesis must be elucidated in order to provide a basis for
risk extrapolation. Species comparisons are vital in risk assessments, and more
information and understanding are needed concerning the induction and repair
of specific molecular changes such as alterations of DNA bases, DNA strand
breaks, cross links and pyrimidine dimers in different species and tissues in
relation to the carcinogenic outcome. The study of radiation carcinogenesis is
particularly important because the excellent dosimetry available makes radiation
a useful, perhaps the only, reference carcinogen whereby the actions of various
chemical carcinogens and modifiers might be compared in humans and animals.

B. Cellular and Subcellular Events

One of the most urgent tasks in radiation carcinogenesis is to investigate
how the earliest stages of induction and progression occur. In considering the
carcinogenic action of radiation, it does not seem likely that cancer cells are
produced immediately upon irradiation. Instead, secondary events, such as
cellular proliferation or differentiation, are probably necessary before the
primary neoplastic lesion(s) are fixed. It also seems likely that secondary
events occur progressively and can be facilitated by the action of exogenous
promoters, as well as physiologic events in the host. Promoters and other
stimulators of carcinogenesis may be highly prevalent in the human environment,
and the mechanism whereby they enhance the carcinogenicity of radiation needs
to be studied. These studies should focus on specific cellular organelles, such
as plasma membrane, lyzosomes, ribosomes, etc. At some point during carcino-
genesis, a neoplastic cell gives rise to a clone, and enzymatic or other markers
for such cells need to be established so that induction and progression can be
studied separately.

Radiation is capable of transforming cells in tissue culture, and there
is a pressing need to relate such in vitro transformation to carcinogenesis in
animals. In vitro assays offer potentially important advantages over animal
testing for studying low doses of radiation alone and in combination with
modifiers and other carcinogens.

C. Tissues and Organs

When the radiation carcinogenic process is considered at the level of
organization of tissues and organs, the primary task in the study of mechan-
isms is the identification of the Cells at risk. At present little is known
about what fraction of the population of cells is at risk from radiation in any
experimental system. For example, whether the carcinogenic response is a result
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of effects on only a few selected cells in a tissue or organ (perhaps stem
cells) or if all cells are equally susceptible is of considerable importance for
the understanding of mechanisms, as well as for deriving a basis for radiation
risk estimation.

In this regard, the nature of "preneoplastic" lesions and the influence of
radiation on these lesions deserve further study. These lesions are those which
investigators have shown, statistically, to give rise more to frank neoplasms
than normal. Some lesions, such as the hyperplastic alveolar nodules induced in
mouse mammary glands by the "nodule inducing virus" (a member of the family of
mouse mammary tumor viruses), can persist for prolonged periods without giving
rise to cancer. They are, however, patently abnormal structures. It is impor-
tant to define the differences between these preneoplastic structures, the
tissues from which they arise, and the tumors which develop in these tissues.

In addition to the identification of the cells at risk, studies designed
to examine the microenvironmental factors within tissues and organs which
influence the number, proliferative activity, and susceptibility of these cells
(and thereby play a role in radiation carcinogenesis) are needed. At present
little is known about the role of such factors as cell-cell interactions, the
patency and efficiency of the vascular system, proliferative activity, oxygen
tension, nutrition, infection, and chronic injury in radiation carcinogenesis.
To understand the mechanisms of the carcinogenic process and to make prediction
of effects at low doses and dose rates, an understanding of the relative impor-
tance and influence of these factors in this process is required.

D. Host Factors

Since carcinogenesis is viewed as a multistage process which involves the
disruption of the mechanisms which control cell number, growth and differenti-
ation, and tissue organization, it is clear that host factors should play a
significant role in tumor induction and growth. Such a concept is further
supported by the following: (1) certain disease states and genetic backgrounds
seem to predispose to the development of particular tumors; (2) the incidence
and spectrum of tumors in different strains of mice under similar environmental
conditions vary significantly both in control animals and in animals treated
with carcinogens; (3) the susceptibility to a carcinogen within a strain can
vary markedly with age and sex; and (4) the response of a carcinogen in experi-
mental animals of a similar strain and of similar age and sex can be signifi-
cantly altered by hormonal manipulation. Clearly, then, genetic and endocrine
factors are important host factors which influence radiation carcinogenesis. It
is also likely that many of the influences associated with age and sex and
perhaps even many strain differences can be attributed to differences in endo-
crine and immune factors. Whether these reflect differences in susceptibility
to induction events within the cell or are a result of differences in factors
influencing tumor expression is unclear. Thus, genetic, endocrine, immunologic,
and other subtle but as yet undefined intrinsic host factors all seem to be able
to influence the carcinogenic process to some degree. Further, these mechanisms
can be progressively altered by ages other disease states, and nutritional
status. Unfortunately, at present there is neither a complete nor quantitative
understanding of the role of these factors in radiation carcinogenesis or their
relative influences in any human or experimental tumors induced by radiation.
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Although the immune system is likely to have an influence on carcino-
genesis, the evidence is ambiguous even when high doses of radiation, which
result in severe immune depression, have been given or when the susceptibility
of genetically immune deficient nude mice to radiation carcinogenesis is
considered. Thus, the role of the immune system in carcinogenesis may be of
somewhat lesser importance than that of genetic and endocrine factors.

Since the competency and activity of the host factors which control the
internal milieu are to a large extent determined by an individual's genetic
background and since genetic makeup profoundly influences the susceptibility of
individual cells to the development and/or repair of lesions as a result of
radiation exposure, genetic factors are quite important and are, in fact,
responsible for effects mediated by other host factors such as the endocrine
system. This is particularly true at low dose and dose rates, since under these
conditions no marked disturbances in the endocrine or immune system would be
induced. Thus, in the study of mechanisms, the role of genetic factors in
determining the susceptibility of an individual and in the expression of tumors
should be explored. From a practical, applied point of view such information is
also of value in identifying sensitive subpopulations and in helping understand
the use of concepts of absolute and relative risks in risk assessment from
epidemiologic studies.

Endocrine irrfluences also appear to pi ay a* significant role in radiation
carcinogenesis. In fact, many of the tissues most sensitive to radiation in
experimental systems are endocrine related. These endocrine influences can be
subtle intrinsic (mediated by genetic background) influences or may relate to
marked endocrine disturbances mediated by radiation damage to an endocrine
organ. Indeed there are experimental examples in which endocrine neoplasia
results entirely or almost entirely from abscopal effects, i.e., radiation
induced damage to tissues other than those in which the tumors arise.

In other experimental systems, although the cells from which the tumors
arise must themselves be irradiated, the ultimate expression of radiogenic
damage in tumor formation is dependent on host factors during the subsequent
tumor latency. Thus, in mammary cancer in rats and mice the incidence and type
of neoplasm observed following radiation exposure are dependent en tfta hormonal
balance during the latency period, and, likewise, in human breast cancer the
susceptibility varies with age at the time of irradiation, presumably as a
result of endocrine influences.

Although the list of hormonally dependent and responsive neoplasms in
experimental animals and man is lengthy, the mechanisms by which the endocrine
system brings about these effects are unclear. For example, what role does
hormonally induced proliferation play in the susceptibiliity to the initial
biochemical lesions induced by radiation exposure? What about hormonally
controlled differentiation and function? Do hormones play an important role in
post-irradiation intracellular and cell population repair and replacement
processes? How do these influence tumorigenesis? What hormonally controlled
events occur during tumor latency, and how can these be experimentally and
eventually clinically altered or manipulated? What are the roles of other more
subtle and less clinically stable chemical mediators? With the many recent
advances in endocrinology, it is likely that questions which could not be
reasonably approached in the past can now be examined.
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It is also important to explore circadian, ultradian, and circannual
(seasonal) hormonal and immunologic rhythms as influences in cellular suscepti-
bility to radiogenic damage and radiation carcinogenesis. The role of immuno-
logic and nutritional status of the host in modifying radiogenic response is
potentially significant for our understanding of host factors.

II. Dosimetric Considerations

A. External Emitters

A fundamental consideration in radiation carcinogenesis is the mechanism
that relates cancer induction to the amount and distribution of radiation energy
absorbed by cells, organelies, and macromolecules in the irradiated tissue.
Radiation energy can be absorbed with different spatial distributions (radiation
quality) or different temporal distributions (dose rate), and each has a dis-
tinctive effect on the dose-response relationship of carcinogenesis. A better
understanding of the mechanism of radiation absorption and how it relates to
carcinogenesis could have great practical importance by providing a basis for
risk extrapolations and better organ and species comparisons. There is evidence
that the more widely spaced the energy absorption events (ionizations) in either
space or time, the lower the risk of cancer. This evidence needs to. be conr
firmed and' expanded so that its"full practical and theoretical implications can
be understood.

Part of what needs to be known in order to make better use of existing
knowledge for controlling or estimating radiation risks can be summarized in the
following statements or questions:

1. Is the risk of cancer induction related to dose by a function
including linear and dose-squared terms, and if so, to what extent can the
equations be derived from primary dosimetric considerations for different organs
and species?

2. It is critically important to find out why recovery that is capable of
reducing the carcinogenicity of radiation operates more effectively when the
ionizations are widely separated in space. Specifically, we need to know
whether recovery is possible when absorption events happen by statistical chance
to be close together as might occur even though the average spacing is wide,
i.e., when the dose and linear energy transfer are low. We need to know whether
recovery (repair) is based on removal of the damage as the result of a specific
biological repair mechanism or is based on a biophysical mechanism related to
the spatial distribution of the primary ionizations or their immediate or
secondary radfochemical products.

3. Study is needed of agents that modify the carcinogenic effect of
radiation. We need to understand how such agents act, whether they alter the
initial physical or radiochemical events within the cell or the reaction of the
cell to those events. It is important to investigate the modifying effect of
partial organ and partial cell exposures.

4. Study should be directed toward identifying the initial molecular
lesion that initiates carcinogenesis fn an irradiated cell.
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B. Internal Emitters

Internal irradiation of man and animals occurs when radioactive material
is taken into the body (by ingestion; inhalation, or wounds) and deposited in
specific organs and tissues. Accordingly, nonuniform patterns of distribution
of the radioactive material often exist, and the subsequent irradiation of
cells, tissues, and organs varies spatially and temporally. This produces
specialized requirements for our understanding, in addition to those specified
for external exposure, in particular the effects of spatial nonuniformity of
dose.

Internal irradiation occurs from medical diagnostic and therapeutic proce-
dures with radioisotopes; with naturally occurring radionuclides; with man-made
radionuclides released to the environment, primarily from nuclear weapons
testing, and also from nuclear power production; and in occupational populations
exposed to natural and man-made radioactive materials, i.e., uranium miners,
nuclear weapons materials production workers, nuclear fuels, and reactor workers
and medical workers. Radioelements important in producing exposure are found
throughout the periodic table, from tritium (Z-l) to californium (Z-98).

A great deal of information on internal emitters already exists. In the
United States much of the work is concerned primarily with heavy radioelements
such as radium, plutonium, and americium.

Continued follow-up of the radium dial painters, patient populations
administered Ra-224 and thorotrast, and former U.S. uranium miners (1950's and
1960's) is warranted. In these groups, unambiguous evidence of a human carcino-
genic response exists (skeleton, liver, and lung), and studies to define dose
and to obtain complete pathological follow-up, which will require additional
time, should be vigorously pursued. Of these groups the study of uranium miners
requires increased attention because of the existence of a large number of
observed cancers (almost 600) of likely radiogenic origin and because signifi-
cant deficiencies exist in measurements and estimates of dose.

There may be special opportunities for follow-up of occupational popu-
lations exposed to plutonium, thorium, and uranium or to medically useful
radionuclides in patient or occupational populations.

The organs most intensively studied in animals have been the skeleton,
liver, and lung. In man, bone sarcomas have been produced by Ra-224, -226, and
-228, liver cancers by thorotrast (Th-232 and daughters), and lung cancers by
the inhalation of radon daughters, along with the other mine air contaminants.
These observations suggest the increased need to study the potential risk from
plutonium and the other heavy radioelements associated with the fuel cycles,
including isotopes of uranium, thorium, americium, and curium. Ongoing research
on the metabolism and toxicology of these heavy radioelements in rodents and in
a long-lived experimental animal, the beagle, is required to provide a base for
comparing human and animal information or response and extrapolating to those
radioactive materials for which no or inadequate human data or response is
available. The beagle's skeletal and pulmonary anatomy and physiology are more
similar to man than those of the rodent. Studies which deal with both dose
response and understanding toxicologic mechanisms should be followed to
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fruition. Of special relevance is the skeletal dose patterns which result from
the interaction of irradiation by alpha particles and the biology of bone cells
which are affected both by the locus of deposition in bone and the subsequent
bone remodeling. Similar attention should be given to lung and liver. The
relationship between local and average dose rates; the number, type, and dyna-
mics of the cells involved; and the interaction between the physical and the
biological factors are important.

A special case exists for cellular and subcellular irradiation by Auger
electron emitting radionuclides, the dosimetry and biology of which have not
been adequately evaluated.

III. Dose Effect Relationships

Broadly, the area of dose effect relationships deals with tumorigenic
responses both in terms of the probability of tumor occurrence and the time of
tumor formation as it relates to life shortening effects. Tumorigenic responses
are related to the characteristics of radiation dose which include both spatial
and temporal factors: the spatial characteristics of radiation dose range from
microionization patterns in target tissue (LET) to the distribution of dose
according to organ systems, organs, and parts of organs. The temporal aspects
of dose include the issues of dose rate, fractionation of dose, and duration of
exposure.

The broad objective of research in the area of dose effect relationships
is to improve our ability to predict the carcinogenic risks associated with
radiation dose as the basis for refining permissible standards of radiation
exposure. Since the principal means of controlling the public health hazards of
ionizing radiation is to limit exposure to acceptable levels of risk, the area
of research dealing with dose effect relationships is of great practical impor-
tance. Furthermore, because there are so many carcinogens in the environment,
it is necessary to understand how and to what extent the carcinogenic risks from
ionizing radiation are influenced by exposure to chemicals in the environment,
including complete carcinogens, promoting agents, and co-carcinogens. In the
case of skin, the interaction of ionizing radiation and ultraviolet radiation
from sunlight is of considerable importance.

A particular difficulty associated with protection against carcinogenic
hazards from ionizing radiation, and chemical carcinogens in the environment as
well, is that the acceptable levels of exposure to ionizing radiation entails
carcinogenic risks that are far below those which can be observed directly in
animal experiments or in epidemiologic studies in humans even under the best of
circumstances. Hence, our ability to predict risks from low level exposures
entails the development of extrapolation models, the plausibility of which
depends heavily on our understanding of the mechanism of carcinogenesis. This
includes not only the modes of carcinogenic injury but a detailed understanding
of repair processes as well. Hence, any research program on dose-effect rela-
tionships must emphasize very heavily the mechanism of cancer induction by
ionizing radiation, as well as research that will lead to an understanding at
the mechanistic level of the way in which ionizing radiation interacts with
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other physical and chemical agents to produce cancer. It is also important to
improve our ability to identify the kinds of individuals who are particularly
susceptible to the carcinogenic effects of ionizing radiation.

There has been a significant amount of research in the areas described
above, but there is much to learn in all of the aspects of dose-effect rela-
tionships. The principal areas of needed research on dose effect relationships
can be tabulated as follows:

1. mechanisms of carcinogenesis

2. extrapolation models

3. dose rate

4. linear energy transfer (LET)

5. fractionation

6. repair mechanisms

7. temporal response patterns

8. spatial distribution of radiation (e.g., "hot particle" problem)

9. interactions - chemical and physical

10. cross comparisons: human - animal; species and strain, in vitro -
in vivo

11. high susceptibility subpopulations

IV. The Interaction of Chemical and Physical Agents, Including
Modifiers, with Radiation

Humans are continuously being exposed to a variety of physical and chemi-
cal agents in their environment which are either carcinogenic or have the poten-
tial to influence the development of tumors. These agents include ionizing
radiation, ultraviolet light, chemicals associated with industrial and air
pollution, food additives, and factors associated with life style such as
cigarette smoking and alcohol consumption. Although many of these factors are
being studied individually, few studies have been done on the interaction of
these agents.

That interaction between ionizing radiation and other agents can occur is
clear from epidemiologic as well as animal studies. For example, cigarette
smoking has been found to influence lung tumor development in uranium miners,
and interactions between ionizing radiation and chemotherapeutic agents have
been observed in cancer patients. Possible interactions between ionizing
radiation and ultraviolet light have been suggested as well (e.g., in patients
treated with ionizing radiation for tinea capitis and in patients who previously
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were exposed to ionizing radiation and were subsequently treated for psoriasis
using UVA + psoralen [PUVA] therapy). The nature of the interaction in such
studies is difficult to assess.

In experimental studies when carcinogenic levels of ionizing radiation and
chemical carcinogens have been given together, the effects have generally been
additive. However, most of these data have been obtained at relatively high
acute carcinogenic doses of the two agents, and the importance of dose or dose
rate has not been examined. Therefore, the potential risks which may result
from interactions of low doses and dose rates of ionizing radiation with other
physical and chemical agents cannot be assessed from presently available data.
Inferences from recent data suggest that an assumption of additivity at low
doses and dose rates may be incorrect and in fact may underestimate potential
risks. There may be available data on humans to determine if low dose radiation
interacting with other agents has produced significant synergisms, and such
studies should be undertaken. To obtain a better understanding of the potential
risks, the influence of dose on the nature of carcinogenic interactions should
be examined.

Using doses of radiation which by themselves did not cause a detectable
increase in tumor incidence, investigators have shown ionizing radiation to be
an initiating agent when followed by chemical promotion. Further, this latent
carcinogenic potential has been shown to persist for long periods of time in
certain instances. The demonstration of persistent lesions suggests that expo-
sure at low levels to multiple carcinogens which themselves may not induce a
tumor could eventually combine to be tumorigenic. This effect may not be
limited to chemical promotion. Since it has been shown that noncarcinogenic
doses of UV irradiation can act as an enhancing or promoting agent after
chemical initiation, ionizing radiation might also have similar effects.'
However, less is known at the present time about the effects of ionizing radia-
tion delivered at low dose rates. Although it has been observed repeatedly with
low LET radiation that protracted or fractionated exposures by themselves are
less tumorigenic than a similar acute exposure, few studies have examined the
influence of protracted exposure on interactions. These few instances have
suggested that multiple doses of low level x-irradiation, which are themselves
not tumorigenic, can act as a co-carcinogenic or enhancing agent when combined
with a chemical carcinogen. Since most exposures are likely to occur under
conditions of chronic exposure and because the basis of the reduced effect of
protraction is not completely understood (i.e., whether the effect is due to a
reduced carcinogenic effect or merely to reduced tumor expression), and in view
of the evidence for persistent latent carcinogenic potential after low doses of
radiation, the potential tumor inducing or co-carcinogenic activity of low dose
rate irradiation should be investigated.

Clearly, evidence suggesting the persistence of unexpressed latent car-
cinogenic potential has important implications not only for interactions but
also for other problems in radiation carcinogenesis such as the influence of
dose rate. At present, although it is clear in animal systems that reducing the
dose rate generally reduces the tumorigenic effect of the radiation dose, the
degree to which this is a result of recovery from initial carcinogenic lesions
or a result of effects on mechanisms related to expression is unclear. This
problem can be examined by using other agents to maximize the expression of
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potential carcinogenic lesions. The basis for other aspects of the dose
response function (e.g.s the downturn at high doses or the rapidly rising
component observed at intermediate doses) could also be examined in a similar
manner by studying the effects of other modifying agents, including radio-
protective compounds, on the dose response curve.

The systematic study of interaction between ionizing radiation and other
agents using well defined tumor model systems is important and can provide
information on general principles applicable to the assessment of risks from
carcinogenic interactions in humans as well as useful information relevant to
mechanisms of carcinogenesis. In fact, the use of other agents (chemical or
physical) in conjunction with ionizing radiation represents a unique and
potentially very fruitful approach for the study of the mechanism of carcino-
genesis and for the study of fundamental questions in radiation carcinogenesis
of importance for risk assessment.

Modification of effects is possible with internal emitters, since theo-
retically and practically the potential exists for removing the radioactive
material by chelation, lavage, or other techniques prior to the time when most
of the potential radiation dose shall have been delivered. Much information on
efficacy of activity removal is available, particularly for radionuclides which
are sequestered by the skeleton. The zinc salt of DTPA (diethylenetriamine-
pentaacetic acid), for example, has been shown to be safe and effective in
removing radioactive material. While DTPA efficacy in terms of tumor risk
reduction in the rodent has been demonstrated, treatment efficacy in longer
lived animals needs to be demonstrated and quantified for various therapeutic
regimens. The potential risk associated with radionuclide mobilization and
removal also requires further study.

Modified agents which are specific for the chemical and metabolic charac-
teristics of each important radioelement are required. With radioiodine, for
example, the use of stable iodine for large populations is recommended to
prevent the uptake of radioiodine by the thyroid. Additional attention may be
warranted with respect to the possibility of adverse effects in large popula-
tions which result from the prophylaxis itself.

V. Interspecies Comparisons and the Problem of Extrapolation

The prediction of effects, in humans, of exposure to ionizing radiation
would most logically be based on experience with ionizing radiation in humans.
The availability of such experience is inherently limited, however. It is
difficult to acquire, and it is difficult to interpret. There are few groups of
people that have been exposed to ionizing radiation in sufficient numbers and
under conditions that are defined in adequate detail to provide useful oppor-
tunities for study. Where such groups exist, obtaining the exposure and effects
data is an epidemiological problem of no small magnitude, particularly in view
of the decades of study required for observation of effects. And even with
accurate data on exposure and effect, a lifetime of competing risks and biases
relating to the conditions prompting exposure must be sorted out in the attempt
to relate observed effects to measured exposures.

282



This is not to say that useful human data are not available. In the area
of medical treatment with relatively high doses of radiation from sources
external to the body, relatively good relationships have been derived between
dose and effect. Data are much less satisfactory, however, for situations of
internal exposure from deposited radionuclides, or for low dose exposures, or
for exposures complicated by concomitant variables such as age, state of health,
exposure to other toxicants, etc.

Many of the problems associated with human studies are avoided if experi-
mental animals are studied instead. Exposures can be precisely controlled;
large numbers of subjects can be studied; lifespans are shorter; variables can
be controlled; but there remains an unavoidable limitation on how low the expo-
sure dose may be reduced without losing statistical control, i.e., there is some
practical limit on the number of animals that may be studied. But the most
critical problem is knowing how to extrapolate the animal data in the prediction
of human risks.

A major strategy question in the allocation of federal funds for research
on the effects of ionizing radiation is that which concerns the proper balance
between human epidemiology studies and laboratory studies with experimental
animals. Clearly, both types of studies are required.

A. The Need for Animal Studies

In the area of our concern—radiation carcinogenesis--it is convenient to
think of animal studies as falling into two broad categories. The first cate-
gory includes those studies designed to provide, directly, quantitative data
applicable to the prediction of human risks, exemplified by experiments relating
radiation exposure to incidence of effects, as influenced by whatever variables
may be of interest. Such studies might be termed "simulation" studies, where
the experimental animal serves directly as a "stand-in" for a human.

The second category of studies is not directly concerned with the predic-
tion of risks but is designed, rather, to be qualitative and to test hypotheses
concerning the mechanisms of radiation carcinogenesis and is directed toward
achieving an "understanding" of basic mechanisms common to carcinogenesis in
animals or man. While not directly concerned with the measurement of carcino-
genic risk, such studies can provide the understanding required for extrapola-
tion of the directly measured animal risks to man, or for the extrapolation of
the risks measured under a given set of conditions to the risk to be anticipated
under other conditions that are of greater interest but are not susceptible to
direct measurement, e.g., the extrapolation of data obtained at high dose levels
to the much lower dose levels of primary concern to radiation protection.

An important element of the federal strategy for research on the effects
of ionizing radiation must be the maintenance of an appropriate balance between
these two categories of animal studies. Quantitative simulation studies might
seem to offer the most direct route to the desired answers, but such studies
can be expensive and time consuming, and the problem of extrapolation from
animal to man cannot be avoided; this extrapolation requires some understanding
of the mechanisms of the processes involved and how these may differ between
animal and man. Our distinction between simulation-type studies and qualitative

283



mechanistic studies is, of course, somewhat oversimplified. A well-designed
simulation study should also contribute to an understanding of the processes
involved, and a mechanistic-understanding-type study should be designed with its
applicability to the practical risk evaluation problems in mind.

The number of potential human radiation exposure situations that one
might wish to simulate with experimental animals far exceeds the number that
can be effectively studied within the limits posed by available funds, facili
ties, manpower, and animal resources. The pertinent strategic questions are the
following: Which forms of radiation, which radionuclides, and which chemical
forms of these radionuclides should be studied? What species of experimental
animal(s) should be employed for these studies? What range of exposure levels
should be employed? What other modifying factors should be studied, along with
radiation? How many animals are required for each experimental point, i.e.,
what level of precision is required? These are clearly interactive questions
that cannot be properly considered independently of each other. Some approaches
to the optimization of the mixture of simulation-type studies, and to the
selection of understanding-type studies that can support and extend their
interpretation are briefly discussed below.

B. Choice of Radiation Types, Radionuclides, and Chemical Forms

There are obvious limitations on the number of radiation types and radio-
active materials which can be subjected to intensive study. In the area of
external exposure, both low LET radiation and high LET radiation should be well
studied. The selection of radionuclides and radionuclide chemical and compound
forms for intensive study should be such as to provide a variety of patterns of
biologically distributed dose. Of the many types of radiation and radioactive
materials that cannot be included in the intensive study program, some, because
of their significant occurrence as practical problems, will require a degree of
study sufficient to demonstrate their probable relationship to the more inten-
sively studied forms. These would more properly be considered understanding-
type studies—they will not provide extensive data on dose-effect relationships
but will permit us to relate the probable behavior of these forms of irradia-
tion to that of the more intensively studied forms. In the case of internally
deposited radionuclides, understanding the biological distribution and retention
of these substances within the body will permit many inferences to be drawn
concerning radiation effects to be expected.

It would seem important to maintain a clear distinction between the few
"intensive" studies and the more numerous "relationship" studies. A major
effort has, of course, already occurred in this area, and it may well be that
few additional studies of the intensive variety need to be initiated. A number,
however, are still in progress and will require continued support. It must also
be acknowledged that more intensive study than could be justified by strictly
scientific considerations may be required for certain materials that may become
the target of great public interest or concern.

C. Choice of Animal Species

The confidence with which one can extrapolate the results of animal
studies to man is greatly increased if one can point to concordant results in
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several animal species, particularly if primates or larger animals are repre-
sented. Lifeipan effect studies in large animals are, however, very expen-
sive and very slow to provide results. It is fortunate that a number of
radiation effects studies in large animals were initiated over the past 25
years; a few of these are completed, others will require many more years of
research effort. Few additional studies of radiation effects in large animals
are apt to be started, not just because of funding problems, but because the
critical decisions relating to radiation effect will need to be made in less
than another 20 years. While newly initiated studies are apt to emphasize
shorter-lived species such as the rat, the mouse, and the hamster, every effort
must be made to extract the maximum possible information from already initiated
large animal studies which represent an investment of large magnitude and of
great scientific value.

The choice of experimental animal and the interpretation of carcino-
genic results obtained in the species chosen are greatly influenced by our
understanding of the more basic behavior of radiation and radionuclides in this
species. It is particularly helpful to be able to explain differences in radia-
tion effects between species in terms of understood differences in the biology
of the two species and from these differences to predict, on the basis of our
knowledge of man, how man may differ in his response to radiation from the
experimental animal species. It is in this area that understanding-type experi-
ments can play a most important role.

D. Choice of Exposure Range and Animal Numbers

These, as will be seen, are closely related problems. The practical
concern for radiation effects relates largely to very low exposure levels, so
low that experimental observation of carcinogenic effects at these levels is a
statistical impossibility. The lower one wishes to go in exposure levels, the
larger the number of animals required, if statistically significant numbers of
effects are to be observed. At some point it becomes impossible to increase the
number of animals further without losing more in uncontrollable variability than
is gained in statistical numbers. The question is, should one push the system
to its limit in order to secure effects data at the lowest possible exposure
level, or should one be content with smaller, less expensive studies, which
require a longer extrapolation to reach the exposure levels of primary interest
to man.

This is clearly not a question with a single, simple answer. Past and
current studies of genetic effects in mice are pushing the system toward
practical limits, with tens of thousands of mice per experimental group--
meaningful mammalian genetic effects data could be obtained in no other way.
But to contemplate the extension of experiments of such magnitude to the
investigation of carcinogenic effects in a variety of radiation exposure
situations seems unlikely to be cost-effective. The lowest one could hope to
get on an experimental dose-effect curve would still be orders of magnitude
higher than levels of concern in general pô , ation exposure-risk predictions.
To reduce the extrapolation required from a 1000-fold dose difference to a
100-fold dose difference would seem to represent little real gain.
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A more effective approach to the problem would seem to lie in under-
standing-type studies designed to shed light on what shape the dose-effect
curve might be expected to take in the experimentally unachievable dose
interval. This is an area of basic research where relatively small scale
(i.e., inexpensive) experiments may return large dividends. It is also an area
of research where creative and novel approaches are most necessary, and where
the failure rate is consequently high (i.e., it is real research).

E. Choice of Modifying Factors Requiring Study

While animal studies have already told us much about the straightforward
relationships between radiation exposure and carcinogenesis, the extension of
these studies into the real-life situations of complexly competing risks is a
relatively virgin field. How are the risks from radiation influenced by concur-
rent exposure to a host of other man-made pollutants of our environment—to
cigarette smoke, to nutritional factors, to age factors, to health factors? The
list is formidable, particularly since so little is known about most of these
factors taken individually. To understand the interactions of radiation and
factor X, we may first have to learn a great deal more than we presently know
about factor X. Since health effects studies from a wide variety of environ-
mental pollutants are supported by federal funds, it should be an important
point of federal funding strategy to insure that interactions between these
various pollutants are not overlooked.

It is clearly beyond our capacity to understand thoroughly all of the
complexities of these interacting and competing risks; it is important that our
limitations in this regard be recognized, and that excessive funds are not
channelled into very small segments of the problem which happen to attract
public or legislative attention. The stategy should be to cover the field
broadly, attempting to insure that major factors are not overlooked, and
concentrating only on those factors which give preliminary evidence of being
important. An example is the case of cigarette smoking, which seems to have
markedly influenced the carcinogenic risk of exposure to radon daughters in
uranium mines. Based on these difficult-to-quantitate observations in humans,
animal studies are being performed to seek a clearer understanding of the
relationships involved.

One might also consider in this category the factors which may be
intentionally applied after the fact in an attempt to reduce the carcino-
genic risk from exposure to radiation or to radionuclides. Such studies have
been actively pursued in the past because of their obvious applicability to
problems of occupational exposure. The need for such studies will continue,
with greater attention being required for problems posed by exposure of large
populations—the pros and cons of iodide treatment of large populations in the
presence of low levels of radioiodine contamination being a case in point.
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J - Somatic Effects I - Cancer

Outline for Research Topics

I. BASIC MECHANISM OF CARCINOGENESIS
A. Molecular

1. What are the molecular events following the absorption of
ionizing radiation essential to the carcinogenic process.
a. Investigate the role of DNA injury, repair and integrity.
b. What is the role of direct and indirect events in the

carcinogenic process.
B. Cellular & Sub-cellular

2. What are the cellular and sub-cellular events that are
essential to the carcinogenic process.
a. What is the significance of in vitro cell transformation

in understanding the carcinogenic process.
b. What sequence of cellular events render a cell

neoplastic, eg. cell cycle, cell differentiation, cell
function etc.

c. What other factors influence a cell in the production
of a carcinogenic cell.

d. Can a single neoplastic cell be identified?
C. Tissue

3. What are the microenvironmental factors within tissues
and organs that are important to the carcinogenic process;

e.g. Vascularity
Gasious exchange (anoxia)
Nutrition
Humoral factors
Preneoplasia
Cell interaction
Tissue damage and scarring
Cell mix and cell kinetics
Inducibility—succeptibility at tissue level

D. Host
4. What host factors are essential to the understanding

of radiation carcinogenesis?
e.g. Age

Sex
Other disease state
Nutrition
Environment—cigarette smoking
Immune competence
Genetics
Natural cancer incidence
Endocrine function

II. DOSIMETRIC CONSIDERATIONS (DOSE RATE, QUALITY ETC.)
A. How do the spatial, temporal and quality factors

of dose affect carcinogenesis?
e.g. biological significance of dose factors

-Internal emitters, including mini and micro
distribution and dose

-External sources (geometry)
-LET
-Rate
-Fractionation including split dose recovery
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J - Somatic Effects I - Cancer

III DOSE EFFECT RELATIONSHIPS (INCIDENCE, TEMPORAL)
A. What are the dose effect relationships for the incidence and

time patterns of radiation induced cancer?
1. Can quantitative models of dose effect relationships

contribute to our understanding of radiation carcinogenesis?
2. How can basic biological information contribute to choice

of mathematical models of dose effect relations-especially
for extrapolation to the low dose region?

3. What additional biological information is needed?
e.g. dose rate and fractionation

-Latency period
-Duration of exposure
-RBE and LET
-Duration of expression

4. What is the measure of the effect-absolute vs. relative risk?
5. Comparative dose effect relations e.g. experimental data

vis-a-vis human experience.
6. What is the predictive value of other biologic indicators

in radiation carcinogenesis
e.g. chromosome aberrations

-Neutropenia
-DNA strand breaks

IV INTERACTION OF CHEMICAL AND PHYSICAL AGENTS, INCLUDING MODIFIERS,
WITH IONIZING RADIATION
A. How do chemical, physical and biological agents, including modifiers,

interact qualitatively and quantitatively with ionizing radiation?
-What are the mechanisms of interaction
-Interaction of chemical caicinogens and ionizing
radiation carcinogenesis

-Interaction of chemical cofactors and ionizing
radiation carcinogenesis e.g. Tinea cases

-Amelioration of effect e.g. chelation (pharmaceuticals)
B. How does the magnitude of the dose affect the nature of the

interaction?
V HUMAN-ANIMAL COMPARATIVE RESPONSES (EXTRAPOLATION FROM ANIMALS

TO HUMANS)
A. How do we use the data derived from laboratory experiments?

1. To predict human risks
2. To derive common parameters
3. To choose proper biological models to resolve the question
4. Lifespan vs latency and the influence of competing risks

B. What is the biologic basis of interspecies differential response?
C. What is the role of species specific factors that alter dosimetry

i.e. comparative dosimetry?
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DISCUSSION FOLLOWING THE PRESENTATION

Somatic Effects - Cancer
Fredric J. Burns, Ph.D.

MS. CLUSEN:
to Dr. Burns?

Is there anyone wishing to speak in response

DR. AROESTY: I'd like to ask a question. What are the
experimental relationships between chromosomal aberrations and
cancer in animal systems.

OR. BURNS: I don't feel completely qualified to comment
on-that. I would say that so far ss I understand it, there is
a general correlation between the onset of such aberrations and
the potency with respect to the development of cancer. I would
say this is certainly an area that needs further study with
respect to the differences in different types of tissues and
in different species of animals.

MS. CLUSEN: Yes, right here.

DR. SILVERMAH:
Health, FDA.

Charlotte Silverman, Bureau of Radiological

I wanted to comment on the comment of basic risk estimates
on animal tests. While I aonreciate the deficiencies in epi-
demiologic data, I don't take great heart in hearing that leu-
kemia in the nouse is a good indicator of human cancer and
skin cancer in the rat is a good indicator of hunan cancer.
Leukemia is a rare disease in humans, and skin cancer does
not have grave outcomes.

The cancers that concern humans are not the ones that
animals seem subject to. In other words, I would say that
greater effort and nore resourcefulness should he put into
human studies, because the indicators that have been sug-
gested have very little relevance for the types of cancer
that afflict humans.

DR. BURHS: I would agree and I
are at an early stage in any kind of
data for human risk estimation.

would i ndicate
utilization of

that we
animal

OR. ELLETT: William Ellett, EPA. If I understood
Professor Todd correctly, when he was discussing transfor-
mation as an end point at hiqh dose fractionation and gave
reduction in the effect but actually it would enhance the
effect at low doses. If I understood Dr. Burns correctly,
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DISCUSSION FOLLOWING THE PRESENTATION

Somatic Effects - Cancer
Fredric J. Burns, Ph.D.

he was sayinq that there was reduced carcfnogenesis when he
had fractionated at high doses; what would he expect at .1 ow
doses when he was using cancer as an end point?

DR. RURNS: Of course, I don't have any low-dose data,
what we have to be able to do is that extrapolation which
we're talking about.

DR. ELLETT: Would you expect it not to be the same as
transformation? We are proposing from here a nodel system.
When do we quit using the model?

DR. BURNS: I personally wouldn't be willing to say that
transformation data would he that particularly applicable.
On the other hand, it is an indicator - it is a suggestion
that there could ba a problem at lower doses.
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OAK RIDGE NATIONAL LABORATORY
OPERATED BY

UNION CARBIDE CORPORATION
NUCLEAR DIVISION

POST OFFICE BOX Y

OAK RIOCE, TENNESSEE 37330

May 4, 1980

Dr. Charles U. Lowe
Special Assistant to the Director
National Institutes of Health
Bethesda, Maryland 20205

Dear Dr. Lowe:

I enclose a letter for inclusion as a public comment in the
Proposed Federal Radiation Research Agenda.

As you can see it has taken some time to get all of the
signatures. We hope it will be in time for inclusion as we con-
sider the issue that is discussed important.

Yours sincerely,

R. J. Michael Fry
Biology Division

RJMF:nt
enc.
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April 11, 1980

Dr. Charles U. Lowe
Special Assistant Co the
Director

Xational Institutes of Health
Bothesda, Maryland 20205

Dear Dr. Lowe:

We are convinced that a balanced program in radiation research
is needed; however, we feel it is necessary to draw your attention
to a specific component of the research in which there are special
problems.

Experimental studies of radiation carcinogenesis in animals have
raadf an important contribution to the understanding of cancer in
general and to the problem of risk estimates. This field of research
is boch difficult and expensive; difficult because the research
involves aspects of physics, biology, and statistics, and expensive
because the research requires sophisticated radiation facilities
with expert staff and the highest quality of animal facilities that
ensure maintenance of animals over their life span. The value of
such facilities is determined by the quality of the research workers.
Sadly, the national resource of experts in radiation carcinogenesis,
that has never been large, has dwindled or aged to an alarming
degree. Because of the instability of funding and the necessary
commitment of a great deal of time for each experiment, the field
has not attracted young researchers. The more rapidly productive
in vitro radiation studies have competed successfully for young
scientists. While in vitro studies show promise there are important
questions about radiation cacinogenesis that cannot be answered
without in vivo animal experiments. We consider the lack of
scientists entering the field of ̂ n̂  vivo radiation carcinogenesis
to be a matter of concern and urgency. If the problem is not
tackled now, both the essential facilities and the number of
experts capable of training scientists, will have shrunk to a
critical level.

There is an immediate need for a stabilization of funding and
a commitment of a small amount of funds to special training fellow-
ships. Stability is essential in this field of research because
the experiments take a long time to complete and the number of
publications is low.
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Dr. Charles U. Lowe -2- April 11, 1980

If the country is to retain an expert capability in radiation carcino-
genesis, and we believe emphatically that it should do so, it is essential
that this problem be addressed with speed, sense and resolution.

Yours sincerely,

W. K. Sinclair
Associate Laboratory Director
Argonne National/ Laboratory

B.JS. Grahn, Director
Division of Biological and Medical Research
Argonne National Laboratory

V. P. Bond
Associate Director
Brookhaven National Laboratory

)
J)6hn Totter
/institute of Energy Analysis
Oak Ridge Associated Universities

C. R. Richmond
Associate Director
Oak Ridge National Laboratory

J. \. Storer
Biology Division
Oak Ridge National Laboratory

R. J. M. Fry
Biology Division
Oak Ridge National Laboratory
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National Council on Radiation Protection
and Measurements
7910 WnODMONT AVENUE. SUITE 1016. WASHINGTON, D. C. 20014 AREA CODE (301) 657-2652

WARREN K. SINCLAIR. President
HYMER L FRIEDELL, M.D.. Vice President
W. ROGER NEY. Executive Director

April 28, 1980

Dr. Donald S. Fredrickson, Director
National Institutes of Health
Bldg. 1, Room 124
Bethesda, Maryland 20205

RE: Interagency Committee on Research into the Biological
Effects of Ionizing Radiation and the Proposed Federal
Radiation Research Agenda.

Dear Sir:

The National Council on Radiation Protection and Measure-
ments (NCRP) is aware of the efforts of the above Committee to
develop a Federal Radiation Research Agenda. One of the respon-
sibilities of the NCRP, under its charter, is to disseminate
recommendations about protection from radiation of both radiation
workers and the public. A fundamental requirement for the formu-
lation of sound recommendations is a knowledge of the health
effects upon man of low doses of ionizing radiation. We warmly
support, therefore, the Committee's plan to develop a Federal
Radiation Research Agenda.

I have consulted some of my colleagues in the NCRP. We
believe that a research agenda should include a balanced approach
involving epidemiological, animal and cellular research at both
applied and fundamental levels. High priority items should in-
clude at least the following:

(1) Studies on Dose Effect relationships for cancer
induction in human beings down to low doses, and
on factors that influence such relationships for
individual tumors and for lifeshortening. This
includes information for low LET radiation, high
LET radiation, and internal emitters.

(2) Carefully chosen epidemiological surveys in humans
that can at least provide upper limits to the risk
per unit dose at low levels and therefore must be
based upon reasonably well characterized dosimetry.
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Dr. Donald S. Fredrickson
Page 2
April 28, 1980

As a corollary, studies concerning the use of absolute vs
relative risk models and others designed to determine spontaneous
incidence in selected groups (for control purposes) are also
important.

(3) Animal research that provides information on the
mechanisms underlying dose effect relationships
and the factors influencing them, especially those
experiments that appear to offer opportunities for
interspecies comparison and for extrapolation of
dose effect relationships to humans. For high LET
radiation, two important items are: (a) the shape
of dose effect curves and (b) whether fractionation
of the dose increases the risk of tumor induction
compared with a single dose.

(4) Cellular studies that yield information upon or can
test models for dose effect relationships, especially
those using inactivation, mutation or transformation
as the endpoint.

(5) The influence of other agents on the ionizing radi-
ation response could profoundly affect appropriate
"permissible levels" consequently interactions between
other agents and ionizing radiation are of critical
importance.

(6) Fundamental studies on the molecular mechanisms of
mutagenesis and oncogenesis, especially radiation
induced; the identification of the one or more steps
in the process which may be open to modification or
reversal, would be of great importance.

While not directly radiation research, the NCRP recognizes
that in a more general context, the following are also very
important.

(7) Studies of comparative risk arising from different
pollutants.

(8) Studies of a more social nature on the acceptability
of risk.

There are also specific practical steps of value in radiation
protection that could lead to better information in the future.
Some of these are already mentioned in your cluster reports and
include such items as better personnel dosimetry control, and
better estimation of the dose to the individual and to appropriate
organs in occupationally exposed groups.
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Dr. Donald S. Fredrickson
Page 3
April 28, 1980

The above suggestions contain many of the items that seem
to be currently important in research relating to radiation pro-
tection, but they are not exhaustive. We present it partly to
draw your attention to these items, but perhaps more so, to
emphasize that the field of radiation protection has some specific
needs from future radiation research and that these are likely
to keep evolving. Consequently, it is important for the federal
radiation research agenda to keep very much in mind the changing
needs of the radiation protection field.

The NCRP would be very willing to help develop further the
suggestions outlined above or to provide additional comments or
suggestions at appropriate times in the future.

Thank you for your consideration.

Yours sincerely,

Warren K. Sinclair
President

WKS/dlv

cc: Oddvar F. Nygaard

Wil Ney

George W. Casarett
Vic Bond
Seymour Jablon
J. Newell Stannard
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Research into the Biological Effects of Ionizing Radiation
Somatic Effects II - Non-Cancer

Report of Cluster K

Introduction

Somatic effects of radiation can be considered in two categories; low
and high level effects. In the low level exposure region (defined here
arbitrarily as a single dose of the order of 10 rads or less, or higher
doses at very low dose rates), the only somatic effects other than cancer
known definitely at present to have health significance are those on fertiltiy
and on the developing individual from conception to near birth. Knowledge
of these effects is inadequate at present, and the bulk of this report will
be devoted to discussing the types of additional investigations required.

With respect to non-cancer somatic effects of radiation at intermediate
to high doses and dose rates, enough is known to describe in general the course
of early (over the first days to perhaps six weeks) effects, following different
doses of external radiation. A large number of gaps in knowledge remain,
however, and some of these are also outlined below. In particular, the non-
cancer late effects of intermediate to high doses of internal and external
radiation need better definition.

The distinction between non-cancer and cancer-related somatic effects
is blurred, at least at high dose levels. For instance, hormonal imbalance
resulting from irradiation can be of major importance in the overall carcino-
genic expression. Additional interactions requiring study include the immune
status, other homeostatic factors, and stem cell dynamics.

The need for additional work on quantitative dose-effect relationships
for the various effects described below is also emphasized. This is necessary
for radiations of different quality, and attention must be given to internal
as well as external radiations. Because of the extreme difficulty or impossi-
bility of observing some effects at low doses and dose rates, it is necessary
to rely on dose-response relationships to make at least upper-limit estimates
of what might be expected at lower doses and/or dose rates.

Although the outline below focuses on radiation effects, it is evident
that narrowly-oriented studies around such effects are insufficient. What
is needed additionally is a better knowledge and hence advances in the under-
standing of the fundamental biology involved. As an example, only through
an improved appreciation of the development of the ova in different species
will it be possible to understand in adequate detail the relevant effects
of radiation in a single species such as the mouse, and to translate that
understanding into predicting effects in the human being.
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Outline for Research Topics

I. Fertility

A. Male Fertility

The relationship between dose to the testes and sterility,
fertility, and effects on offspring require further study. For
such a study volunteer patients with malignant diseases such as
seminoma, Hodgkins desease and lymphosarcoma, and who have a good
prognosis and are generally in the child siring age group, could
be included. These patients generally are given pelvic field
irradiation. Preliminary studies indicate that, in spite of
gonadal shields, the tests receive radiation doses in the range
of 30 to 200 rads, depending on the disease and the treatment,
from unavoidable incidental backscatter.

B. Female Fertility

Comparative studies of germ-cell and ovarian development
should be undertaken in different species including man in order
to provide a framework for understanding:

1. Differences in oocyte sensitivity and induction of
sterility or reduced fertility.

2. Mechanisms responsible for failure to uncover genetic
effects from early oocytes, e.g., repair, selection,
failure of induction.

II. Embryo and Fetus

It has long been known that radiosensitivity is particularly
high during intrauterine life, and that the types of effects produced
are related to the developmental stage irradiated. Investigations
will low doses will be required to improve risk assessment for the
various developmental periods. In addition to answering practical
questions, radiation research on embryos and fetuses also provides
excellent opportunities for approaching basic problems. Thus, the
system can be employed for the study of developmental processes by
using radiation as a tool, and, conversely, for studying mechanisms
of radiation action, by using the dividing, migrating, and inter-
acting cells of the embryo as tools.

The complex succession of many stages during intrauterine
development may be broadly grouped into three periods(l).

A. Pre implantation (early cleavage, morula, blastocyst);

B. Major organogenesis (from early post implanatation through
laying down or major organ systems);

C. Fetus (detailed elaboration of organs and tissues, growth).
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For the research needs and opportunities listed below, one or more of
these different periods may be particularly pertinent, as indicated by
the letters A, B, or C in parentheses. Our listing includes some
topics that are primarily of practical importance and others of basic
interest.

1. Effects of doses below 25 rad (involves stages B and C above)

That 25 rad can cause readily discernible effects in developing
embryos has been known for some time(2). Limited results of studies
with lower doses have become abailable only recently.

Thus, it has been reported that the threshold for inducing cell-
division delay in the central nervous system is less than 10 rad(3),
and that the LDJQ for oocyte killing is 5 rads received during the
critical period(4). To detect effects of low doses, it is necessary
to utilize readily quantifiable endpoints, and to determine (and
then work at) the stage of maximum sensitivity for these end-pcints.
In addition to the examples cited, a promising system is the study
of changes in the axial skeleton of suitable strains(5). It is
possible that additional sensitive-indicator systems may be developed
in the future, such as changes in cyclic nucleotides, or effects on
receptor sensitivity. Using any of these end-points, dose-response
curves in the low dose range should be constructed. It the same
biological material is also observed for presence or absence of
certain teratological effects of radiation known to occur after
high doses, the experiments will provide an assessment of threshold
versus continuous repsonses.

t.

2. Nature of the cellular basis of radiation teratogenesis (A, B, C)

The clear pattern of critical periods (i.e., specific responses
at specific developmental stages) indicates inherent patterns of
radiation sensitivity. On what levels does this differential
sensitivity occur? Are certain cells of the embryo more likely to
be damaged than others? Or, are all equally damaged but certain
primordia have less regulatory capacity than others? On the cellular
level, is the initial damage cell death, division delay, or an
alteration in differentiational fate? Can directly damaged cells
affect non-damaged cells by secondary interactions? Most of these
questions, formally posed quite some time ago(l), have not yet been
explored adequately. They are approachable in in vivo studies as
well as by the use of model systems, such as teratocarcinomas and
aggregate cultures from embryonic organs.
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3. The role of genotype in intrauterine radiation sensitivity (B, C)

While the general pattern of critical periods holds for
different species and strains when developmentally equivalent
stages are matched, differences in the magnitude of specific
responses have been noted. These differences may indicate that
certain genotypes are intrinsically insensitive to radiation damage
in certain primordia. Alternatively, they may indicate that the
basic damage is the same in the various genotupes, but that some
possess greater regulatory capacity than others for the develop-
mental process in question. Detailed quantitative comparisons of
inbred strains within a species with respect to specific terato-
genic responses would be most instructive, especially if they were
combined with investigations into the basic mechanisms of damage
in pertinent primordia (see 2, above). Species comparisons would
lend greater confidence to extrapolating risks to man, especially
if such comparisons included primates, such as the squirrel monkey.

4. Interactions between radiation and other agents (b)

Human beings are never exposed to radiation alone; they are
constantly under the influence of such other agents as pollutants,
drugs, food additives, cosmetics, and even dietary items. There
is limited evidence that radiation effects on embryonic development
is modifiable by other agents. Effects can be lessened, e.g., by
hypoxia(l), or augmented, e.g., by caffeins(6). It is likely that
agents that affect repair capacity would alter teratogenicity of
radiation. Yet, aside from the cited studies, there is virtually
no experimental evidence available on this score. The interaction
of radiation with common pollutants and food related compounds and
with heavy metals should also be investigated. Experiment with
embryonic cells in culture may be useful in elucidating mechanisms
involved in the modification of radiation effects and as a preliminary
to ̂ n vivo studies.

5. Long-term effects of intrauterine irradiation (B, ,)

Most experiments in radiation teratogenesis have been terminated
at birth of the animal or earlier, and some of the recommended studies
(e.g., 2, above), in fact, require this. There is a need for carefully
controlled investigations of long-term effects of intrauterine irradia-
tion on parameters such as longevity, reproductive capacity, disease
resistance, and stress resistance. ^Cancer incidence is excluded,
since that is to be covered in another Projection PaperJ

What information is available from human beings irradiated
in utero indicates that central-nervous-system-related damages may
be particularly prevalent, and this is not surprising in view of
the fact that the period over which the CNS is developing constitutes
a much larger proportion of the total intrauterine period in man
than it does in rodents. Among the possible long-term effects that
should be studied is CNS-related damage that might be revealed by
behavioral paramaters or by effects on biogenic amine transmitter and
receptor systems. Vascular changes should also be analyzed.
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All long-term effects should be related to quantitative
histopathological and histochemical studies on cell survival
and alterations in cell properties at various intervals after
irradiation.

6. Chromosomal damages (A)

Questions on the influence of cell-cycle stage on the nature
of cellular radiation damage could be profitably addressed by
using the zygote and early cleavage embryos. During that period,
Gl, S, G2, and M intervals could be delineated in easily-followed
cells, and the quality and quantity of chromosomal damage could
be related to the irradiated cell-cycle stage. Since loss of
major portions or of a whole autosome is cell lethal, while
certain types of sex-chromosome losses are tolerated, the latter
may be useful in studying cell lineages in the early embryo (since
it is known that only a few of the blastomeres form the embryo
proper).

III. Chromosomal Aberrations

A. Chromosomal preparations, readily obtainable from various species,
provide a biological dosimeter and are useful for studies on clonal
evolution, interactions with other agents, relationships to DNA
repair defects, and the evolution of various disease states, e.g.,
leukemia.

B. The medical significance of radiation-induced somatic chromosome
aberrations is not known and requires intense investigations. There
are substantial additional reasons for their study.

IV. Intermediate and Long-Term Non-Cancer Effects

Intermediate and long-term non-cancer effects resulting from high
doses are poorly defined and require additional work. Some specific
areas are as follows:

A. Vascular, connective tissue and related changes (of importance
particularly in radiotherapy).

B. Stem cell dynamics, and their relationships to differential
organ and species sensitivity.

C. Organ effects, pathological, biochemical and functional, from
large amounts of radioactive isotopes gaining access to a
particular organ. Considerable uncertainty remains about the
genesis of effects in bone, thyroid, lung, liver and in other
deposition sites. What kinds of damage are reversible?
Progressive?

D. Although the dose-response curves for low-LET radiation on the
lens of the eye are reasonably well known for man, additional
information is needed in order to improve the accuracy of the
estimates of the threshold for high-LET radiation in man.
Patients receiving high-LET radiation therapy for cancer could
contribute quantitative information.
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E. Effects on cell surface receptors.

F. Shortening of reproductive life span.

Furture investigations in which histopathological evaluations of
tissues are to be performed should give increased attention to quanti-
tative methodology, employing recently developed automated morphometric
techniques than has been the case in the vast majority of investigations
up to the present time. In functional studies, whether behaviorally,
physiologically or pharmacologically oriented, serious consideration
should be given to the delineation of the structural and chemical
correlates of the observed phenomena on a quantitative basis. Such
interdisciplinary studies should have much greater interpretive value
than studies in individual disciplines.

The potential for cell recovery following irradiation of parenchymal
tissues should also receive much more attention than has been the case
to date. Great strides have been made in gaining an understanding of
recovery capability in cultured cells, but the much more complex problem
of post-irradiation cell recovery in organs, tissues and individual cells
in vivo has received virtually no attention.

V. High Dose Human Exposure

A. Additional information is need on the treatment of patients with
ser^re marrow depression resulting from acute radiotherapeutic
exposures and acute accidental high dose total body irradiation.
For example, passive immune sera could be developed against the
organisms most likely to be pathogenic.

B. Therapy can be improved if we know more about pathogenesis of
total body irradiation effects, i.e., the nature of the
"gastronintestinal syndrome". Patients suitable for such studies
are those given total body irradiation in preparation for marrow
transplantation.

C. There is no well established treatment for patients with accidental
or radiotherapeutic localized irradiation to, for example, the
extremities or lung.

1. Studies of vascular lesions by nuclear medical and other
techniques would be useful.

2. Animal models should be developed for diagnosis and possible
therapy with anti-platelet drugs (aspirin), sympathectomy,
papaverine, etc.
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VI. Additional Comment (to be treated more generally, in the overall report).

The general tenor of the outlines provided at tha opening of the
meeting suggests that the overall effort is directed primarily toward
the harmful effects of irradiation. Even though radiation therapy and
diagnostic tests are listed, the subheadings emphasize unwanted radiation
effects. It is hoped that an appropriate balance will be achieved in
the report to Congress, with consideration of the importance of govern-
ment support of new nuclear medical techniques, improved radiologic
diagnostic procedures, and advanced methods in radiotherapy.

The Cluster Group believes that efforts should be made to help the
public evaluate the dangers of radiation with a clear perspective of not
only the relationships with other environmental hazards but the benefits
derived from the uses of potentially harmful agents. It is also important
to convey the information that radiation effects are among the most
extensively studied and most clearly understood of all environmental pro-
blems. An additional point is that the large investment already made in
basic and applied radiobiology has had a vast effect upon scientific
progress in other fields an' has provided methodology, e.g., autoradiography,
tracer techniques, carbon-14 dating, that has benefited science in general
as well as the practice of medicine.
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K - Somatic Effects II - Non-Cancer

Introduction
Somatic effects of radiation other than cancer can be considered in two

categories; low and high level effects. In the low level region (defined here
arbitrarily as single dosage the order of 10 rads or less, or higher doses
at very low dose rates), the only effects known definitely at present to have
health significance are those on fertility and on the developing individual
from conception to near birth. These are considered to be of greatest
importance in an outline of the types of investigations required and are given
below. Although the outline focuses on radiation effects, it is evident
that narrowly-oriented studies around such effects are insufficient. What
is needed is a better knowledge and hence advances in the understanding of
the fundamental biology involved. As an example, only through an improved
appreciation of the development of the ova in different species will it be
possible to understand in adequate detail the effects of radiation in a single
species such as the mouse, and to translate that understanding into predicting
effects in the human being.

In addition to the fundamental approaches described above, additional
emphasis on quantitative dose-effect relationships for the various effects
described below are required. These are necessary for radiations of different
quality, and attention must be given to internal as well as external radia-
tions. Because of the extreme difficulty or impossibility of observing some
effects at low doses and dose rates, it is necessary to rely on dose-effect
relationships to make at least upper-limit estimates of what might be expected
at lower doses and low dose rates.

With respect to non-cancer somatic effects of radiation at intermediate to
high doses and dose rates, enough is known to describe in general the course of
early (over the first days to perhaps six weeks) effects, following different
doses of external radiation. A large number of gaps in knowledge remain,
however, and some of these are outlined below. In particular, the non-cancer
late effects of intermediate to high doses of internal and external radiation
need better definition.

The distinction between non-cancer and cancer-related somatic effects
is blurred. For instance, hormonal imbalance resulting from irradiation
can be of major importance in the overall carcinogenic expression. Additional
interactions requiring study include the immune status, other homeostatic
factors, and stem cell dynamics.

Outline for Research Topics
I. Fertility

A. Male Fertility
The relationship between dose to the testes and sterility, fertility,

and effects on offspring require further study. For such a study volunteer
cancer patients with diseases such as setninoma, Hodgkins disease and lymphosarcoma,
who have a good prognosis and are generally in the child siring age group could
be included. These patients generally receive pelvic field radiation and
preliminary studies indicate that in spite of gonadal shields, the testes receive
through unavoidable incidental backscatter doses of radiation in the range
of 30 to 200 rads; dependent on treatment and disease.

B. Female Fertility
Comparative studies of germ-cell and ovarian development in different
species including man
1. Relation to differences in oocyte sensitivity and

induction of sterility or reduced fertility.
2. Mechanisms responsible for failure to recover genetic

effects from early oocytes e.g. repair, selection,
failure of induction.
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K - Somatic Effects II - Non-Cancer

II. Embryo
It has long been known that radiosensitivity is particularly high

during intrauterine life, and that the types of effects produced are
related to the developmental stage irradiated. The stages may be
grouped into three broad periods:

A. Pre implantation (early cleavage, morula, blastocyst.)
B. Major organogenesis (from early post implantation through

laying down of organ systems.)
C. Fetus (detailed elaboration of organs and tissues,

growth)
There are still major gaps in our knowledge about intrauterine radio-
sensitivity.
B & C

1. Effects of low doses, specially below 25 rad
Dose-effect curves should be constructed utilizing sensitive
indicators at sensitive stages,
a. Killing of primordial germ cells or oocytes
b. Cell-division delay in the C.N.S.
c. Homeotic shifts in the skeleton
d. Other sensitive indicators to be developed.

A, B h C
2. Nature of the cellular mechanisms that lead to various morpho-

logical or functional abnormalities, or to death
a. Cell death
b. Division delay
c. Cell-cell interactions
d. Change in differentiation

These mechanisms can be studied
a. In vivo
b. By the use of model systems

B,C 3. The role of genotype in determing intrauterine radiation
sensitivity
a. Strain comparisons within a species
b. Species comparisons

B 4. Interaction between radiations and other agents, such as
foods, drugs, pollutants (B). Special emphasis should be
placed on possible repair inhibitors or enhancers.

B,C 5. Long-term effects of intrauterine irradiation
a. Longevity
b. Behavior
c. Disease resistance
d. Radiation resistance

A 6. Effect of chromosomal damages, especially sex-chromosome loss
III Chromosomal Aberrations

A. Chromosomal preparations are easily available from various species,
they provided a biological dosimeter and are useful for studies on clonal
evolution, interactions with other agents, relationships to DNA repair
defects, and the evolution of various disease states, e.g. leukemia.
B. The medical significance of radiation-induced somatic chromosome
aberrations is not known and requires intense investigations. There
are substantial additional reasons for their study.
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K - Somatic Effects II - Non-Cancer

IV. Intermediate and Long-Term Effects
Intermediate and long term effects resulting from high doses are

poorly defined and require additional work. Some specific areas are
as follows:

A. Vascular, connective tissue and related changes, (of importance
also in radiotherapy).

B. Stem cell dynamics, and their relationships to differential
organ and species sensitivity.

C. Organ effects, from large amounts of radioactive isotopes
gaining access to the organ.

D. Effects of high-LET radiation on the lens of the eye.
E. Effects on cell surface receptors.
F. Shortening of reproductive life span.

V. High Dose Human Exposure
A. Additional information is needed on the therapy of patients

with severe marrow depression, from acute radiotherapeutic
exposures and acute accidental high dose total body irradia-
tion. For example, passive immune sera could be developed
against the organisms most likely to be pathogenic.

B. Therapy can be improved if we know more about pathogenesis
of total body irradiation effects, i.e., the nature of
the "gastronintestinal syndrome". Patients suitable for
such studies are those given total body irradiation in
preparation for marrow transplantation.

C. There is no well established treatment for patients with
accidental localized irradiation to an extremity, or lung
irradiation due to radiotherapy.
1. Studies of vascular lesions by nuclear medical and

other techniques would be useful.
2. Animal models should be developed for diagnosis and

possible therapy with anti-platelet drugs (aspirin),
sympathectomy, papaverine. etc.

VI. Additional Comment:
The general slant of the outlines provided at the opening of the

meeting suggest that this effort is directed primarily toward the harmful
effects of irradiation. Even though radiation therapy and diagnostic
tests are listed, the subheadings emphasize unwanted radiation effects.
We hope that an appropriate balance will be achieved in the report to
Congress, with consideration of the possibilities for government support
of new nuclear medical techniques, improved radiologic diagnostic
procedures, and advanced methods in radiotherapy.

The committee believes that efforts should be made to help the
public evaluate the dangers of radiation with a clear perspective of
the relationships with other environmental hazards. It is also important
to convey the information that radiation effects are among the most
extensively studied and most clearly understood of all environmental
problems. An additional point is that the large investment already made
in radiobiology has had a vast effect upon scientific progress in other
fields and has provided methods, e.g., autoradiography, tracer studies,
carbon-14 dating, that have benefited other fields of science.
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January 21, 1980

NIH
Dr. Charles U. Lowe
Special Assistant to the Direc or,
Building 1, Room 103
Bethesda, Maryland 20205

Dear Dr. Lowe:

Enclosed is a manuscript on Radiation Teratogenesis in response to your
invitation for written material about the effects of radiation.

Our laboratory has spent thirty years in studying the effects of radiation
on the developing embryo and I believe that we have reasonable estimates of these
risks at low levels of radiation. Our analysis leads us to believe that the medical
community is misinformed about the magnitude of these risks and provides poor
medical care and improper counseling in handling patients with low radiation expos-
ures (in the diagnostic range and below.)

I would be pleased to review this subject for the public committee.

Sincerely,

RLB/h

enc.

Robert L. Brent, M.D., Ph.D.
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RADIATION TERATOGEMESIS

INTKODUCTION

In spite of the fact that we have a great deal more to learn about

radiation teratogenesis and teratogenesis in general, there have been

many experiments and observations about the effects of radiation on the

developing embryo. A complete review of this subject will not be

presented and the reader is referred to recent reviews on this subject

(Brent, '70, '72, '76, "77; Brent and Gorson, '72).

Prior to the blastocyst stage, the embryo is a multicellular

organism with an insensitivity to the teratogenic and growth retarding

effects of radiation and the greatest degree of sensitivity to the lethal

effects of irradiation (Russel, '50; Russell and Russel, '50; Brent and

Bolden, '67a) (figs. 1-3). During early organogenesis, the embryo is

very sensitive to the growth retarding, teratogenic and lethal effects of

irradiation, but has the abil i ty to recover somewhat from the growth

retarding effects in the postpartum period. During the early fetal

period, the fetus has diminished sensitivity to multiple organ

teratogenesis, retains central nervous system sensitivity, is growth

retarded at term, but recovers poorly from the growth retardation in the

postpartun period (Russell, '50, '56; Russell and Russell, '54; Rugh,
162). During the later fetal stages, the embryo is not grossly deformed

by radiation but can respond to permanent cell depletion of various

organs and tissues if the radiation exposure is high enough (Brent and

Gorson,'72; Brent, !77). One can postulate many mechanisns for the effects

of irradiation, which include cell death, mitotic delay, disturbances
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of cell migration, alteration in macromolecular structure and many

others. Until we know more about the mechanisms involved in

embryopathology, it is difficult to determine which mechanisms are most

important in the process of radiation-induced embryopathology.

Furthermore, the same pathogenic mechanisms may not be primarily

operative at all stages of gestation. Radiation-induced cell death may

be minimally important at one stage of gestation because of the embryo's

ability to replace the killed cells. At another stage of gestation, cell

death may be a primary factor because the embryo has lost the ability to

replace dead cells and that fetus may be permanently cell depleted.

Other radiation-induced effects that have been invoked to explain

einbryopathology are cytogenetic abnormalities and somatic mutations

(Russell and Saylors, '63; Russell and Major, '57). Cytogenetic

abnormalities may be responsible for preimplantation death in the

irradiated mammalian zygote (Rugh, '65; Russell and Saylors, '63; Brent

and Bolden, '67a) but point mutations are less likely to be a

contributing factor to abnormal morphogenesis. Of course neither

phenomenon has been adequately studied at every stage of mammalian

gestation.

Radiation effects may appear at once and result in cell death,

embryonic death or teratogenesis. Other effects may not be obvious

immediately and can only be measured or ascertained in the postpartum or

adult period. Neuronal depletion, infertility, tissue hypoplasia,

neoplasia or shortening of life span are phenomena whose significance
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can only be evaluated in the postpartun or adult organism (Hicks and

D'Amato, '66; Murphree and Pace, '60; Brent and Gorson, '72; Brent and

Bolden, ' 61 , Brent, '70; Rugh and Wahlfromm, '64a,b; Oowen and Geller,

•60).

The neurophysiological and behavior changes in adult organisms that

have been irradiated in utero are the most difficult to evaluate. The

difficulties arise for several reasons: 1) I t i s not easy to eliminate

postnatal environmental effects as contributing factors; 2) Reported

findings are frequently not reproducible and are not dose-related; 3)

Behavioral changes may not be able to be correlates with the

neuroanatomical changes and 4) Animal behavior tests may have minimal

application to the human situation. fliis subject is reviewed by

Fur,:htyott ('63) and Brent ( '76). Except for the work of Piontkovskii

('58, '61) a l l behavioral studies of animals or humans exposed to

radiation during gestation do not exhibit any measurable changes if the

exposure is below 25 rads.

HUMAN RADIATION TERATOGENESIS

Itie c l a s s i c a l e f fec t s of r ad ia t ion on the developing mammal a r e

gross congeni ta l malformations, i n t r a u t e r i n e growth r e t a rda t ion and

embryonic dea th . Each of these e f f ec t s have a dose response r e l a t i onsh ip

and a threshold exposure, below which there i s no di f ference between the

i r r ad i a t ed and the control populat ion. Since human pregnancies

predominantly cons i s t s of a s ing le embryo, i t would be unusual to see the

classical triad of effects, although i t is conceivable, that if the dose

and timing were appropriate, a s t i l lborn, growth-retarded, malformed

embryo could result .
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Growth retardation and central nervous system effects, such as

microcephaly or eye malformations, are the cardinal manifestation of

intrauterine radiation effects in the human. The occurrence of

microcephaly is such a significant component of the effects of intra-

uterine racSiation that a separate "Teratogen Update" has been written

about this subject (Miller, '76). The reports of Zappert ( '26),

Goldstein and Murphy C29a,b), DeKaban {'68), Miller ( '69), Wood

et a l . ('67a,b), Plumner ("62), and Yamazaki ('54) indicate that

microcephaly is the comnonest malformation observed in humans randomly

exposed to high doses of radiation during pregnancy. In Goldstein and

Murphy'B reports, 19 of 75 irradiated embryos were microcephalic or

hydrocephalic children, having received an estimated dose of greater than

100 rads as a minimum. Almost a l l the microcephalic children were

mentally retarded. The following malformations were also reported: two

children with hypoplastic genitalia, one child with cleft palate, one

child with hypospadius, an abnormality of the large toe and an ear

abnormality. Many of the children had intrauterine growth retardation

and thare were various abnormalities of the eyes, including

microEhthalmia, cataracts, strabismus, retinal degeneration and optic

atrophy. The unique finding was that no visceral, limb or other

malformations were ever found unless the child exhibited intrauterine

growth retardation, microcephaly (congenital malformations of the brain)

or readily apparent eye malformations. Dekaban reported that 22 infants

that wero exposed between the 3rd to 20th week of human gestation were

microcephalic, mentally retarded or both (fig. 4) . The estimated

protracted exposure was 250 R and all of the malformed infants
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exhibited growth retardation. The most frequent abnormalities were 1)

small size at birth and stunted growth; 2) microcephaly; 3) mental

retardation; 4) microphthalmia; 5) pigmentary changes in the retina; 6)

genital and skeletal malformations and 7) cataracts (fig. 4). All of thp

embryos reported by DeKaban received hundreds of rads. The patients were

treated with radiation for various reasons, including dysmenorrhea,

metrorrhagia, myomata, a r th r i t i s or tuberculosis of the sacroiliac joint

and malignant tunors of the uterus or cervix. In several instances,

radiation was initiated without knowing the patient was pregnant.

I t ig of interest to note that in one of the case reports (Murphy

and Goldstein, '30) a typical campomelic dwarf was reported and the cause

was attributed to radiation. High dose radiation was delivered frcm the

2nd to 5th month. This rare recessive syndrane was not described in 1930

and the authors were not in a position to recognize i t s possible genetic

etiology {Maroteaux et a l . , '71).

Rediation-induced microcephaly, growth retardation and

microphthalmia are represented in figures 5 and 6.

Fran a sample of 1265 subjects exposed in utero at Hiroshima, 183

were analyzed by Miller ('69) and Vfood et a l . ( '67a,b). Seventy-eight of

these fetuses were less than 16 weeks of age at the tijne of irradiation;

105 were 16 weeks or more. Of 78, 25 were microcephalic (head

circunference more than two standard deviations below the mean), and 11

were mentally deficient. Of the 105, 7 were microcephalic as defined and

four were mentally deficient. Itie incidence of microcephaly increased

with increasing exposure. In 14 of the offspring with smaller than
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normal head circumference who were also mentally deficient, 10 were >_ 2.

S.D. below the mean height for age. In 16 children with small heads who

were not mentally deficient, there was not a marked reduction in stature.

Tables 1 and 2 summarize some of the characteristics of the patients

exposed in utero before the 16th week of gestation (Miller, '69; Wood et

al> '67b; Blot'75). Severe mental retardation was not observed in any

patients that received less than 50 rads while in utero (Blot and Miller,

'73). In a summary of the microcephalic data, Blot ('75) noted that,

while there was no increased risk for microcephaly in the population

exposed in Nagasaki below 150 rads, there was an increased risk in the

population exposed in Hiroshima at much lower doses. Blot pointed out

that 30% of the radiation in Hiroshima was due to neutrons. Thus, a 20-

rad exposure consistirg of 30% neutrons (RBE 10) could expose the embryo

to 74 rem of radiation. It should also be pointed out that 10-20 rads of

low L.E.T, radiation will not increase the incidence of microcephaly in

experimental animals.

Analysis of the human data reveals some interesting and important

facts. Growth retardation, microcephaly, and mental retardation are

predominant observable effects following acute exposures greater than 50

rads (low L.E.T. radiation). No report of a bonafide radiation-induced

morphological malformation has been reported in a human that has not

exhibited growth retardation or a central nervous system abnormality.

One might question why the central nervous system seems to be more

sensitive in the human than in experimental animals in whom many organ

systems are malformed by irradiation. The explanation for this apparent

discrepancy is that the central nervous system maintains its sensitivity

317



to radiation throughout gestation and into the neonatal period, while the

other organ systems have much narrower periods when obvious motrpholajicai

alterations can be produced (Brent, '70, '72, '76, '77) (fig. 1). Secondly,

the period of exquisite sensitivity to multiple system malformations is

quite small in the human (2nd to 4th week) when compared to the rat (9th

to 13th day). In the human, a l l organ systems can be readily malformed

by high doses of radiation during 5% of pregnancy, while in the rat i t

can occur over 20% of pregnancy. Thirdly, human exposures have occurred

at random during pregnancy and the exposure is controlled for purposes of

therapeutic irradiation (100's of rads) or not controlled as at Hiroshima

and Nagasaki. Therefore, the exposures that occur in the human during

the period of maximum sensitivity will be infrequent and/or will result

in a high incidence of abortions, while the great majority of exposures

will occur during the fetal stages when the central nervous system is

unable to repair radiation-induced neuronal death. Thus, the nature of

radiation effects in the human and the apparent discrepancies with animal

data can be explained by the manner in which human populations have been

exposed.

There are rare instances in which human embryos have been studied

ijnnediately after exposure to high doses of irradiation. Driscoll et a l .

('63) were able to study the acute effects in two human fetuses exposed

to radiation from radium with which their mothers were being treated for

cancer of the cervix. Th« fetuses, 15 cm and 21 cm in crown-runp length,

were examined 2 and 10 days after the beginning of irradiation, which

lasted 48 hours in the f i rs t case and 4 days in the second. The crowns

of the heads received about 800 R and 1600 R, respectively.
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Destruction of primitive proliferative and migratory cells in the brains

and of granulopoietic cells in the hematopoietic tissue occured in both,

but evidence of acute necrosis of lymphoid and mesenchymal cells was

still visible only in the smaller fetus exposed for 48 hours. Mesenchyme

cell necrosis extended as far as the kidney, where the dose may have been

of the order of 50 to 100 rads in this fetus- In the larger fetus

exposed for 4 days, more degenerating ova were seen than in comparable

unirradiated subjects. These observations provide a link between human

labratory animal data, suggesting that patterns of cellular

radio-sensitivity in man are similar to those in other mamnals (Hicks and

Irradiation of the human fetus from diagnstic exposures below 5 rads

have not been observed to cause congenital malformations or growth

retardation (f.'okkentred,'G8; Tabuchi,'64; Tabuchi et al.'67; Kinlen and

Acheson,'68; Vilumsen,'70) but all such epidemiological studies are not

negative (Heinonen et al.,'77; Jacobsen and MelIimgaard,'68). These are

extremely difficult studies to perform and it appears that the animal

data support the contention that gross congenital malformations will not

be increased in a human pregnant population exposed to 5 rads or less.

This contention is further strengthened by the fact that most human

exposures to extensive diagnostic radiation studies are fractionated

and/or protracted. This type of exposure is likely to be less effective

in producing malformations than is an acute exposure (Brizzee and

Brannon,'72; Brent,'71).
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Although the animal and human data support the conclusion that no

increase in the incidence of gross conjenital malformtions, intrauterine

growth retardation or abortion will occur with exposures below 5 rads,

that does not mean that there are definitely no risks to the embryo

exposed to lower closes of radiation. Whether there exists a linear or

exponential dose-response relationship or a threshold exposure for

genetic, carcinogenic, cell-depleting and shortening-of-life span effects

has not been determined. In establishing maximum permissable levels for

the embryo at low exposures, we estimate the risk at 1 rad on the basis

of a linear relationship (Table 3).

COUNSELING TOE PREGNANT WOMEN EXPOSED TO

RADIATION AND ESTIMATING THE RISKS

Radiation e f f ec t s in var ious manual ian embryos a r e more s imi la r than

the e f f ec t s of most o ther tera togens or embryopathic agents because

rad i a t i on has a d i r e c t e f f ec t on the developing embryo (Bren t , ' 60 ; Brent

and Bolden j ' eTafb j 'SS , ' ? ! ; Brent and McLaughlin,'6O) and v a r i a t i o n s in

p lacen ta l t r anspor t and maternal metabolism do not s i g n i f i c a n t l y a l t e r

the r e s u l t s of i r r a d i a t i n g the embryo. Thus, one can more r ead i ly

t r a n s f e r the r e s u l t s of r ad i a t i on experiments with pregnant mammals to

the human than with any o ther t e ra tcgen .

The b io log ic e f f ec t s of embryonic r ad i a t i on a r e summarized for

exposures of 10 rad and 100 rad in Tables 4 and 5 for var ious species and

different stages of gestation. Table 6 l i s t s the estimated LD/50,

minimum malforming dose, minimum lethal dose, minimun dose to produce

growth retardation and other parameters for the human embryo, based on

extrapolations frcm animal data.
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Table 7 lists the effects of low exposures to developing mammalian

embryos. The data indicate that continuous exposures below 2000 mrads

per day have no effect on numerous parameters such as fertility, growth,

mortality or the incidence of congenital malformations.

In the human, diminished body growth, head size, and mental

development.has been observed after 50 rads to the mother during the

earlier months of gestation, and some disturbances of growth may occur

after as little as about 25 rads. Blot and Miller ('73) report that

small head size was observed in children receiving 10 rads while in

utero, but there was no mental retardation associated with this exposure

and there were other important considerations. This exposure consisted

of a significant neutron component which has a greater relative

biological effect. Secondly, the groups were very small and, thirdly,

there were other serious environmental factors that could have

contributed to disturbances of fetal growth. Even if one considers this

effect to be etiologically related to radiation exposure, the total human

data from Hiroshima and Nagasaki do not support a significant effect

attributable to radiation in the groups that received below 10 rads in

utero. In experiments with laboratory mammals, in which more precise

observation of dose and stage of development is possible, doses as low as

25 rads have produced some impairment of neurologic function and

behavior. Alterations in the morphologic development of some brain

neurons and certain other cellular changes have been observed after as

little as 10-20 rads in fetal and infant rats, but tests thus far have

not revealed corresponding changes in function.
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Innunerable developmental processes are sensitive to radiation, as

to other environmental teratogenic agents, and each process has i t s

individual threshold or dose-range below which radiation has no visible

effect. In radiogenic microcephaly or impaired body growth, the

develognent of the abnormality depends on the summation and interaction

of the interruptions of a large number of processes characteristic of the

stage of development, and there are threshold dose-ranges below vihich

these effects are not observed. Furthermore, the embryo does have

sophisticated recuperable powers vtfiich are present in all mammalian

cells .

Based on this information, i t would appear that the hazards of

exposures in the range of diagnostic roentgenology (20 mrads-5000 rads)

present an extranely low risk to the embryo, when compared to the spon-

taneous mishaps that can befall the human enbryo (Table 3). Approximately

30-50% of human anbryos abort spontaneously. Human infants have a 2.75%

malformation rate at term, whidi rises to approximately 6-0% oncu all

malformations and genetic disease become manifest. In spite of the fact

that doses of 1-3 rads can produce cellular effects and the fact that

diagnostic exposure during pregnancy has been associated with malignancy

in childhood, the maximum theoretical risk to the human embryos exposed

to doses of 5 rads or less is extremely small (Tables 3 and 6). In my

experience, when the data and risks are explained to the patient, the

family with a wanted pregnancy invariably continues with the pregnancy.

The difficulty that frequently arises is that the radiation risk frcm

diagnostic radiation is evaluated without considering the significant

normal risks of pregnancy. Furthermore, many physicians approach the
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evaluation of a diagnostic radiation exposure with a cavalier at t i tude.

The usual procedures in clinical medicine are ignored and opinion based

on meager information is given the patient. Frequently, i t reflects the

physician's bias about radiation effects or his total ignorance of the

fields of radiation biology. We have patient records in our files of

scores of patients who have been told to have an abortion following a

radiation exposure. In many instances the embryo received no measurable

exposure. In most instances, the exposure was well below 5 rads - and! in

several instances, the physician's evaluation was so unsystematic that he

was not aware that the patient was not pregnant at the time of the

exposure. Why is i t that a physician ignores the systematic approach of

patient evaluation when confronted with a pregnant woman who has been

exposed to radiation? Whatever the reason, there is a minimal systematic

approach that every patient deserves. The following information should

be obtained.

1. Stage of pregnancy of the exposure.

2. Menstrual history

3. Previous pregnancy history

4. History of congenital malformations

5. Other potential harmful environmental factors

that have occurred during this pregnancy

6. Mather and father's age

7. Type of radiation study. Dates and number of studies

performed
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8. Calculation of the embryonic exposure by a

medical physicist or o MI intent radiologist

0. Status oE Uiiu pregnancy: wanted, unwanted

10. Evaluation of this information. Arriving at

decision by both patient and counselor

11. Placing in the medical record a sumnary of the

information and that patient has been informed

that a normal pregnancy has a significant risk of

having something go wrong and that the decision to

continue the pregnancy does not mean that the counselor

is guaranteeing the outcome of the pregnancy

12. The use of amniocentesis an? ultrasound to evaluate

the fetus is an individual decision that would have to be

ma3e in each pregnancy

Our experience has taught us that there are many variables involved

in a radiation exposure to a pregnant cr potentially pregnant woman.

Therefore, it is impossible to provide a routine stereotyped response for

each patient. The following examples are sane typical cases of radiation

exposure that necessitated evaluation.
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A 27-year-old mother, gravida 3, para 2, abortus o,
called on a Friday afternoon because she was 8 weeks
pregnant and was scheduled for a therapeutic
abortion on Monday morning. Her obstetrician and a
pediatric <j>snetic counselor had advised her to have
a therapeutic abortion because at the time of
conception she had several X-ray examinations of the
abdomen, and they were concerned that the embryo
would be malformed. No dosimetry had been performed
and no evaluation init iated. I t took about 10
minutes on the phone to determine that she became
pregnant after the diagnostic radiation studies and
that her two previous boys had minor problems
(hemang ioma and pyloric stenosis). We canceled the
abortion and the mother delivered a normal,
full-term g i r l . She was adequately warned that we
could not guarantee the outcome of the pregnancy -
that there are 27.5 serious malformations per 101)0
births—as a minimun. She had another determining
factor in that she had a serious problem with
varicose veins and planned a tubal ligatioi: after
either the abortion or the delivery.

The case history i l lustrates the minimal data that was collected by

the physicians before counselling the patient. There was as added

feature in this case. The paternal family was catholic and the thought

of an abortion was causing much dissention within the family.
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Mrs. John B., a 26-year-old para 1, gravida 2,
abortus 0 woman, had IMP on October 31, 1966.
On November 18, she had the onset of a mild gas-
troenteritis with pain localized to the RUQ.Although
the other symptoms of gastroenteritis disappeared,
the pain persisted. Mrs. B. had just moved to this
city with her husband and one child and this was the
first time she had seen her new family physician.
Ihe pain persisted on and off for 10 days, and on
November 28 and 29 she had a cholecystogram and an
upper G.I. series. The diagnostic studies were
negative and she was treated symptomatically for
several days when the symptoms disappeared. On
December 6, she realized that she had missed her
menstrual period and a pregnancy test revealed that
she was pregnant.

By the time our laboratory was called, several physicians had

recommended therapeutic abortion and the wanan was exhibiting significant

anxiety. We requested that the local medical physicist estimate the dose

to the anbryo and at the same time the nunber and position of the films

and length and position of fluoroscopy were submitted to us. We

calculated that the embryo had received approximately 1.1 rad over a

period of 2 days. The physicists in their locale estimated the dose by

performing dosimetry with a phantcm and the equipment utilized for the

actual procedure. He reported that the dose for the fractionated

exposure was 1.4 rad. The recommendation to the family and physicians

involved was that this doss of radiation would not result in embryonic

death, embryonic growth retardation or malformations ani that the wanan

could continue with the pregnancy. She chose to continue the pregnancy

and delivered a 3,400 gm normal boy at 40 weeks of gestation.
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Case histories similar to this are transmitted to our laboratory

frequently- In most instances, the dose to the embryo is below 5 rads

and frequently is below 1 rad. The variations in the approach of the

physician in charge are dependent on many factors: (1) whether the

pregnant woman is married, (2) whether the pregnancy was planned, (3) the

mental status of the mother and/or father, (4) the abortion laws in that

state and (5) the knowledge of the physician regarding radiation hazards

to the embryo.

Other case histories illustrate these problems.

A 19-year-old unmarried secretary went to her
physician because of abdominal pain. She told
him her menstrual periods were regular and the pain
was periumbilical and persistent. An upper G.I.
series was performed but was unsatisfactory because
the young girl had eaten breakfast before the study.
When the second study was performed, she mentioned that
she was 2 weeks past her scheduled menstrual period and
that she could be pregnant. The father of the child was
married. The radiation therapist at the hospital recom-
mended a therapeutic abortion because of radiation hazards
to the embryo. The estimated dose to the embryo over a
period of 3 days was 1.6 rad.

Our laboratory was called and informed of the case history and

recommendation. Our conclusion was that this dose of radiation would not

result in embryonic malformation, growth retardation or death and that

the radiation hazard should not be used as the scapegoat to obtain a

therapeutic abortion for 'social' reasons. The laws of that state did

not permit any therapeutic abortions, so the girl flew to another state

where the therapeutic abortion was performed.
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The spector of radiation hazards, we believe, should not be invoked

to circumvent a social or legal problem. If the abortion laws are

archaic or unfair, physicians should work together to change them, Ihey

should not create an implied serious radiation hazard problem, which is

not justified by the facts, in order to solve social, psychologic or

legal problens.

A 29-year-old housewife, para 0 gravida 1,
abortus 0, presented in her 6th month of
pregnancy with the history that she h<vl Uiun to
her dentist the week before an3 one radiograph of
her left upper f i rs t molar was made. She was
anxious and very worried about the effect of radi-
ation on her baby. She was reassured, but called back
six times asking new questions. The estimated dose to
the embryo was practically 0 rads. She continued to be
anxious and becaiie more hyperactive. She delivered a
3,100 gm baby boy with a minimal syndactyly of the 4th
and 5th finger of the left Iwtvi, hut who otherwise was
normal. A legal suit was almost instituted in this
case.

I t is surprising the number of cases that are evaluated or brought

to t r i a l in which the only radiation exposure of the mother pertains to

the head, the neck or chest, and yet there is both clinical and basic

science information that indicates that embryopathology is only a

consequence of direct embryonic exposure. High doses of radiation to the

mother, while shielding the embryo, result in offspring who have the same

incidence of congenital malformations as control embryos {Brent,'60,

Brent and Mclaughlin, '60, Neifakh,'57).
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Although i t is our opinion that a dose of less than 10 rads to the

implanted embryo does not result in a significant increase in the

incidence of congenital malformations, growth retardation or fetal death,

possibly significant tunorigenic or genetic hazards cannot be ruled out.

Even if one believed that the twnorigenic (leukemcgenic) effects of

radiation were real , le t us examine how difficult i t would be to ut i l ize

this information in counseling a patient vho has received a dose of

perhaps 2 rads during her pregnancy. According to Stewart, the risk of

leukemia following this exposure in utero is 1:2,000 vs. 1:3,000 in

unexposed controls over a 10-year period (Table 8). If one were inclined

to recommend therapeutic abortion for this embryo because the

probability of developing leukemia is 50% greater than controls, one

would perform abortions in 1,999 exposed mn-leukemics for every leukemic

'saved.' I t is one thing to avoid radiation because of a potential or

coniectured hazard, but i t is another matter to recommend therapeutic

abortion on this basis. If a physician were incline1 to accept this

increased probability (1 in 2,000) as a great enough risk to recommend

therapeutic abortion, he would be placed in a serious dilenma, since

there are other epidemiologic situations in which the risk <>£ leukemia is

greater. In fact, the hypothetical increment risk for 2 rads of

in-utero radiation is 1 in 6,000 over a 10-year period. I t is the

combined control risk plus the increment risk that result in a 1 in 2,000

risk for these patients. IE one examines "flililo H, it is obvious that the

risk o£ ioukuiiia is greater in 'unirradiated1 siblings of leukemics (1 in

720) than in patients subjected to diagnostic radiation (1 in 2,000),

according to Stewart's data.
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Certainly, i t would be untenable to hold die position that a l l

future pregnancies of parents with one leukemic child slxjulii be aborted.

One can carry this argument to i t s ridiculous extreme by advocating that

al l pregnancies should be aborted, since the risk of malformation is

approximately 40-60 per 1,000 deliveries, and this does not include the

probability of postnatal diseases occurring in these offspring. Scroe may

interpret this as a facetious discussion, but to the clinician and family

i t is not a game of probabilities. I t is a medical problem involving an

individual human projtwrwy.

The physician will never oe able to guarantee the outcome of a

preynancy. The basic logic of the practice of medicine will be

mvlotnnined when some of i t s practitioners recommend therapeutic aixsrtion

for possible hazards with probabilities far below the expected incidence

of disease and malformations in the embryo and infant. In al l instances

of oounselirq parents concerning the hazards to the embryo of a

particular radiation exposure, the iiLologic knowledge is only one facet

to be considered. The risk of radiation damage is based on the estimated

dose and the stage of gestation. The reaction to this risk depends on

the age of the parents, the number of children in the family, the

religion and ethics of the family and the options available to the family

based on the regional laws regarding therapeutic interruptions of

pregnancy. Information that is more difficult to acquire pertains to

the ewjtiorifil maturity of -.he family and whether the pregnancy was

planned or unplanned.
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There were many instances in the past in which a radiologist

recormiended a therapeutic abortion for a patient whose embryo received a

fractionated dose of 0-5 rads during the 1st trimester of pregnancy,

because of the possibility of having a malformed embryo. Frequently,

this recommendation was made for unmarried women, primarily to assist

them in eliminating unwanted pregnancies. It is this type of 'good

Samaritan1 recommendation that will redjy /•vi:r'i.iji.ii;ion when that same

radiologist attempts to defend himself against the contention that a

series of diagnostic radiologic examinations caused a particular

malformation.

FROM RADIATION THKKAPY

There is ample evidence to indicate that radiation therapy in the

region of the abdomen can result in doses of radiation that will

deleteriously affect the fetus. In such a case, it is important Lo

confer with either the radiotherapist or a qualified medical physicist in

order to determine the total dose delivered to the enbryo. if the fetus

absorbs 50 rads or more at any time during gestation, there is a

significant possibility that the fetus might Ije damaged. There are, of

course, instances in which hunan fetuses exposed to greater doses have

survived (Dekaban,'68, FOnderos,'61) and appeared normal but, at this

dose, the probability of central nervous; :iystun damage or other

malformations is real .nid the parents should be so informed. If the dose

observed by the embryo during the early organogenetic period amounts to

several hundred rads, there is a reasonable possibility that the •jnbcyo

may abort. As one proceeds into the 2nd and 3K3 trimester, the chance

of abortion and malformation declines, but irreparable damage to the

central nervous systan can occur.
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Wien the radiation therapist fai ls to investigate the possibility of

pregnancy or fails to record al l the information regarding the pregnancy

and the steps taken in arriving at a decision, he places himself in

double jeopardy. He may be focused of poor medical practice in a sui t

over a malformed infant and thereby may be more likely to lose the case

evsn when the radiation could hardly have been responsible for the

abnormal embryonic ilevelopment (Brent, '67).

Let us examine some representative cases.

A 31-year-old woman was in her 6th month of pregnancy
when her physician noted an enlarged lymph node in the
anterior cervical region. A diagnosis of Hodgkin's
disease was made and she received aproxbnately 3,200 rads
to the anterior cervical region and adjacent areas, over
a period of 4 weeks. The fetus was viable at the time of
the diagnosis and the family wanted the lvtfiy. Tii-; <-3ose of
radiation to the fetus was less than 25 rads. The mother
delivered a full-term baby vrtio appeared to be normal.

In this case, the physician supported the wishes of the family.
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A 36-year-old woman, para 4, gravida 6, abortus 1,
was 1 week past her menstrual period, whioh usually
was regular . Examination revealed a moderate sized
les ion of the cerv ix . The pregnancy t e s t was pos i -
t i v e . A biopsy of the cervix revealed a carcinoma
of the cervix tha t had invaded the muscle l ayer . A
d i l a t i o n and cure t t age was performed and the pa t i en t
was t reated with i n s t i l l a t i o n of radium. In t h i s case ,
the opt ions were presented to the family before the
biopsy and above-mentioned course w-i*; oi>:i;:i.

TOE USE OF DIAGNOSTIC OR THERAPEUTIC RADIATION

IN WOMEN OF REPRODUCTIVE AGE WHEN THE OVARIES

OR UTERUS WILL BE EXPOSED

1. In a woman of reproduct ive age, i t i s important for the p a t i e n t and

physician to be aware of the ppjiniwy s t a t u s of the pa t i en t before any

type of abdominal X-ray exposure is planned. If the anbryonic exposure

wi l l be 5 rads or l e s s , the rad ia t ion r i sk s to the embryo are miniscule

when caiiprin.il to the spontaneous r i s k s . The pa t i en t wi l l accept th i s

information if i t i s offered as par t of the preparat ion for the X-ray

s tud ies a t a time tha t both the physician and pa t i en t a re aware t.hit a

pregnancy e x i s t s .

The pregnancy s t a t u s of the pa t i en t can ixi Htibirmined by several

means: (a) the X-ray r e f e r r a l s l i p can request the L.M.P. and the PMP and

whether the pa t i en t could j jws ib ly b«; pregnant; (b) i t the pa t i en t i s

uncertain aout her pregnancy s t a t u s , c< pregnancy t e s t should be

performed; (c) pregnancy t e s t s could be performed on a l l hospi ta l

acinissions of wunen of reproductive age.

2. Hocauso the r i sk s of '3 rad fet.il irr.nl l i t ion are so small , the

iiiinediate medical care of the inot.li>.;r SIXJUW take p r i o r i t y over the r i s k s

of d iagnost ic rad ia t ion exjiosure to the embryo. X-ray s tud ies which a re
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essential for optimal medical care of the mother and evaluation o£

medical problems that need to be diagnosed or treated should not be

postponed. Elective procedures, such as employment examinations or

follow-up examinations, once a diagnosis has been made, nets! not be

performed on a pregnant women even though the risk to the enbryu is viir.y

small. If other procedures (ultrasound, etc.) can provide adequate

information without exposing the embryo to ionizing radition then, of

course, they should b» utilized. Of course, there is an ini t ia l period

when a pregnancy test will be negative and the patient can be pregnant.

Furthermore, the menstrual history will be of l i t t l e use in this circum-

stance. Ihe risks of! "5 mils or less of radiation are extremely small

during this period of gestation. The patient will benefit frcm knowing

that the diagnostic study was indicated and should be performed, in spite

of tiie fact that she might be pregnant. 3. In those instances in which

elective X-ray studies need to be scheduled, i t is difficult to know

whether to schedule them duriry the f irs t half of the menstrual cycle

just before ovulation or during the seoiivl IMIE of the menstrual cycle

when most women vail not be prejnant. Vne risk of diagnostic exposures

to the oocyte or the preijnplanted embryo is extremely small and there is

no data on which to compare the relative risk oi." 5 rads to the oocyte

or the preimplant&l enbcyo (Brent,'70,'72, Brent and ODrson,'72). If the

diagnostic study is performed in the f i rs t 14 days of the menstrual

cyclo, should the patient be advised to defer conception £..,.• several

-oaths, based on the assumption that the deleterious effect of radiation

VJ the ovaries decreases with increasing time between radiation exposure

arti ± subsequent ovulation? Hie physician is in a dilenma because he is

varn:r.rj the patient about a very low risk phenomenon. Cn the other hand,
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avoiding conception for several months is not an insurmountable hardship,

this potential hazard is quite speculative for tfw hi.v\.v\ <ts indicated

by the NCRP ('71) report dealing with preconception radiation.

It i s not known whether the interval between irradi-
ation of the gonads and conception has a marked effect
on the frequency of congenital «Jm*je3 in human off-
spring, as has been demonstrated in the female mouse.
Nevertheless, i t may be advisable for patients receiving
high doses to the gonads (over 25 rads) to wait <:oc
several months after such exposures before conceiving
additional offspring.

Since the patients exposed during diagnostic radiologic proeeiurns

absorb considerably less than 25 rads, the recommendation made here liny

be unnecessary but i t involves no hardship to the patient or physician.

Since both the NCRP and ICRP have recomnended that elective radiologic

examinations of the abdomen and pelvis t»; t«.rfjif-*33 during the first

part of the menstrual cycle to protect the zygote from possible but

largely conjectural hazards, a recanmaitl'-.i.ion to reduce another possible

hazard by avoiding fertilization of recently irradiated ova perhaps

should merit equal attention.

4. If a woman is exposed to greater than 5 rads of radiation am] tinea is

found to be pregnant, then a determination of the merit* .if •"•vi'-.iiuiitij

the pregnancy must be decided by the physician, patient and radiation

exp>;r-i:. A decision as to whether to terminate the pregnancy will depend

on: (a) the non radiation-related hazard of the pregnancy to U>e expectant

mother; (b) the extent anri type of radiation hazard to the enbryo or fetus;

(c) the ethnic and religious background <>' )>.e family; (d) the laws of the

istate pertaining to legal abortion, a*1 (o) -my other relevant consideration.

Usually, the radiati<in risk to the onbryo or fetus will not be the

predominating factor in arriving at a decision unless one i s dealing with

exposures in die therapeutic range.
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If exposures below 5 rad do not measurably affect the exposed

embryos, and others (Brent and Gorson.,'72) recommend performing

diaynostic procedure. any tiinu nf iJir? -,»• nstrual cycle, if necessary,

for the medical care oi the patient, why spend so much effort and energy

in determining the pregnancy sl.rii-.us of the patient?

There are several reasons why the physician and patient should have

the burden of determining the pregnancy status before an X-ray or nuclear

medicine procatar.v i* .,««• formed that will expose the uterus.

First , if the physician is forced to incli/te the possibility of

pregnancy in the differential diagnosis, a small percent of diagnostic

studies may no longer be consMorxil ixji:'.-s-;-i.-y. ^ r l y symptoms of

pregnancy may mimic certain l;yi«s of gastrointestinal or genito-urinary

disease.

Second, if the physician and patient are both aware that pregnancy is

a possibility and the procedure is s t i l l lyjrfjonnei, i t is much less

likely that the patient will be upset if she proves to be pregnant.

Third, the careful evaluation of the reproductive status of women

undergoing diagnostic procedures will prevent many unnecessary lawsuits.

Many lawsuits are stimulated by the factor of surprise and won on the

basis of the double jeopardy of the defendant (Brent, '67, '76, '77). In

some instances the jury is not concerned with cause and effect, but with

the fact that something was not done properly by the physician. In this

day and age, E-iilurii L<> r*lequately comnunicate can be interpreted as less

than adequate moJical care. Both these factors are eliminated if the

patient 's pregnancy status hxr, '.I.JI-II iw.x>yerly evaluated and the situation

adetruately discussed with tlie iwi-.ijsnt. Physicians are going to have to
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learn that practicing good technical medicine may not be enough in this

litigation-prone society. Even more important, the patient will have

more confidence if the decision to continue the pregnancy is made before

the medical X-ray procedure is performed, since the necessity of the

procedure would have been determined with the knowledge that the patient

was pregnant.

In summary, this "Teratogen Update" reviews the effects of

radiation on the developing mammalian embryo and, especially, the human

embryo. Counseling the women of reproductive age who will be exposed to

radiation or have been exposed to radiation is frequently performed by

physicians in a cavalier fashion, without the benefit of knowing the

radiation exposure or the r isks. The patient deserves to be counseled

about the radiation hazards to the embryo by individuals who are both

knowledgeable about the data that is available and willing to obtain the

necessary information from the patient. Superficial evaluations of

radiation exposures are a disservice to the patient and an example of

poor medical care.
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FIGURE LEGENDS

Fig. 1 This graph depicts the relative incidence of gross congenital malforma-

tions in the rat following an exposure of 1UU R. The arrow on the right

side of the ordinate points to the 2% control incidence of congenital

malformations seen in this species. The incidence of malfonnations

before the 9th day is the same as in the controls. Tlie light arrow on

the left side of the ordinate points to a slight increase in malforma-

mations on the 1st day. Itiis was inserted because of the work of

Kussell in a particular strain of mice. A very large in-

crease in malformations occurs during the early organogenetic period.

Note that this corresponds to the 3rd and 4th weeks of human pregnancy.

Iliis high incidence of gross malfonnations falls off rapidly as organo-

tjenesis diminishes. Note that organogenesis to some degree (CMS) con-

tinues to term. Also note that although gross malformations may not be

produced during the late fetal stages with 100 R, an irreversible loss

of cells occurs. The significance of these cell losses is under study.

The asterisk (*) is placed at the stage of implantation to indicate

that although malfonnations are not readily produced at this stage,

growth retardation can be induced.
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Fig. 2 The term fetal weight in the Wistar colony of rats in our laboratory

averages 4.8 g on the 22rrJ day when delivered by cesarean section that

morning. Note that 150 R causes growth retardation just after implan-

tation but before the stage is sensitive to teratogenesis (arrow

pointing to vertical l ine) . From tne time of implantation until term,

150 R produced some degree of growth retardation. Note that 30 R does

not appear to produce significant deviations in growth, although i t may

be that a l l experimental groups are too small to show differences in

weight at this low dose.

Fig. 3 The lethal effect of radiation in rats is greater on the 1st day. It

appears that the LD/50 shifts at different times of the day during

early gestation, possibly because the cells are dividing synchronously,

therefore, the zygote will vary in its rcnliosensitivity, depending cr>

the stage of the cell cycle. Note that the embryo becomes somewhat re-

sistant in the .implantation stage and then becomes sensitive to the

lethal effect of radiation during early organogenesis. A 30-R dose

apparently does increase the resorption rate when radiation takes

place on the 1st day. The super imposition of this lethality curve

for rats onto the human embryonic development timetable may not be

approprite and is for comparison purposes only, but i t allows one to

estimate at least roughly the stages at which the human atibryo nicjht

be most readily killed by high doese of radiation.
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Fig. 4 "Hie spectrun of inaLIontutions in 2(> hun.i» inlanls in utom. Note Ih.il

a l l infants receiving therapeutic doses of radiation were growth

retarded if they were irradiated between 3 and 20 weeks of gestation.

Note that in no instance is there an associate} malformation in

structures other than the nervous system without either microcephaly or

mental retardation (Dekaban,'68, with permission fran the Journal of

Nuclear Medicine).

Fig. 5 The snaller child received in utero radiation during the 3rd to 4th

month of gestation. TVie skin dose to the abdomen was 900 rads arri was

ilol iv'̂ red for the purpose of s ter i l izat ion of the mother because she had

metatastic breast carcinana. The child was full term but weighed only

1900 g. He had microcephaly and cerebral atrophy. Growth retardation

persisted into childhood as evidenced by comparison with a child the

same age who is in the 50th percentile. There was shortening of the

left tibia and an exostosis on the right t ibia. The eyes had decreased

vessel size and pallor of the left disk. There was abnormal motor move-

ments, weakness and severe mental retardation.
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Fig. 6 Lateral view of the skull of the patient in Fig. 4. The

encephalogram revealed microcephaly and porencephaly. Ihe mother

received 900 rads of radiation to the abdomen. Based on the kilo-

voltage of the X-ray machine and the f i l t ra t ion, the estimated

exposure to the enbryo was 200-300 rads. The anbryo could be as young

as 9 weeks or as old as 20 weeks at the time of irradiation, based on

the meager history that is available (Basic and Weber, '56).
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TABLE 1

Frequency of Small Head Circumference a t Ages 10-19 Years According
to Ci ty , Gesta t ional Age and Radiation Dose (Blot '75)

Dose Rad
Not in City or
Distally Exposed

0-9
10-19
20-29
30-39
40-49
50-59
100-149

150+
Unknown

Total (in City)

iSestational
Hiroshima

0-17 18+

- 31/764 -

4(l)/63+
6(l)/54

6/24
4/8
3/11

9(2)/20
2/4

5(5)/13
1/7

40(9)/204

4/65+
0/44
1/14
0/10
0/6
2/24
0/10

1(1)/8+
0/3

8(1)/184

Age (Weeks)
Nagasaki

0-17 18+

- 10/246 -

0/1
0/7
0/5
2/4
0/6
0/9
0/2

8(3)/9
0/0

10(3)/43

0/9
0/6
2/7
0/6
0/3-
0/11
1/5

0/0

5(l)/56

Cases in parentheses give number with small head circumferebce and mental
retardation.

Plus (+) indicates one person with mental retardation without small head
circumference.
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Number of Cases and Relative Risk of Mental
Retardation According to Dose Category (Blot'75)

Dose (rac3)

Not in City or
distally exposed

0-9
10-49
50-99
100-199
200-299
300

Sample
Size

830

145
189
47
29
8
6

Hiroshima

Cases

5(2)

3(1)
2(1)
3(1)
4(1)
3
2

Relative
Risk2

1.0( 1.0)

3.4( 3.8)
1.8( 1.5)
10.6(11.8)
22.9(28.6)
66.3(104)
55.3(92.2)

Sample
Size

246

11
45
20
13
5
7

Nagasaki

Cases

4(2)

0
0
0
0
1(1)
3

Relative
Risk

1.0( 1.0)

-
-
-
-

12.3
26.4(52.7)

1) Numbers in parentheses are numbers of cases (included in the totals)
whose mental retardation was apparently due to causes other than
intrauterine radiation.

2) Numbers in parentheses are relative risks excluding cases whose
mental retardation was apparently due to non-radiation causes.
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Age Days

TABLF 3

Estimate of Risks of 1 Rad Exposure (Low L.E.T.) to the Developing Human Embryo

Carcinogenic
Effect
(Stewart,"73)2

Mutagenic (Stewart et al , '56, '58)
Effect i , 4 , 6 (Mole,'79)

Carcinogenic
Effect
ABCC3

Wood et a l , ' 67 c

Kato,'71

Gross Congenital
Malformations
Death, Growth
Retardation

Permanent
Cell

Depletion

14

18

28

50

Late )

Fetus )
to )

Term )

Mo Data

10-7
per
locus

No Data

10-3

No Data

6 x 10"6

No Effect5

Same
as

Controls

1 Based on an estimated doubling dose for mutagenesis of 100 rads. Assuming a linear dose response curve and no
threshold for mutagenic effects.

2 Stewart's data would indicate that the anbryo is 100 times more sensitive to the carcinogenic effect of radiation
than the adult. This is a controversial matter and others (Miller/70, Jablon,'73, Brent,"77 and Diamond et al,'73)
feel that this association may be other than a radiation effect.

3 ABCC Atomic Bomb Casualty Comission Data on carcinogenesis do not indicate that the embryo and fetus are at
increased risk. The risk presented is the same carcinogenic risk attributed to adults, assuming maximal effect at
low doses, namely, a linear dose response curve - and no threshold for carcinogenic effects.

4 The mutagenic effects have not been studied in the preimplantation period.
5 During the preimplantation period, the surviving embryos are not reduced in size even when the dose is very high

although, at this stage, the anbryo is very sensitive to the lethal effects of radiation. The estimate is assumed to
be the adult risk, since there was no increased carcinogenic effect in the population of expos=i<l features in
Hiroshima and Nagasaki.

" Estimate is assumed to be adult risk since there was no increased carcinogenic effect in the population of exposed
fetuses.



TABLE 4

A Compilation of the Effects of 10 Rads or Less Acute Radiation
at Various Stges of Gestation in Rat and Mousea

Mouse
Rat
Corresponding human gesta-

tion period
Lethality
Growth retardation at term
Growth retardation as adult
Gross malformations

(asplasia, hyperplasia,
absence or overgrowth of
onjdjj:: or tissueu)

Cell i|i-|jlct. ions , minimal but

Preimplan-
tation

0-4 1/2
0-5 1/2

0-9
+b,c
—
-

f

Stage of Gestation

Implan-
tation

4 1/2-6 1/2
5 1/2-8

9 - 1 4

-
-

-

Early
Organogenesis

6 1/2-8 1/2
8 - 1 0

15-28
—
-
-

-

(Days)

Late
Organogenesis

8 1/2-12
10 - 13

28 - 50
—
—
-

-

Fetal
Stages

12-18
13-22

50-280
—
—
-

-

p l i l K i l l

Sterility
Significant increase in
gemi cell mutationse

Cytcgenetic abnormalities
Neuropathology
Tumor induction6,f
Behavior disorders^
Reduction in life-spane

a Dose fractionation or protraction effectively reduces the biologic result of all the
pathologic effects reported in this Table.

b (-) no observed effect; [ + ) questionable but reported or suggested effect; (+)
demonstrated effect; (++) readily apparent effect; (++f) occurs in high incidence.

c At this stage the murine embryo is most sensitive to the lethal effects of irradi-
ation. With 10 rads in the mouse, Rugh reports a slight decrease in litter size in
the mouse (Brent,'77).

d Rugh reports exencephalia with 15 and 25 rad in a strain of mice with a 1% inci-
dence of exencephalia. Others have not been able to repeat these results
(Brent and Bolden,'67a).

G Hie potential for mutation induction exists in the enbryonic term cells or their
precursors. Several long-term studies indicate that considerably greater doses
in mice and rats do not affect longevity, tumor incidence, incidence of congeni-
tal malformations, litter size, growth rat, fertility.

£ Stewart and others liave reported that 2 rad increases the incidence of malignancy
by 50% in the offspring. See text for discussion.

9 Piontkovskii reports behavioral changes in the rat after 1 rad daily irradiation.
This work has not been reproduced. See text for discussion.

356



TABIE 5

A Compilation of the Effects of 100 Rads Acute Radiation on Embryonic Development
at Various Stages of Gestation in Rat and Mouse3

Stage of Gestation (Days)

i./1-LZ
10-13
28-50

12-13
13-22
50-280

Preim- Tmplan- Early late Fetal
plantation tation Organogenesis Organogtincsis Stages

Mouse 0-4 1/2 4 1/2-b 1/2 6 1/2-8 1/2
Kat 0-5 1/2 5 1/2-8 8-10
Corresponding human gestation 0-9 9-14 15-18

period
Lethality +++b»c + ++ + -
Growth retardation at term - + +++ ++ +
Growth retardation as adult - + ++ +++ ++
Gross Malformations (asplasia,

hypoplasia,absence or over-
growth of organs or tissues) - - +++ +d - d

Cell cepletions, minimal but
measurable t issue hypoplasia _+ "H" + e

Sterility +
Significant increase in germ

cell mutations^ + — — — —
Cytogenetic abnormalities^ jf + +
Cataracts - + + +
Neuropatholcgy - - +++ ++ +
Tumor induction0 . - - +_ t 4.
Behavior disorders1 . - - + + +
Reduction in Iifespan3 - ~

a) Dose fractionation or protraction effectively reduced the biologic result of all the
pathologic effects reported in this Table.
b) (-) no observed effect; (+) questionable but reported or suggested effect; (+) demonstrate:
effect; (++) readily apparent effect; (+++) occurs in high incidence.
c) Russell reported that 200 rads increased the incidence of XO aneuploidy in 2-5% of
offspring in mice with a spontaneous incidence of 1%. One hundred rads kills substantial
numbers of mouse and rat embryos at this state but the survivors appear and develop normally.
d) One hundred rads produces changes in the irradiated fetus which are subtle ard necessitate
detailed examination and comparison with comparable controls.
e) The male gonad in the rat can be made extremely hypoplastic by irradiation in the fetal
stages with 15 rads. In the mouse the newborn female is most sensitive to the sterilized
effects of radiation. Much of this research on other animals cannot be applied to the"human.
f) The potential for mutation induction exists in embryonic germ cells or their precursors.
The relative sensitivity of the embryonic germ cells when compared to adult germ cells is not
known. Several long-term studies in animals do not indicate any exceptional differences.
g) Footnote 1 refers to the aneuploidy produced in a strain of mice with a 1% incidence of
spontaneous XO aneuploidy. Bloom has reported a much higher percentage of chromosome breaks
in hurian embryos receiving 100-200 rads in utero than in adults receiving the same dose of
irradiation. As yet there have been no diseases associated with this increase in frequency of
chromosome breaks.
h) Animal experiments and the data from Hiroshima and Nagasaki do not support the concept that
in utero irradiation is much more tunorigenic than extrauterine irradiation. On the other
hand Stewart and colleagues and many others report that irradiation from pelvimetry (2 rads)
increases the incidence of leukemia and other tumors.
i) A statist ically significant increase in percentage of mental retardation occurs with this
dose of radiation. On the other hard normal intelligence has been found in children receivino
much higher doses in utero.
j) Animal experiments indicate that survivors of in utero irradiation have a life-span viiich
is longer than groups of animals given the same dose of radiation during their extrauterine
life and the same life expectancy as unirradiated controls.
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Estimation on the Acute LD/50 Dose, Minimal Malforming Doses, Cell
Depleting Dose, and Lethal Doses for die Human Embryo Based on

Compilation of Mouse, Rat and Human Data

Age

nay 1
Day 14
nay 18
Eay 28
nay 50
Late fetus
to term

Approximate
minimal lethal
dose, rads

10
25
50

> 50
> 100

Approx i -
mate
I.D/50
rads

70-100
140
150
220
260

300-400

Minimum dose
recuperable
growth retar-
dation in
adult, rads 1

No effect
25
25-50
50
50

50

Minimal dose
for recogniz-
able gross
malformation,
rads

No effect
-

25
25
50

> 50

Minimum dose for
induction of genetic,
carcinogenic, and
minimal cell deple-
tion phenomena

unknown
unknown
unknown
unknown
unknown

unknown

Estimates for maximum dose effective in reducing body weight.
measurements may be more or less sensitive.

Specific organs or
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TABLE 7

REPORTED EFFECTS OF LDW EXPOSURES OF flADIATlQKCt: THE E-'-BRYO WHEN ADMINISTERED THKX3UGHOUT PREGiANCY

Organism Source

Approximate
exposu re
rate per Exposure
minute Exposure per

(R) Per Day Pregnancy Contnents Effects

Russell et al ("59) Mouse 137
0.0086 12.4 R 171 R 1st - 18th dny

Ujring gestation
170 R or.d in SOM instances

20 days postpartum

None except shortenec
breed i".* period in
female

"RoneForxiback ( '65) Mouse 137
Cs

Vorisek ( '65)
Staa le r ana IWwan
( '64)
Coopercger and
Brown ('65)

Xor.erman ("69)

.."esley ('60)

3enrp.' e t a l ( '59)

Grahn and Kratchman
( '63)

Rat

Mouse

Mice

Humans

HLCTans

Huians

60Co
Co

Background

Background

Background

0.

0 .

0 .
u.
0

0017

0015

0014
OU/
.014

2.5 R

2.2 R

2.0 R
1U K
20 R
20 R

0.3E1R

0.3n«

0.3mR

_

_
ibO
360

0.1

0.1

0.1

R

R

R

R

Daily during preg-
nancy
Continuous through
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TABLE 8

Risk of Leukemia in Various Groups with
Characteristics in Populations

Specific Epidemiologic and Pathologic
followed for 10 to 30 Years

Group
Approx. Increased Risk Over
Risk Control Population Occurrence

Identical twin of leukemic twin 1/3

Irradiation-treated polycythemia
- vera

Bloan syndrome

Hiroshima survivors who were
within 1,000 meters of the
hypocenter

Down's syndrome

Irradiation-treated patients
with ankylosing spondylitis

Siblings of leukemic children

Children exposed to pelvimetry
in utero (gestational
exposure)

US white children <15 years of
age

1/3

1/6- "

1/8

1/60

1/95

1/270

1/720

1/2,000

1/2,800

1,000

500 '

375

50

3C

10

4

1.5

1

weeks to months

10-15 years

<30 years of age

ayerage 12 years

<10 years of age

15 years

to 10 years

<10 years

to 10 years

Modified from Miller, R.W.: "Epidemiological Conclusions from Radiation Toxicity
Studies," in Fry, R.J.M., Grahn, D., Griem, M.L. and Rust, J.H. (eds.): Late
Effects of Radiation, London: T&ylor j , Francis, Ltd., 1970.
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SCIENTIFIC PROJECTION PAPER FOR GENETICS

Prepared by

James F. Crow in collaboration with W. F. Brandom, J. G. Brewen,

F. J. De Serres, D. Grahn, J. V. Neel, R. J. Preston, W. L. Russell

. and P.. B. Se.lby . .

This Projection Paper is in two parts. The first is a general dis-
cussion of current knowledge and the present basis of radiation protection
policy, the rather dismal prospects in the foreseeable future of getting
realistic estimates of the human impact of radiation-induced mutation, and
some general remarks about radiation standards and research strategy. The
second part deals with specific research projects that might increase basic
knowledge and narrow the gap between what is needed and what is known.

We should emphasize at the outset that, of all environmental hazards,
radiation is one whose genetic effects are best understood. There is good
information on the dose-response curve, on the effects of dose rate and
fractionation, and on the differential sensitivity of different ages, sexes
and cell stages. This includes a great deal of knowledge of one organism
closely related to man, the mouse. This information has been the basis for
risk assessment and for safety standards that are widely accepted as solidly
based. Nevertheless, we need to know more and this vaport therefore empha-
sizes the areas of uncertainty research needs.
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I. GENERAL CONSIDERATIONS

1. Difficulties in Genetic Risk Assessment

It is important to say at the outset that, in contrast to somatic
effects of radiation where there is considerable information from human
data, there is hardly any direct human evidence of germinal effects.
Despite a number of studies, of which the most important by far have been
the studies on children of the Hiroshima and Nagasaki bomb survivors, none
have demonstrated a statistically significant effect of the radiation. Yet,
geneticists have no doubt that radiation does indeed produce genetic effects
in humans because this has been demonstrated in every experimental organism
that has been systematically tested. The main reason for the failure to
detect effects in humans is probably that radiation-induced effects are
not unique. What is expected, on the basis of known effects of mutations
in man and radiation experiments in other organisms, is a statistical
increase in deaths, diseases, and disabilities ttidt are already occurring
for other reasons.

There is an important exception to the statements above. Chromosome
aberrations can now be observed directly in human germ cells and can be
used as a basis for estimating radiation-induced genetic damage of this
type.

This limitation of our present knowledge has five important conse-
quences :

(1) It is necessary to rely almost entirely on extrapolation from
other organisms for human risk assessment. With the exception of cyto-
genetic effects, all quantitative estimates of human genetic damage from
radiation depend on experimental animals, especially the mouse. Even in
the mouse it is not possible to measure the total mutation rate.
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(2) It is not likely that in the near future we will know enough to
assess the total amount of mutational damage from a specified amount of
radiation, although there is reason for optimism that some important
components can be estimated with increasing reliability from a combination
of animal studies and human data.

(3) The state of knowledge is such that, for the present and the
foreseeable future, it will not be possible to provide accurate estimates
of the amount of detriment to future human welfare, even if precise
estimates of the radiation-induced mutation rate become available.

(4) The failure to detect any increase in genetic defects among the
children of the Hiroshima-Nagasaki survivors permits a rough upper limit
statement. It tells us that humans are not grossly more susceptible to
radiation-induced effects than would be expected from mouse studies.

(5) The most reliable standard, for the present and very likely for
some time in the future, is natural background radiation. There is good
reason to think that only a minority of spontaneous mutants are produced
by background radiation, probably 10 percent or less and possibly far less.
If the amount of man-made radiation to the gonads prior to reproduction is
kept well below the background levelf we" can be "assured that the effects
will be of the same kinds that mankind has experienced throughout history
and of a considerably smaller magnitude. This assessment depends only on
physical measurements and avoids the multitude of uncertainties about
human biology. It has been the cornerstone of radiation protection policy
since the 1950s.

2. Basic Research in Mutation Mechanisms

Most geneticists believe that the most likely avenue to a substantially
increased knowledge of radiation effects and their possible amelioration
is through fundamental research in mutation mechanisms, and still more
broadly, in basic genetics. To mention but a few of the examples of
basic results that have increased our knowledge of radiation effects and
offer new possibilities for risk assessment, and more important, possible
reduction or amelioration of effects: the basic nature of the gene, the
molecular basis of mutation, several kinds of repair systems, techniques
for effectively studying human cytogenetics, chemical mutagens and
antimutagens, methods for identification of protein variants, and pro-
cedures for sequencing proteins and nucleic acids. Such basic studies
are our best long-range hope for understanding and dealing with radiation
risks and for what is almost certain to be more important, chemical
mutagens.

This report deals mainly with research associated with assessing
the genetic risks of radiation. Ultimately, we hope to have the kind
of knowledge that would permit prevention, amelioration, and repair of
the genetic effects of radiation; but this knowledge will have to come
from basic research. Such knowledge would be of value not only for
dealing with radiation, but also with chemical mutagens.
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The Genetics Cluster has not specifically addressed basic research,
for two reasons: (1) This is included in the province of other clusters,
and (2) it is not feasible to predict where the next major advances will
be. The best strategy is for the most talented investigators to choose
what they regard as the most promising avenues. Fundamental advances in
genetics have been spectacular in recent decades; they could not have
been foreseen or "programmed".

3. Some Research Studies that are not Promising

One corollary of the negative results of the Japanese studies is
that similar studies of a smaller magnitude are not likely to yield any
results that would provide guidance for risk assessment. In the Hiroshima-
Nagasaki studies 18,946 children whose parents had received jointly an
estimated dose of 117 rem were carefully examined, along with two control
groups, each of comparable size. There are no other large groups of
heavily exposed persons available for study. Unless the total person
reins are comparable to those in the Japanese studies, which does not
appear possible for any contemplated genetic study, such research is
almost certain to produce inconclusive results.

. . . •

Such studies have been advocated, despite the overwhelming likelihood
of negative results, to provide assurance to the public that the risks
of low dose radiation are acceptable. The members of the Genetics
Cluster were not certain as to the social desirability of such research.
In any case, it should be made clear that if such studies are undertaken,
the justification must be social and political, not scientific.

Animal studies at very low doses, of the order of background radiation,
are exceedingly expensive, since enormous numbers of animals are required
to produce meaningful results. Despite the uncertainties of extrapolation
from higher doses, it is still likely that the best basis for low dose
estimates is downward extrapolation from several dose points at inter-
mediate doses given at very low dose-rates. It is also possible to study
very low doses by devising systems, such as are available in many micro-
organisms and as are being developed in Drosophila, that concentrate and
enhance the proportion of mutants by selectively eliminating non-mutant
types. Such systems do not yet exist for studying germinal effects in
experimental mammals.

4. Alternative Strategies for Improving Human Risk Assessment

There are two basic strategies for getting better information for
assessing radiation-induced genetic damage in humans: (1) One strategy
is to do more studies and more kinds of studies on genetic effects in experi-
mental animals. This has the advantage of studying germinal effects, which
is what we are concerned about, but has the disadvantage that it does not
provide information about humans. (2) The other strategy is to study induced
mutation rates in human somatic cells, in vitro or in vivo, along with both
germinal and somatic rates in various experimental animals. From the
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correlations among these the human germinal susceptibility can be estimated.
This has the advantage that part of the information comes directly from
human studies and that somatic mutation rates, because of the enormously
larger number of cells available, can be measured much more accurately
than germinal rates. The disadvantage is that the crucial measurements
on humans are somatic rather than germinal, and the ratio of somatic to
germinal rates may not be the same in all species.

It should be noted that these strategies need not be mutually exclusive.
In either case, the germinal rates in experimental animals are needed.

The Genetics Cluster is not certain which offers the best hope for
future studies. Both, in fact, are underway in several laboratories.
For the time being, until one procedure clearly emerges as the most
promising, it is desirable to continue research of both kinds.

There is a major exception to these statements: cytogenetic effects.
In this case it is possible to examine cytologically germ cells from
primates, including man. Furthermore, the knowledge of human phenotypic
effects of different kinds of chromosome breakages and rearrangements is
increasing very rapidly, as Is Infofriat±o"n on' the traiismissibility of •"• •"
these. It is possible to begin to make human cytogenetic risk assessments
directly from human data; this kind of study deserves high priority.

II. SPECIFIC AREAS OF RESEARCH

1. Experimental Studies of Mutation

A. Dominant mutations in the mouse. Except for semi-anecdotal
information on externally visible mutations that were detected in connection
with large mouse-raising laboratories, there was until recently no
quantitative information on either spontaneous or induced rates of
dominant mutations. Recently it has been practical to detect skeletal
mutations in the mouse efficiently and reproducibly. A number of human
dominant mutations have similar skeletal manifestations, and from the
fraction that these are of all mutations, one can make an estimate of
the. human risk from dominant mutations (assuming the same radiation
sensitivity of mouse and human mutations). This approach can be used to
determine the nature and extent of dominant genetic damage induced in
mouse spermatogonia and oocytes by protracted low-LET irradiation and by
various radionuclides. Treated females would also yield an estimate of
X-linked recessives.

The success of the skeletal studies encourages the search for other
systems. One that is now being actively investigated is the eye; studies
of other systems should be possible. The more systems that can be
included, the nearer can be the approach to measuring the total risk
from dominant mutations.
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At present, all we know about dominant skeletal mutations comes
from one inbred mouse strain. The technique can eventually be applied
to other inbred strains or F, hybrids in mice and in other mammals.
Finding congruent results in several strains and in different species
would greatly enhance the confidence in extrapolating these results to
humans.

B. Recessive mutations. The specific locus test in mouse ha? been
the standard technique for most mouse mutation studies. Much of what we
know about dose-rate effects, fractionation effects, differential effects
in different cell stages, and sex differences have been obtained by this
method. It is still useful and more information is needed on the effects
of protracted doses in females and radiation of different LETs. There
is the additional possibility of looking for mutants affecting the
electrophoretic behavior of proteins. There are many new refinements
for the study of proteins and the state of the art is progressing rapidly.
It may soon be possible to study many individual loci in the mouse and
in other organisms this way.

It is.important to determine whether radiation-induced recessive
mutants are changes in a singie gene or are smail deletions. In the
single locus tests ir. the mouse an appreciable fraction have been shown
to be deletions, and it is important to find what this fraction is for
different radiation regimens.

Another question of great importance if such data are to be of use
in assessing human risk is their heterozygous effects. There is abundant
evidence in Drosophila and weaker, but supporting, evidence in mice and
humans that the typical "recessive" mutant exerts a small effect in the
heterozygous condition. Furthermore, this effect is large enough that
most of the mutants are eliminated from the population through such
effects before they ever become homozygous. If this is true in humans,
this means that the main effect of "recessive" mutants is through slight
weakening of heterozygotes. It is important that this be investigated
in a mammal, and there are numerous possibilities for studying heterozygous
effects of the mutants already obtained in large radiation experiments.

C. The Problem of the Female Oocyte. There is a specific difficulty
in extrapolating from the mouse to the human for oocyte effects. The
mouse oocyte spends a long time in an arrested stage and during this
time it is very insensitive to radiation effects. The human oocyte also
remains in arrested development for a long period, but the cytological
appearance is different from that of the mouse. This makes uncertain
any attempt to use mouse data to estimate oocyte risks. It is urgent
that this problem be resolved. One approach is further radiation studies
of carefully defined stages in the mouse, to be correlated with morpho-
logically similar human stages. Another is the study of chromosome
breakage, dominant lethals, and, if feasible, gene mutations in females
of other species, such as the golden hamster and guinea pig, that have a
morphology more like the human. Such research deserves high priority.
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D. Chromosome Aberrations. The majority of studies on the induction
of chromosome aberrations by ionizing .radiation in mammals have been for
acute X-ray exposure, with observations on human peripheral leukocytes
and mouse spermatocytes. In order to provide a broader basis for extra-
polation to man, studies need to be made on other species. Some data
are already available on induction of aberrations by X-rays in leukocytes
of several species, but these need to be confirmed and extended, especially
for low dose rates. Data are also needed on aberration induction by
high LET radiations, where the information is sparse and RBE values are
not well established.

Germ cell studies have been largely done with acute X-ray exposures
to spermatogonial stem cells of the mouse, with observations made in
prima _, opermatocytes. The types of studies necessary to provide a
reliable base for extrapolation to man are: low dose-rate X-ray studies
in the male mouse and other species, with treatment in spermatogonial
and post-spermatogonial stages with observations at the first cleavage
division; similar studies with high LET radiation where data are now
almost totally lacking; low dose-rate and high LET radiation exposure in
the female, with mouse and other species. There should be exposure of
mature and maturing oocytes, with observations at metaphase I and first

' cleavage"division.'' It "is'alsb important"to' study the transmission of
aberrations through several generations.

Data are also needed on the possible induction of aneuploidy by
radiation of various LETs.

E. Mutations Affecting Quantitative Traits and Vital Statistics. In
Drosophila the most frequent spontaneous mutations by far are those
causing minor reductions in viability and fertility in both homozygous
and heterozygous condition. On the other hand, this class is relatively
much less frequent among radiation induced mutations. Mouse experiments
have not thus far been revealing. Several experiments involving very
large numbers of mice and other small mammals have produced only negative
results. In one experiment mice were irradiated with 200 rads per genera-
tion and sib-mated for more than 80 generations, with no statistically
significant effects on any vital parameters measured. This suggests
that the radiation effects are mainly lethals, which are eliminated
from the inbred population and don't produce a cumulative effect; and,
as appears to be the case in Drosophila, radiation produces relatively
few mutants causing minor effects on viability and fertility, which
should accumulate in such an experiment. However, there is considerable
normal variation in the measurements so a small radiation-induced effect
might not be detectable. Such empirical experiments could be repeated
without inbreeding during the experiment (although it could start with
an. inbred strain to reduce normal variability) and with careful measure-
ment at intervals of many parameters — viability, fertility, size,
skeletal defects, and any others that can be measured economically and
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with precision. The Genetics Cluster are not certain as to how much
emphasis should be given to such experiments, which necessarily involve
large numbers of animals and measurements. In any case, however, there
is the possibility of enriching whatever mutational effects are being
produced by letting them accumulate over several generations before
assessing their effects, whatever the endpoint chosen for measurement.

F. Techniques for Measuring Genomic Mutation Rates in the Mouse.
In Drosophila genetics the greatest single technical device for mutagenesis
studies was H. J. Muller's invention of the C1B method. It was this
technique that introduced the quantitative study of radiation genetics.
By judicious use of marked chromosomes and crossover suppressors it was
possible to measure the total lethal mutation rate per chromosome.
Attempts to assess the genomic mutation rate have been handicapped by
the absence of any such technique. There has recently been rapid
progress in the production of crossover-suppressing inversions in mouse
stocks. It should soon be possible to do Drosophila-like lethal-detecting
experiments in mice, and this should materially enhance our ability to
estimate the total mutation rate. Such strains could also be potentially
useful for more basic studies in radiation mutagenesis, such as studies

on sex* stage, and age-differences, dose and dose-rate effects, and
possible synergisms.

2. Correlation of Germ Cell and Somatic Effects

As mentioned before, an alternative to extrapolating from mouse
germ cell rates to human germ cell rates is to find correlations between
somatic and germinal rates in a variety of organisms and, if these turn
out to be uniform, use these data co convert human somatic rates into
germinal rates. Somatic mutation rates can be reliably measured in
human systems, both xn vivo and in. vitro.

This (and many oth. \) problems will be greatly simplified if it
turns out that the majo: .nutagenic effect of ionizing radiation is
chromosome breakage. If this is correct, detailed studies of chromosome
aberrations in germ cells of both sexes and somatic cells could be done
in various species. This could be done by classical cytogenetic procedures
as well as by studies of dominant lethals and heritable translocations.
Gene mutation studies can also be done; in those species where special
techniques have not been developed protein changes would probably be
best. I_n vitro comparisons can also be made, using mammalian somatic
cells. It would be best if cytogenetic changes, dominant mutations,
recessive mutations, and X-linked mutations can be studied in the same
cell types.

This approach is not limited to chromosome breakage effects. Tech-
niques for studying gene mutations in somatic cells, both in vitro and
in vivo, exist and rapid progress is being made in this area. As the
nature of single locus mutations becomes clarified, the relative emphasis
of somatic chromosome breakage and gene mutations studies can be deter-
mined .
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Only if several species are studied and shown to yield concordant
results will it be possible to use this information to predict human
germinal rates from somatic studies. In particular, the oocyte states
must be studied in several species. The diagram below shows the kinds
of comparisons that can be made. Solid lines represent direct comparisons;
dashed lines show the comparisons that would have to be inferred.

Human Somatic Cells

in vitro

Species-X Somatic Cells-

in vitro

Mouse- Somatic Cells

in vitro

Human Somatic Cells

in vivo

Species X Somatic Cells

in vivo

Mouse Somatic Cells

in vivo

I 1
Species X Germinal Cells

in vivo

Mouse Germinal Cells

in vivo

Human Germinal Cells

in vivo
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3. Studies on Human Populations

A. Spontaneous Incidence of Genetically Related Conditions. A
striking fact that quickly emerges is that our information on the "normal"
occurrence of genetic diseases and disabilities is very poor. Two
systematic studies of a large, defined population — one in Ireland and
one in Canada — constitute the main sources of data. A careful study
of the incidence of genetic disease in the United States is badly needed.
Some methods of estimating radiation risk depend on a measure of the
normal incidence. Such data would be useful for many other purposes as
well, such as for study of health care needs, economic costs of genetic
disease, and for determining the overall burden of genetic disease.
Such surveys could include, in addition to conditions causing gross
physical or mental impairment, a study of cytogenetic changes and more
subtle genetic differences detectable by laboratory tests.

B. Spontaneous Rate of Mutation for Biochemical Markers. Advances
in electrophoretic and related techniques are beginning to make it
possible to do large scale screenings for biochemical mutants. One-
dimensional electrophoretic techniques are already being employed in
Hiroshima and Nagasaki, involving some 30 proteins, a third of "hich when
defective.can result in disease. The recent development of two-dimensional
gel electrophoresis techniques permits simultaneous visualization of
several hundred proteins from a given tissue. Computerized, automated
techniques should facilitate the extraction of large amounts of information
from a single person (or animal). Although for only a few of the proteins
visualized in two-dimensional gels is the relationship of deficiencies
to disease known, this situation should be substantially improved in the
near future,

C. Studies of Exposed Populations. There are populations that for
occupational or other reasons are exposed to higher levels of radiation
or other mutagens than the population at large. It has frequently been
suggested that the children of such parents be monitored for genetic
changes. As chemical techniques are improved so that many proteins can
be detected in the same individual at a low cost, this may prove to be
feasible. It is not at the moment, but further research in the techniques
is to be encouraged.

As mentioned above, the studies in Hiroshima and Nagasaki make it
very unlikely that any scientifically useful results could come from a
study of phenotypic effects in such populations for radiation-induced
effects. It is possible that some chemically exposed populations might
be studied; a genetic study might be undertaken after demonstration of a
substantial somatic mutation effect. Such studies to detect genetic
effects in human populations exposed to mutagens either by search for
genetic diseases or by biochemical markers, are almost certain to yield
negative results. Negative results can be of some use in setting upper
limits for radiation effect; but for the most part the data are not
likely to be of scientific value or helpful in risk assessment. It has
been argued that such negative results can be reassuring to the public;
but if studies are done, it should be understood, as stated earlier,
that they are done for social and political reasons, not for improved
risk assessment.
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It is possible that the study of small numbers of persons who have
been exposed to radiation can be useful if somatic cells are studied,
for example for cytogenetic effects. By studying a large number of
cells per person, low-frequency events can sometimes be detected. Such
studies might provide further evidence on the shape of the dose-response
curve at low doser and provide improved tests of radiation-monitoring
methods.

D. Cytogenetic Monitoring of Somatic Cells. There is general
agreement that peripheral blood lymphocyte cytogenetics is a sensitive
test of radiation exposure, both acute high-dose and chronic. This has
been demonstrated in atom bomb survivors, radiation accident victims,
patients exposed to high level medical radiation, and in occupationally
exposed persons. It is feasible to establish chromosome registries for
persons likely to be exposed to high levels of radiation, to be compared
with blood cells taken after the exposure. Chromosome data would then
be available for comparison both before and after the accident, providing
the best control against individual variation. Chromosome aberrations
can be used as an indicator of radiation dosage in cases where film-
badge measures are not available or to supplement film-badge data. •>

Studies on populations with routine exposure to high levels of
radiation could be effective for surveillance. Somatic tests are much
more powerful statistically than germinal tests, since the cell is the
unit rather than the person. Screening 100 cells from each of 100
persons gives a population of 10,000 cells, much larger than the numbers
of individuals in any likely genetic study, and the costs are enormously
less.

Some additional techniques that should be encouraged and further
developed are: (1) Computers can aid greatly in scanning slides and
identifying for satisfactory cells, thus saving valuable time for the
skilled observer; (2) 5-broraodeoxyuridine differential staining can
identify those cells that are in the first division after treatment, an
important factor in determining the kinds of chromosome aberrations
produced. These are only examples and we encourage further research in
the rapidly changing field of cytogenetics.

E. Identification of People of Special Sensitivity. Persons with
some diseases (e.g. ataxia telangiectasia) are unusually susceptible to
chromosome damage by irradiation. Research to discover additional
diseases and to identify such persons is needed. Cell cultures from
such sources might make possible the development of especially sensitive
in vitro tests for mutagens.

4. Internal Emitters of Varying LETs

Many of the metabolically active radionuclides that are used in
medicine or in the nuclear fuel cycle have not had intensive study for
potential genetic effect. It is particularly important that studies
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of distribution of these elements in the body for possible carcinogenic
effects include a careful study of their concen.. -'tion in the gonads.
There is some evidence that high energy alpha particles may have a very
high RBE for genetic damage.

In order to clarify the situation, particularly for plutonium,
americium, and curium, metabolic studies need to be extended to animals
with different architectural composition of the interstitial and germinal
cells. Species differences in the gonadal uptake and retention are also
needed; despite slow uptake from the circulation the retention may be
long enough to more than compensate. Studies of uptake, distribution
within the gonad, and retention are needed for both sexes, especially
the female where the present information is weakest.

An important rationale for studies of the transuranic elements is
the large amounts of plutonium that were disseminated in atmospheric
tests of two decades ago. These will be in the food chain for a long
time to come. The greatest need is for study of high LET radiation,
since internal beta and gamma emitters produce effects that are essen-
tially the same as the -equivalent i-cn-izati-on from X or gamma -radiation.

5. Dose-Response Relations at Very Low Doses

Doses to which the human population is likely to be exposed under
all but extreme circumstances are much below the level at which experi-
ments can be done. Therefore it is necessary to extrapolate from data
on higher doses. Conventionally, for risk assessment, the usual
practice has been to interpolate between the effect at the lowest dose
for which reliable data exist and the effect at zero dose. It is believed
that for genetic effects the dose response is either linear or concave
upward, so that this represents a conservative procedure.

Despite 50 years of radiation genetic research, there are still
uncertainties about the shape of the curve for low doses for various
LETs and for various responses, such as point mutations and chromosome
rearrangements. It is necessary to have several data points in order to
establish the shape of the curve, and it is necessary to take into
account such variables as cell stage, age, and sex. If there is a
variable RBE with dose, then the gamma and high LET curves cannot both
be linear at low doses. There are gaps in the present knowledge, both
empirical and theoretical. Genetic studies at very low doses are likely
to lead to inconclusive results unless enormous numbers of animals are
involved. For this reason these are not high priority research items
unless methods are developed to amplify the effects or somehow increase
the sensitivity of the tests.

6. Modifying Factors

A. Chemicals. A number of chemicals are known to modify the effects
of radiations, especially for somatic effects. There has been comparatively
little study of possible synergistic effects. It is known, for example,
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that if a human lymphocyte is irradiated in G with a small dose of UV
very few chromosome aberrations are observed. However, if this same
dose is given before or after an X-ray exposure, the yield of chromosome
aberrations is approximately doubled compared to that of the X-ray
alone. There are many chemicals that mimic ultraviolet radiation, and
many other opportunities for synergism that should be investigated. A
complete risk estimate would have to take such synergistic factors into
account.

Another kind of research that is needed is studies of antimutagens
and substances that mitigate radiation effects.

B. Age Effects. The normal incidence of human diseases caused by
nondisjunction is strongly associated with maternal age. There are
reports that older mice have an increased nondisjunction rate after
chronic radiation, but confirming data from other laboratories are needed
before the conclusions can be accepted.

There is some evidence that young mice are more efficient at repairing
UV damage than older animals. There are clear differences in sensitivity
at various ages in embryonic and very young mice. Very likely these
depend, at least in part, on different efficiencies in repair mechanisms
at different ages, but more investigation is needed.

7. Studies with Chemical Mutagens

A number of extremely potent chemical mutagens are known for micro-
organisms and for Drosophila, but until recently there has been none for
the mouse. It has recently been discovered that the substance, ethyl
nitroso urea, already known to be mutagenic in some systems is very
highly mutagenic in the mouse. With this as a tool a number of experi-
ments that were previously impractical or excessively expensive are now
feasible.

One possibility is a multigeneration study of mice or other experi-
mental small animals. The object would be an empirical study to see how
much the viability and other health indices are reduced by high mutation
rates extended over several generations. These results would be interesting
in themselves, and would also provide guidance for similar radiation
experiments.

We should like to emphasize what was said earlier, that radiation
mutagenesis is only a part of the environmental mutagenesis problem and
very likely a minor part. Studies to improve the risk assessment of
chemical mutagens are of high priority in their own right, and as a
by product may well provide information on the assessment, prevention,
and amelioration of genetic damage due to radiation.

374



Final Remark

To repeat what was said earlier: The emphasis in this report has
been on studies leading to better assessment of the genetic risks of
radiation. Eventually, however, we can hope for methods of reduction
or elimination of the effects, either by reducing the mutation-producing
effectiveness of radiation or repairing or altering the effects of mutations
that have been induced. Such techniques are not likely to come as a result
of specific mission-oriented research, but are more likely to come as a
by-product of basic research in genetics. Emphasis on radiation risk
assessment should not be at the expense of basic genetic research.
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CLUSTER L - GENETICS

Outline for Research Topics

(Developed by those attending the November 7 meeting)

I. Experimental Studies of Spontaneous and Induced Mutations

A. Dominant mutations, e.g. skeletal, cataracts
1. Induced and spontaneous frequencies at different LETs and in

both sexes; dose-response and dose-rate effects
2. Interstrain and interspecies comparisons

B. Recessive mutations (e.g. specific loci, biochemical markers) in
mouse and Drosophila
1. Dose response at low doses and low dose rates in both sexes
2. Heterozygous effects
3. Nature of mutations (are they deficiencies or point mutations)

C. Chromosome aberrations
1. Induced frequencies of chromosome breakage in both sexes of

several species at high and low dose rates and different LETs;
female data especially important

2. Numerical

D. Mutations affecting multifactorial systems

E. Mutation effects on viability and other vital factors

II. Studies on Human Populations

A. Spontaneous incidence of genetically related conditions
1. Studies of specific genetic disorders
2. Search for mutations of biochemical markers
3. Large-scale surveys for all genetically related defects

B. Induced incidence
1. Study of "worst case" populations, i.e. populations exposed to

radiation or possible chemical mutagen
2. Identification of populations especially susceptible to genetic

effects of radiation or other mutagens
3. Monitoring of exposed people and populations

a. Somatic cell biochemical markers
b. Cytogenetic effects

III. Correlation of Germ Cell and Somatic Effects

A. Test models to estimate human germ cell effects
1. Intraspecific correlation of germinal and somatic effects

a. Gene mutation
b. Cytogenetic effects

2. Interspecific correlation of germinal and somatic effects
a. Cytogenetic, including heritable translocations
b. Dominant lethals
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3. In vitro comparative analysis of experimental animals and humans
a. Cytogenetic
b. Biochemical markers

4. Use of such data for human risk analysis

IV. Some Miscellaneous Topics of Concern

A. Internal emitters of varying LETs
1. Metabolic studies
2. Tissue dosimetry
3. Endpoints

a. Cytological
b. Genetic

B. Dose response
1. Data needed

a. High LET mammalian and Drosophila studies at low doses and
dose rates

b. Interspecific comparisons, particularly for females, of such
end points as cytogenetic changes and dominant lethals

c. Data to fill gaps in our present knowledge to get better
predictive models for risk estimates at low doses

C. Modifying factors
1. Synergisms with chemicals
2. Possible antimutagens
3. Age effects

a. Sensitivity in fetal and young animals
b. Effects of parental age

4. Genetically based hyper- or hyposensitivities

D. Nature of rautational events

E. Multigeneration studies
1. Use of a more potent mutagen
2. Measurement of cumulative genetic damage
3. Application to human populations

a. Health care costs
b. Mitigation or repair of genetic lesions

V. Non-researchable Issues

A. Large scale human studies of populations exposed to doses of the
order of the natural background
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Comments on "Scientific Projection Paper for Genetics"^

W. L. Russell and P. B. Selby, Oak Ridge National Laboratory,
Oak Ridge, Tennessee

It often happens with a committee report that individual members are not
entirely in agreement with it. As members of the Genetics Cluster we herewith
offer what are hopefully constructive comments on the "Scientific Projection
Paper for Genetics" which we helped prepare, but which, in its final form, we
consider to be somewhat misleading.

Section I, GENERAL CONSIDERATIONS, starts out sounding far too negative,
implying, if not actually saying, that we know almost nothing about genetic
risks. This could easily give administrators and the public a distorted picture
of our knowledge in this area. Thus, Section I, part 1, gives the impression
that we are much worse off estimating genetic risks than we are for somatic
risks, because human data are available for the latter, but not for the former.
This is not necessarily a valid conclusion. The human data on somatic effects
are predominantly for high doses, and somaticists are deeply divided on what
happens at low doses and low dose rates. Work with experimental animals
suggests a variety of responses depending on the somatic end point studied, as
well as on the species, strain, tissue, and other factors. In contrast, the
effects of dose rate and of fractionation into small doses have been established
for genetic effects in mammals. Furthermore, transmitted genetic damage
involves predominantly only one tissue and one cell stage, and the genetic
lesions fall into only two main categories compared with the vast array of
somatic lesions. Finally, we can deduce something about the relation between
mouse results and human risk. Thus, as the report points out elsewhere, the
Hiroshima and Nagasaki studies permit a rough upper estimate of risk, and the
BEIR III report, soon to be published, states that these studies on humans
suggest that estimates of risk based on the mouse may overestimate the human
hazard.

In Section I, part 1, subsection (l),the only statement about what we know
in the mouse is negative, namely, that we can't "measure the total mutation
rate." There is no mention of our knowledge on the effects of dose, dose rate,
fractionation into small doses, radiation quality, sex, cell stage, age, inter-
val between irradiation and fertilization, repair, etc., all of which can be,
and were, determined without information on the total mutation rate. In our
view, the total mutation rate (i.e. including minor and neutral mutations) may
not be determinable in the forseeable future, and, more to the point, may be of
little consequence in risk estimation. What is far more important than the
total mutation rate is the total detriment or disabilities in the descendants.
Information useful for such estimation has already been obtained, and is being
extended.

Subsection (3) of the same part of the report also sounds very negative and
hopeless for the forseeable future. It depends on what is meant by "accurate."
In our view, rough estimates are useful, hr>ve already been made, and will
improve in the near future. We are puzzled by the inclusion of the statement

Since these "Comments" were prepared3 a new papagraph has been added to the
Projection Paper. This is the one immediately before GENERAL CONSIDERATIONS:
We feels however, that our specific comments are still needed.
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that even precise knowledge of radiation-Induced mutation rate won't give an
estimate of detriment. Of course it won't, as we pointed out in the paragraph
above. So why the emphasis on it (the only thing said about mouse mutation) in
subsection (1)? This is like saying that the big failure in our knowledge of
whether a tree is diseased or not is that we can't determine the weight of the
tree; and then saying that if we knew the weight accurately we still wouldn't
know whether the tree was sick or not.

Subsection (5) of Section I, part 1. The current maximum permissible
dose of man-made radiation, excluding medical, is about twice background
radiation. So the statement: "If the amount of man-made radiation to the
gonads prior to reproduction is kept well below the background level ..." will
surely be taken to mean that the cluster recommends a large reduction in the
MPD. We feel it is not in our mandate to make or even imply such a
recommendation.

Section II, part 1, subsection F. We would give some encouragement to the
research mentioned here, but the projections seem unduly optimistic. Estimates
of total mutation rate made by this method are likely to be crude, being based
on a small part of the total genome and being limited mainly to lethals. (A
high proportion of mutations induced in spermatogonia are viables.) Furthermore,
total mutation rate, as we have pointed out above, is not an important parameter
in risk estimation. It is implied that the method will be far more efficient
than the specific-locus method. This has yet to be proved, and in view of the
number of generations required in the test, may not materialize. Finally, most
of the basic studies for which the test is predicated have already been done
with the specific-locus method. However, some useful information will undoubt-
edly come from this research approach, and we urge support for it.

Section II, part 2. Here, as well as in Section II, part 1, subsection D,
and elsewhere, there is strong emphasis on cytogenetic work. This is at
variance with the BEIR III report, which shows that risk from radiation-induced
gross chromosomal effects is likely to be small in the first generation, and
very small in succeeding generations, compared to the risk from gene mutations
and small deficiencies. The wording of the Projection Paper gives the
impression that the consensus of the Genetics Cluster was that cytogenetic work
should be given high priority, and (Section II, part 1, subsection E) that it
might not be worthwhile to do multigeneration experiments (using better
end points, such as the skeleton, than those examined in earlier experiments) to
define the accumulation of the bulk of genetic damage• This was not a
consensus. We personally strongly disagree with it.

The statement (second paragraph of Section II, part 2) that many "problems
will be greatly simplified if it turns out that the major mutagenic effect of
ionizing radiation is chromosome breakage" ignores two important points. A
sizable proportion of the mutations induced in spermatogonia (the cell stage of
predominant importance in human genetic risks) are homozygous viable and some of
these are intermediate alleles. Most, or all, of this group could be gene
changes. The remainder of the mutations, those that are homozygous lethal,
could be predominantly small deficiencies, and some of them have been identified
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as such by refined genetic tests. The main point is that, regardless of what
proportion of specifio.-locus mutations may be a result of chromosome breakage, the
resulting mutational events are too small to be detected by the usual cyfcologi-
cal techniques that might simplify the scoring procedure.

Section II, part 5. This again leaves a negative impression. The dose-rate
and dose-fractionation studies, of which there is no mention in this section,
have given substantial answers to this question, at least for low-LET radiation
which is of prime importance in risk estimation. Although more work needs to be
done, the "years of radiation genetic research" haven't left us completely in
the dark.
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L - Genetics

Outline for Research Topics

I. Experimental Studies of Spontaneous and Induced Mutations
A. Dominant mutations, e.g. skeletal, cataracts

1. Induced and spontaneous frequencies at different LETs and
in both sexes, i.e. dose response and doses rate effects.

2. Interstrain and interspecies comparisons
B. "Recessive" mutations, e.g. specific locus in mouse, biochemical

markers, in mouse and drosophila.
1. Dose response at low doses and dose rate in both sexes.
2. Heterozygous effects
3. Nature of mutations, e.g. deficiencies or point mutations.

C. Chromosome aberrations
1. Induced frequencies in several species at high and low

dose rates. This is particularly important for LET and
females

2. Numerical changes—aneuploidy.
D. Polygenic
E. Viability—vital statistical parameters.

II. Monitoring Human Populations
A. Spontaneous Incidence

1. Precise studies on certain genetic disorders
2. Screening of biochemical markers
3. Large scale screening of all genetic defects (low priority)

B. Induced Incidence
1. Study of "Worst Case" Population, e.g. Japanese A-Bomb, acute

chemical exposure such as Vinyl Chloride workers, PolyChlorinated
Biphenyl workers, Sevaso.

2. Identification of Sensitive Populations
3. Monitoring of occupationally exposed

a. Somatic cell biochemical makers
b. Cytogenetic

III Germ Cell vs. Somatic Cell Studies
A. Test models, to estimate effects on human germ cells

1. Intraspecific correlation of germ vs. somatic
a. Gene mutation
b. Cytogenetics

2. Interspecific correlation of germ and/or somatic cells
a. Cytogenetic (classical)
b. Dominant lethal
c. Hertitable translocation

3. In vitro comparative analysis of experimental mammals to human
a. Cytogenetic
b. Biochemical makers, e.g. recessive, sex linked, dominant

4. Risk analysis based on measured spontaneous and induced
rates of all studies. Best estimate of correlation.

IV. Topics of Special Concern
A. Internal Emittors — all LETs

1. Metabolic studies
2. Tissue dosimetry
3. Endpoints

a. Cytogenetic
b. Genetic effects, e.g. non cytogenetic
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B. Dose response
1. Data needed

a. High LET low dose and/or dose rate in male and female
mammlian studies and also Drosophila

b. Interspecific comparisons, particularly for female, e.g.
cytogenetic and dominant lethal

c. Reexamine current dose response data for deficiencies
in our ability to generate good predictive' models for
estimating risk at low doses and fill in gaps.

C. Modifying Factors
1. Synergisms with non physical mutagens, e.g. chemical exposure
2.. Antimutator agents
3. Age effects

a. Sensitivity in fetal and young animals
b. Parental age, e.g. non-disjunction

4. Genetically based hyper-, or hypo- sensitivities
D. Nature of mutational events
E. Multigeneratlon studies

1. Use of a more potent mutagen
2. Measurement of cumulative genetic damage
3. Applications to human population

a. Health care costs
b. Mitigation or repair/replacement of genetic lesion

F. Non-researchable issues
1. Large scale human studies in populations exposed to doses

less than two times background (0.1 to 0.2 rem per year).
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DISCUSSION FOLLOWING THE PRESENTATION

Genetics
Douqlas Grahn, Ph.D.

MS. CLUSEM: Doctor Neel?

DR. NEEL: I would like to put a little distance between
the draft report of our cluster and myself. I didn't see the
final draft. In my opinion, the report contains errors both
in emphasis and fact. As for emphasis you may have gathered
in my presentation yesterday that I don't believe and look
at the second sentence of nur report -- in "the rather dismal
prospects in the forseeable future of improving greatly our
knowledge of the genetic effects of radiation in man". Impor-
tant new technologies are on the way, technologies which I
think will improve by an order of magnitude our ability to
extract meaningful genetic information, from children born
to exposed parents.

I hope Or. Grahn that next month, you can find time to
attend a workshop not only in your own laboratory but in
the department you chair, which will deal with some of these
developments. There may be 15 or ?0 people there to speak
to this. I might say that I regard this exchange as the
normal dynamic tension between the experimentalist who likes
to have a nice, neat situation he can control but who recog-
nizes he's having trouble with extrapolation, and those of
us who strongly support basic research but believe there is
a time when the proper study of man is man.

Now, in this field, I might say, there is no such thing
as a negative report. Any properly designed study contributes
to our knowledge of the genetic effects of radiation. And if
we add all of these studies up and don't get what we might
consider a statistically significant effect, so much the better.
We can still estimate the magnitude of any genetic impact of
any noxious agent on man by standard estimation techniques.

Now, as for errors of fact, see page 369 where in dis-
cussing the new biochemical approach to the study of human
mutation. The report reads a major difficulty with such
studies is that there is no way at present to go from biochem-
ical mutation rates to human health impact.

Now, I wouldn't want this group to think that our commit-
tee was ignorant of the developments of the past 30 years with
respect to human biochemical genetics. The chairman of us all
at this meeting, Dr. Fredrickson, is co-editor of a book of
maybe 1,500 pages, called "The Metabolic Basis of Inherited
Disease". That book lists literally hundreds of human diseases
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DISCUSSIOM FOLLOWING THE PRESENTATION

Genetics
Douglas Grahn, Ph.O.

which are now due to defined protein abnormalities. And
the strains that are being developed deal with the varied
enzymes that are responsible for some of the defects that
Or. Fredrickson summarizes.

So, I think this new technology is very relevant to
the inpact of nutation on the human disease picture. This,
in fact, lets us get at that mysterious, as I said yester-
day, recessive component; now we pick the recessive, so-
called, up in the first generation.

Thank you.

DR. GRAHN: Thank you, Jim.

I should note that Jim was out the country at the time
at which the editing of this report was done. And I delib-
erately chose to make very straight-down-the-middie blue-eyed
type of outline of Dr. Crow's report. Dr. Crow himself is
on his way to Japan. He indicated to me that he's taken the
submission from the various members of the cluster and para-
phrased and abstracted them. The report of the cluster
is as noted by NIH a draft report. I think it's important
to note that it is somewhat of a consensus report.

MS. CLUSEN: We have a few minutes if there is anyone
who wishes to comment or ask any questions of either of these
two. Yes.

DR. TODO: Todd, of Penn State.

While Dr. Neel is commenting on the report, I think it's
worthwhile to add one more comment about incorrect statements.
On page 373 it says: "If there is a variable RBE with dose, the
gamma and high-LET curves cannot both be If near" at low doses.
This is incorrect. You can have linear curves at low doses
which have variable RBE at high doses and a small correction
to that statement might say something like: "If the RBE is
variable at a low dose, then the two curves cannot be linear
at low doses". But at least in our experience, in the measure
of cell killing, the evidence is rather strong in favor of
linear curves at low doses and a variable RBE at high doses.

DR. GRAHN: We stand corrected.

MS. CLUSEN: Just one more. Dr. Kim.
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Douglas Grahn, Ph.D.

DR. KIM: A very fascinating genetic effect related to
{UV) radiation is xeroderma pigmentosum or XP patients.
Everybody seems to know by this time that there are distinct
visibly identifiable foci on the chromosome. Is there any
effort that is being made to not only characterize it visu-
ally but also biochemically? Is it possible to zero on to
that area and see if these are correlated strongly with the
repression of certain regulatory enzymes or anything like
that, any biochemical characterization of that particular
disease?

DR. GRAHN: It's been studied, certainly, by Cleaver
in the Radiobiology Laboratory at the Univeristy of San
rrs,ncisco School of Medicine. The disease has been char-
acterized biochemically, genetically and molecularly to a
fare thee well. It's a classic single-gene defect that
tells a lot about the molecular basis of mutation.

OR. KIM: Thank you.

OR. TODD: To answer Dr. Kim's question, xeroderma
pigmentosum is not a single disease. There are 5 genetic
complications, and probably three different enzymatic defects
that have now been identified; one in the incision of
ultraviolet irradiated DNA, one in the incision of ultra-
violet irradiated chromatin, and one in some kind of a
post-replication activity.

MS. CLUSEN: Thank you, Dr. Grahn.
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Scientific Projection Paper on Biologic Effects of
Ionizing Radiation Epidemiology Section

Overview of Effects of Ionizing Radiation in Humans

To summarize information on the biologic effects of ionizing radiation,
the discussion will be divided into sources of exposure, types of effects,
and types of radiation. The possible sources of exposure include medical,
occupational, and environmental including background, accidental,
and military exposures. The effects might be divided into three groups:
cancer, reproductive effects, and other late somatic manifestations.
The types of radiation would be designated by the density of energy
deposition along their pathway into high LET (linear energy transfer),
low LET, and mixed exposures.

The acute somatic effects from exposure to single high doses of
radiation are well-known. However, the long-term effects from exposure
to lower levels have been the subject of more extensive debate especially
in regard to their relationship to dose. Many of the problems have
arisen because of inadequacy of data on dose or dose rate, insufficient
follow-up of populations to allow for latency of chronic diseases, and
inability to control for confounding variables which may influence the
risk of observed effects, such as personal characteristics or factors
related to the underlying disease for which radiation is given. Despite
these problems, there is clear evidence that exposure to ionizing radiation
is carcinogenic. Evidence suggests that most tissues may show cancer
induction but the sensitivity of the tissues varies widely. It is also
apparent that age may be an important factor in determining cancer risk.
Initially, age was only considered in broad terms with groups separated into
fetal, childhood and adult categories. It has been shown that even
within the adult classification age may play a role in the risk of
development of breast cancer in women. The sex of the exposed individuals
may influence the risk of cancer at specific sites such as the breast
and probably the thyroid.

Although leukemia is an important marker of the carcinogenic effects
of exposure to ionizing radiation it has become apparent that the early
emphasis on this cancer was in part related to its shorter latency
period with cases occurring between 2 and 25 years after exposure. The
solid tumors have appeared in populations with long*follow-up, 20 years
or more. These tumors occur naturally with higher frequency than leukemia
so that even a small increase in the relative risk of their appearance
will be represented by a large number of additional cancers.

Many previous studies have not examined carefully the presence of
other risk factors both personal and environmental and how they may have
influenced the risk of cancer related to radiation exposure. Are carcinogenic
chemicals in the work environment the actual cause of cancers seen in
radiation workers or are they acting synergistically or addit.ively with
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the radiation exposure? Few studies have examined or controlled for
such agents in patients with medical treatments or in occupational
environments such as laboratories. Socioeconomic factors, ethnic
background, personal habits, and reproductive experience can influence
the risk of cancer such as breast and lung and these factors should be
evaluated and controlled in studies of irradiated populations. These
are examples of possible confounding variables which must be recognized
as important in all future studies of radiation effects.

The limitations of information in some areas such as the lack of
precise dosimetry for individuals or ignorance concerning personal
characteristics which may be confounding variables in determining the
risk of cancer and other diseases have restricted the ability to quantify
precisely the hazards from low-level radiation. Selectivity of the
population exposed by sex, age, ethnic background and other factors may
limit the application of risk estimates of the number of excess cancers
per person-rads of exposure to populations similar in characteristics to
those studied. It is known that radiation causes cancer but there are
still questions as to how great the hazards are for low doses particularly
those below 50 rem lifetime exposure. Other than the known carcinogenic,
teratogenic and chromosomal effects, cataract formation and infertility
in humans, what conditions can be related to radiation? Which organs
are particularly sensitive to radiation carcinogenesis? Although radiation
can be readily detected and quantified and precise radiation protection
guidelines and standards exist, current controversies concern the shape
of the dose-effect curve and the size of the effect at low doses for
low-LET ionizing radiation such as X- or gamma rays, the influence of
conditions of exposure such as dose rate, type of radiation, fractionation,
or protraction of dose, and the influence of the various modifiers of
risk such as age, sex, race, ethnicity, personal habits, and life style.
The need of radioactive materials in medicine, industry, military and as
an energy resource demands that appropriate data be collected to assess
the risk versus the benefits in its use.

Populations for study

Epidemiologists have studied the effects of ionizing radiation in
populations exposed to medical procedures, occupational use, and environmental
exposures either from natural background, or from wars or accidents.
Many of these populations are currently under study. Cancer, infertility,
and other effects associated with radiation exposure will be examined in
selected groups to briefly assess current knowledge, limitations, strengths
and results of the studies.

Medical populations

The medical populations can be divided into those who received
radiation as treatment for a serious disease, as treatment for benign
disease or as diagnostic regimens.
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Ankyiosing spondyiitis

Over 14,000 persons, usually males, were treated for ankylosing
spondylitis in the period from 1935 through 1954 and followed through
1969. Usually patients received radiation therapy in about 10 fractionated
exposures delivered in one month with total estimated doses to the bone
marrow ranging from 300 to 1,500 rads (370 average). Leukemia occurred
in excess with a peak three to five years after exposure and a demonstrated
linear increase with increasing dose. These patients also had an excess
of cancers of other heavily irradiated sites. There was a 1.4-fold
increased risk of death from lung cancer (estimated exposure, 197 rads)
significant excesses of deaths from cancers of pharynx, stomach, pancreas,
and bone. The risk of solid tumors first increased ten years after
irradiation and the ratio of observed to expected numbers was constant
with age at exposure. The latter observation led authors to speculate
that radiation might act synergistically with other factors that cause
cancers. The slight increase in deaths from cerebrovascular disease and
peptic ulcer may have been related to the original disease or may represent
a non-cancer risk from radiation.

Tuberculosis

An increased risk of breast cancer in women who received multiple
chest fluoroscopies to monitor pneumothorax treatment of tuberculosis
has been reported. The exposure in these cases averaged about 150 rads
to the breast but this value may be subject to error due to variation in
observations, documentation, and machine condition. It is interesting
that the risk was greatest for those under age 30 at time of first
exposure and that cancer occurred 15 years or more after initial radiation.
Cervical Cancer

Studies of 30,000 women exposed to pelvic radiation of 500 to 1,500
rad to the bone marrow from radium implants and external beamtherapy
have demonstrated no excess of leukemia but follow-up may not have been
long enough to assess the risk of solid tumors. The lack of a leukemic
effect from pelvic marrow irradiation has been observed in other studies
but no explanation is apparent.

Mastitis

Women (571) receiving external radiation for acute post-partum
mastitis had an increased risk of breast cancer following radiation
doses ranging from 50 to 1,065 (ave. 377) rads to the exposed breast
tissue based on assumptions about the depth of parenchyma1 tissue. The
study used both non-irradiated mastitis patients and sister controls for
both mastitis groups. These data have shown a relative risk of breast
cancer of 3.3 in the exposed cases and risks of 1.4 to 1.8 in the controls
groups with the highest comparison value being in sisters of exposed.
There is no difference in risk by age but there was by dose to 400 rads
after which there was a decline in risk (small population). The similarity
in risk both above and below 30 years may be a reflection of the narrow
range of age above 30 and the similarity in underlying hormonal conditions
related to the post-partum state of all subjects.
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Castration

A study of ovarian radiation for the purpose of castration has
indicated that patients exposed to 500-1000 rads had a risk of cancer in
the heavily exposed areas as the intestines, rectum and uterus but not
cancer of the bladder or ovary. The risk of leukemia was about 2.7
times that of the general population. The absence of leukemia in the
patients treated for cervical cancer and its presence in these patients
may suggest that the higher doses in the former situation may have
destroyed cells rather than have altered their capability to respond.

Several populations of children irradiated for thymus enlargement
at early ages have been followed for 25 or more years to determine the
risk of cancer. The exposed population's dose varied in size from about
400 to 3000 rads and they received an estimated thyroid dose of <20 to
400 rads from x-ray sources. The excess in thyroid cancer ranged from
about 8 times that of a standard population for estimated doses of x-ray
<20 rads to 325 times for doses of 400 rads to the thyroid. Some of
these studies used controls such as siblings to compare their experience
with that of irradiated subjects. These studies have detected a marked
increase in the risk of thyroid cancer, thyroid tumors and salivary
tumors at doses of about 100 to 400 rads to the thyroid.

Head and neck: Tonsils

Children irradiated with x-ray to the tonsils and adenoids have
been reported to have an increase in thyroid cancer, salivary tumors and
brain tumors in the cases compared to controls. A recent study of
children receiving radium implants for treatment of adenoid hypertrophy
have shown an increased risk of brain tumors and tumors of head and neck
but no increased risk of thyroid tumors. This same study did suggest a
change in thyroid function, an effect which may have been mediated
through changes in the pituitary activity.

Tinea capitis

Studies of children irradiated for tinea capitis with doses from 10
to about 165 rads to the brain have shown an increased risk of brain
tumors either benign or malignant and other tumors of the head and neck
including skin, thyroid and parotid. In one study, there was an increased
risk of psychiatric disorders.
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It should be noted that some of the studies in children with head
and neck irradiation included screening for thyroid nodules and in these
cases a high frequency of nodule formation was noted but usually the
lesions were asymptomatic. Thus many lesions detected by screening
might never have been found with routine medical care and may be of
little health singinficance.

224-Radium (224-Ra)

In a study of German patients injected with 224-Ra to treat bone
tuberculosis and ankylosing spondylitis, 54 osteosarcomas developed in
898 patients. Osteosarcomas began to appear four years after injection,
peaked at six to eight years, and decreased to normal rates after 23
years. The risk per rad for. a given injection time was similar for
children and adults, and did not vary by sex. A dose-effect relationship
was consistent with linearity, although curvilinearity could not be
discounted. The estimated mean dose to the bone was 441 rad, and the
risk four years after injection was 0.8 bone cancers/10 PY/rad. When
contrasted with the 226-Radium dial painter experience, it is noteworthy
that the excess risk of osteosarcoma was greater for 224-Ra than 226-Ra.

131-Iodine (131-1) Thyrotoxicosis

In a large-scale cooperative study of over 30,000 patients treated
with 131-1 forthyrotoxicosis.no radiation-induced leukemia risk was
apparent. Follow-up may have been too short or whole-body dose estimated
at 7 to 13 rad may have been too low to produce a detectable effect. No
excess thyroid cancers were reported, possibly because of the cellular
destruction, rather than transformation. The authors concluded, however,
that children and young adults treated with 131-1 without inducing
hypothyroidism were more likely to develop thyroid adenomas than their
older counterparts.

Only thyroid cancer and leukemia have been evaluated in this study.
It may be valuable to consider re-activating this large scale study
since the years of risk for cancer development have increased and to
evaluate all cancer sites, many that received low doses. A pilot study
is currently ongoing to follow-up all female patients treated at one of
the former clinics.

232-thorium (232-Th)

Thorium dioxide (thorotrast), usedas a contrast agent during radiographic
procedures, deposited thorium in body tissue with resulting continuous
alpha particle exposures. A typical injection might produce an average
liver dose rate of 25 rad/year and an average endosteal dose of 16
rad/year. Surveys in patients in Denmark, Portugal, and Germany show
excesses of liver cancer* including hemangiosarcoma and cholangiocarcinoma,
and acute myeloid leukemia.
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These examples of studies of patients with severe disease who are
exposed to radiation either of the sparsely or densely ionizing type
have limitations. The numbers of patients are often small or must be
collected from multiple clinics with additional variation; doses are
estimated from histories of procedures; risk factors for the disease may
differ between exposed and comparison group; control populations, even
when diseased, may not have had the same characteristics as exposed;
other treatments were frequent; the disease may influence the type of
patients available for study (as male predominance in ankylosing spondylitis);
and the underlying disease may be associated with a risk of other conditions
which must be considered in evaluating the risks associated with radiation.

Occupational Exposure

Miners

Workers in uranium mines are exposed to high levels of alpha
radiation from radium, radon, and their daughter products carried on
inhaled dust. The menghave high risks of lung cancer with an estimated
excess risk of 0.63/10 /person/year/rem. The risks in non-white miners
and non-smokers are substantially lower than those of white smoking
populations. These cancers have a high proportion of undifferentiated
small cell type. Other miners in fluorspar, tungsten, iron, and lead
mines have significant internal alpha radiation and elevated lung cancer
risks. It should be noted that many of these miners have exposure to
other materials thought to produce lung cancer.

Radium deal painters

The practice of tipping paint brushes with their lips while applying
radium to the dials of watches has caused large deposition of radium in
the bones of these female workers. These women had excess risks of
osteogenic sarcomas of the bones in the head and neck areas as well as
cancers of the paranasal sinuses and of the humerus. These cancers have
occurred at mean doses of 1,700 rads. It. has been noted that alpha-
emitting radionuclides are more carcinogenic than beta-emitters on an
equal oral dose basis and those radionuclides which are translocated to
the interior of bone have a lower cancer-producing potential than those
which remain on the surface.

Radiologists

Studies of American radiologists who first practiced in the 1920's
and 1930's have demonstrated an excess risk of skin cancer and leukemia
compared to other physician specialists. These risks were ten and eight
times higher than the lowest comparison group respectively. There was a
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marked excess of apiastic anemia in the earliest workers only. In the
specialists who entered radiology in the 1940's, these risks were not
apparent but they had an increased risk of lymphoma, predominantly
multiple myeloma. A two-fold excess risk of all cancers has remained
throughout all periods. Significant differences in all-cause mortality,
in all cause mortality with cancer removed, and in cardiovascular mortality,
as well as excesses in several chronic diseases among radiologists, have
led to the suggestion that this represents non-specific life-shortening
effects of radiation. Dosimetry information has not been collected and
only general estimates of dose are available in the literature.

Other nuclear workers

In recent years all workers exposed to radioactive materials are
systematically measured with film badges or other personnel and/or area
monitoring devices. These records potentially represent a source of
detailed dose information except for alpha radiation. These data are
especially useful if the population is under careful surveillance to
assure the proper wearing of the devices.

Several analyses of dosimetry data collected on the 35,000 workers
employed since 1944 at Hanford have suggested that these workers may
have an increased mortality from multiple myeloma and pancreatic cancer:
the investigators reported that the mean cumulative dose for persons who
have died with tumors of the reticuloendothelial system was as low as 3
rads, for solid tumors 2 rads, and for non-cancers 1.6 rads. These
values have produced much controversy because the analyses indicated low
doubling doses in the range of 12 rads for cancer and less for specific
sites. Further studies of these nuclear workers are in progress.

Data collection of work histories, radiation exposure and mortality
among atomic workers at 74 DOE plant sites and research laboratories
(1948-1979) has been in process for fifteen years. Preliminary analyses
will begin on the records of 120,000 workers who have been monitored
over 30 years. Preliminary mortality studies on four subsets did not
show any excess in mortality from all cancers, leukemia, cancer of the
pancreas and multiple myeloma. More than 95% of these workers have had
exposures of less than 1 rem per annum and lifetime doses of less than
25 rem.

A study of shipyard employees who are involved in overhauling
nuclear ships indicated an excess of leukemia in the radiation workers.
However, the design of the study using death certificate identification
of workers and classifying these deaths as radiation-associated by
contact with next-of-kin is subject to error. Further evaluation of the
shipyard population including both radiation and non-radiation workers
from the same occupational groups is on-going.

A small population of plutonium workers who have had body burden-
of 7 to 230 yCi since 1944 are being studied with 224 other workers with
Pu incorporation greater than 25% of MPBB. These persons have shown no
excess mortality from any cause compared to U.S. white males, adjusted
for age and calendar year of death. These observations are being expanded
to include 4700 plutonium workers.
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General populations

Populations studied following external irradiation from fallout
include the Japanese bomb survivors, residents of the Marshall islands
exposed to bomb fallout, and populations in the southwest U.S. exposed
to fallout radiation.

The design of the follow-up study of the Japanese included
subclassifications of the population into gradients of exposure among
the survivors still living in Hiroshima or Nagasaki in 1950 plus age and
sex-matched controls who were not exposed. Doses of radiation have been
estimated for 97 percent of the individuals based on reported location
and shielding at the time of the blast. Mortality data have identified
excess leukemias and cancers of the thyroid, female breast, stomach,
lung, and all cancers other than leukemia. Additional subsamples of the
main population have been selected for special studies of radiation
effects.

The Marshallese were exposed to radioactive fallout from nuclear
testing in the Pacific with exposure both from external radiation and
ingestion of radioactive isotopes. Significant excess risk of thyroid
cancer has been noted in this small population from an estimated mean
thyroid dose of about 200 rad.

Individuals in Utah and Nevada have been exposed to fallout from
nuclear tests in the 1950's. There was no excess of thyroid cancers
with estimated doses to the gland of as much as 50 rad. There is a
suggestive increase in leukemia mortality in one age-group of children
which was tentatively attributed to fallout by the investigators.

Military personnel present at the 1957 Nevada nuclear test SMOKY
have an apparent excess of myelogenous leukemia. At present, however,
the information concerning the base population is incomplete so that
strictly speaking, estimation of risk has not been accomplished.
Furthermore, exposure levels are poorly known.

Data from free-living populations exposed to high background levels
of radiation have furnished very little information. The deficit has
occurred in part because of poor studies, difficulties in data collection
and a lack of ref - epidemiological methods to evaluate population
exposures from the »ral environment. The results of those studies
which have been attempted are variable and have not taken into account
potential comfounding variables.

Fetal effects:

Numerous studies both non-concurrent prospective and retrospective
have indicated that there is an excess risk of leukemia following
intrauterine exposure to radiation. It should be noted, however, that
there have been reports that no excess of leukemia arose from intrauterine
exposure among the Japanese or among black populations exposed in the
U.S. This may indicate a basic difference in population risks or an
unrecognized factor which selects mothers both for radiation and leukemia
in their offspring. Growth retardation, microcephaly and mental retardation
were seen as a result of fetal exposure to radiation in the Japanese
atomic bomb survivors. There may be differences in the reproductive
histories of females irradiated in utero.
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Diseases other than cancer

As noted above, problems of growth retardation in children irradiated
in utero, infertility, and questionable life-shortening effects in
radiologists have been noted. Changes in hormonal function have been
reported in a few studies with radiation of the brain. The development
of cataracts is a well-documented effect from radiation. Although
reports of effects other than cancer are limited, their impact should be
assessed.

Head and neck irradiation

Several studies of individuals rfho had irradiation to the brain,
nasopharynx, or head and neck for tumors or tuberculosis have shown
growth retardation and in some studies deficits of growth hormone. The
irradiation level to the hypothalmus-pituitary region varied but probably
ranged from 2,500 to 8,000 rads to the pituitary. Some had thyroid
dysfunction or hypothyroidisom which could have resulted from direct
damage to the gland or from changes in thyroid-stimulating hormone
levels as a result of derangement of pituitary function. The numbers of
cases in these series are very small and frequently there are no controls.

Hyperparathyroidism has been reported in persons treated with
X-rays for tuberculous adenitis. The syndrome resulted from adenomatous
or hyperplastic changes in the parathyroids which were exposed to 75 to
2,200 rads.

Fertility:

It has long been recognized that the germinal epithelium of the
testis may be an extremely sensitive tissue to the effects of radiation
but its regenerative powers are such that recovery will occur at doses
below lethal levels. It has been reported that asthenospermia, hypospermia
and teratospermia are present in men exposed to ionizing radiation.
These conditions are usually associated with a high risk of stillbirths
and abortions. There is no direct evidence, however, that these outcomes
are associated with radiation-induced sperm abnormalities. Freire-Maia
has suggested that fetal losses occur more frequently in radiologists'
wives than in women married to other medical specialists. There is no
other evidence to support this observation and these data were not
related to specific levels.

Chromosome abnormalities

Studies of uranium miners, A-bomb survivors, ankylosing spondylitis
patients, shipyard workers, and possibly other populations exposed to
radiation have demonstrated chromosomal aberrations in the cultured
peripheral blood lymphocytes. In several of these populations the
differences are directly correlated with estimated radiation doses based
on group data and, in miners, with the severity of bronchial cell
cytology.

The data on fertility and other effects from radiation are discussed
in other sections of this report.
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Sources and types of radiation

Previous studies of human health effects from radiation have included
both internal and external sources, with high-LET and low-LET, acute and
chronic exposures, and high and low doses and dose rates. The effects
measured have usually emphasized carcinogenesis, mutagenesis, cataract
formation, developmental effects, and acute pathological changes. At
present, both high and low-LET sources of ionizing radiation are being
used in medicine for diagnostic and therapeutic purposes, in occupational
settings and in other fields. Thus, the effects of all forms of ionizing
radiation and all doses and dose rates must be assessed.

Occupational studies

The occcupational studies in the past have had the following problems:

1. The dose and dose rate, if available at all, are only
estimated.

2. Even with some use of personal monitoring for dose in
recent years, programs may not have provided
for appropriate surveillance systems to assure that badge
readings reflect true individual exposure levels.

3. Individuals working in areas with radiation exposures
have different jobs and a different set of other exposures
than do those working in non-radiation areas.

4. No information has been available on other personal
characteristics such as smoking which has been particularly
important since the working populations have been
predominantly males with the usual high level of smoking.

5. Occupational populations are selected for many characteristics
including male predominance and good health status.

6. The selection of control populations may be difficult.
The specific jobs of the exposed individuals may encompass
many hazards and there may be no individuals with similar
work exposures who are not exposed to radiation.

Studies in populations with therapeutic and diagnostic radiation

The studies of diseased populations have measured dose of radiation
using hospital records to describe treatment or diagnostic schedules and
estimating amounts of radiation from such a schedule. These studies
have had problems such as:

1. Doses are estimated in many cases from the presumed level
usually delivered by such a treatment tool or diagnostic
instrument. In many cases, these tools or instruments may have
been leaking radiation to unintended sites. The dose may not
have been adequately estimated, and the records might not reflect
the true treatment schedule or diagnostic procedures.
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2. The radioactive materials used provided mixed types of
ionizing radiation.

3. The estimated tissue doses were variable because they depended
on the positioning of the instrument and the size, shape, and
physiological development and activity of the tissues exposed
and the dose rate. These were extremely important issues
especially in children, other age groups and sex.

4. Most of these patients had another disease or a suspected
abnormality which could have influenced the frequency of disease
in the subjects. These influences are especially hard to
evaluate since the effects may be implemented through an indirect
mechanism; for example, delayed age at first pregnancy in
populations irradiated for disease in early reproductive years
may increase breast cancer risks.

5. All patients with disease and even individuals who receive
diagnostic radiation will be exposed to multiple drugs and
therapies during their enrollment in the medical system.
These agents alone or in combination with radiation may be
producing the health effects. Use of controls with the same
disease but without radiation and use of dose response data to
substantiate the effect of radiation on observed effects do
not completely solve the problem since it is impossible to
determine what selective factors have chosen one patient for
radiation or for a specific level of radiation and omitted or
reduced this therapy in others.

Studies in selected populations

It is generally felt that a study of populations exposed to small
changes in background radiation is not feasible because of the extremely
large population size needed. There are, however, populations who have
received higher doses usually on a single occasion from an accidental or
catastrophic exposure, such as the atomic bomb survivors or Marshall
islanders. These studies have problems in interpreting dosimetry
because:

1. The doses are usually estimates based on the location and
shielding of the individual at the time of the exposure.
These descriptions are based on recall although this may be
better during a time of disaster.

2. The exposure may be to multiple types of radiation. The exact
ratios of these various types and their biological effectiveness
under the conditions of exposure may not be exactly identified.
Since A-bomb survivors in Nagasaki received only gamma rays,
there are advantages in contrasting their experience with that
of Hiroshima where exposure to both types of radiation occurred.

3. The circumstances of such accidents dictate that a selected
group of individuals may be exposed for whom appropriate
comparison groups may be difficult to identify. In some
instances, the nature of the exposure as explosion of the bomb,
and the resulting impact on the health of populations may
select an unusual population for survival.

403



4. The stress to which these populations are exposed may change
their characteristics which requires the selection of an
appropriate control for this variable.

General problems with exposure measurements

The previous discussion has indicated problems in measurement of
exposure dose and dose rate in studies of the three basic types of
populations. In general, all doses of radiation in previous studies
have been estimated either on a clinic record of therapy protocols
frequently without exact information on the procedure in individual
cases or on the basis of expected exposure levels by location and
activities relevant to radiation source.

Relative biologic effectiveness

The estimation of the relative biologic effectiveness of high LET
radiation or the ability of densely ionizing radiation to cause tissue
damage relative to that of low-LET radiation have had wide variations in
value. Part of that variation is due to the differences in interpretation
of epidemiologic data from the population sources exposed to high-LET
radiation. In animals, the data suggest that the risk per rad for low-
LET decreases to a greater degree with decreasing dose and dose rate
than does the risk for high-LET radiation.

Dose response

Because of the great difficulty in directly studying the effects of
only a few rads of radiation, indirect methods have been used to predict
effects at low levels. Thus it is extremely important which dose-effect
model is used to interpolate from effects per rad at high doses to the
effects per rad at low doses, and many times the choice of model has
more influence than the actual data at low doses. In addition to the
fundamental problems associated with low-dose estimation from high dose
data, there are a myriad of conditions which influence the response to
radiation and the shape of dose-effect curves and thus influence the
risk estimates at low doses. These include type of radiation (high or
low-LET), quantity of radiation (dose), dose fractionation or protraction
(single vs. multiple exposures), the organ irradiated (e.g. the breast
is more sensitive than the liver to radiogenic induction), the length of
the minimal latent period and the period of tumor production; dose
distribution (partially vs. totally irradiated organs) and whether
external or internal exposures occurred; the relationship between dose
and latent period (e.g. do low dose exposures imply long latent periods);
the relationship between spontaneous and radiation-induced cancer incidence
(i.e., whether irradiation multiplies or adds to the spontaneous incidence
of cancer); the effect of underlying host conditions (e.g. age, sex,
race and health status); the method of risk estimation (the model applied);
and the precision of risk estimates (related to study size). These
factors will be briefly discussed below.
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Type of radiation. The shapes of dose-effect curves tend to be a
function of the linear energy transfer (LET) of radiation. High-LET
radiations include neutrons, protons, and alpha particles and "tend" to
produce approximately linear dose-effect relationships. Low-LET radiations,
the type most often experienced by the general population, include x-
rays, gamma rays, secondary electron and beta-like particles, and
"tend" to produce approximately curvilinear relationships with the
effect per rad being less at low doses than at high doses. Therefore,
the dose-effect curve has a positive curvature for low doses of low-LET
radiation, i.e. the slope increases with increasing dose. At higher
doses, the slope often decreases and may even become negative.

Amount of radiation. It appears that the effect per rad for low-
LET radiation can vary appreciably over a wide range of doses. At very
low doses it is unknown what the magnitude of the effect is or whether
there is in fact an effect; this is the center of the current controversy
on low dose effects.

Dose fractionation. Animal and cellular data nearly always show a
protection or lessening effect of fractionated or low-dose rate exposures
for low-LET radiation. This is likely the result of repair and repopulation
that can occur given adequate time. The available human data are
limited.

Organ sensitivity. It is important to realize that dose-effect
curves and radiation risk estimates vary by organ site evaluated. The
bone marrow (leukemia), thyroid gland and female breast appear partic-
ularly sensitive to radiation in contrast to organs such as the liver
which may be moderately sensitive, and prostate which appears relatively
insensitive.

Latent period. The manifestation of the particular radiogenic
cancer is also a function of the time period after irradiation.
Radiogenic leukemias appear quite early after irradiation, beginning at
about 2-4 years and continues for about 25-30 years after which time
rates approach normal. Radiogenic breast cancer, on the other hand does
not become apparent until about 10 to 15 years after exposure and no
decrease in incidence with time has to date been observed.

Additive vs. multiplicative models of cancer incidence. The additive
(absolute) model for risk estimation assumes that the rate "of cancer in
irradiated persons at a given age is the sum of the natural rate plus a
dose-dependent increment which may depend on age at exposure but not on
the levels of natural cancer incidence at subsequent ages. This model
has traditionally been used in radiation carcinogenesis for risk prediction.
A relative risk (multiplicative) model, on the other hand, assumes that
the risk of cancer depends on age at observation as well, i.e., the
natural cancer rate at any age is multiplied by a relative risk factor
whose magnitude depends on dose and age at exposure. Both models may be
helpful depending on the situation and the purpose of the projection.
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Dose distribution. The effects of organs uniformily irradiated or
partially irradiated may differ. If, for example, a small volume of
bone marrow received large doses, cellular sterilization (killing) may
occur to such an extent that no leukemia excess occurs. For internally
ingested isotopes, the metabolic pathways are also important. Short-
lived 224-Ra gives up most of its energy on the outer portions of bone,
producing many more osteosarcomas than long-lived 226-Ra that more
uniformly irradiates bone.

There have been many changes in the sources of radiation in
occupational and especially for therapeutic and diagnostic radiation.
These may have caused changing exposure of individuals at various times
despite apparent consistency of therapy.

1. The types and variability of radionuclides used in various
procedures have changed

2. The machines delivering x-ray have varied by age of instrument
and other factors

3. Filters used have altered the type of radiation which can
pass

4. Faulty equipment has allowed for leakage of radiation
or exposure of sites not in direct beam and dose to these
organ sites may be unknown.

5. Radioactive materials used may have multiple by-products with
varying ionizing capacity so that it is difficult to identify
the effects from these different exposures.

These problems dictate that current studies must identify individuals
with known personal monitoring data, with exact information on the
procedures and radiation dose used in each patient, and with records to
determine dose rate. Populations studied to answer remaining questions
probably should be exposed to either low or high-LET radiation but, if
possible, not both. It is preferable that we consider the effects from
external and internal radiation separately since many questions remain
in both areas. If methods of measuring radiation change, the procedures
should be standardized so that doses prior to and after the change can
be related. Surveillance for the consistency of monitoring and the
accuracy of measurements should be assured in populations under study.
These safeguards to validate the accuracy of individual measurements are
essential when one attempts to determine risks associated with doses in
the low range.
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Critique of previous epidemiological studies

Information on the health effects of radiation gathered in the past
have focused mainly on populations exposed to high doses of radiation.
Only a few studies primarily those in irradiated children and fetuses
have suggested carcinogenic effects at doses below 10 rads. Currently
populations may be exposed in three dose ranges - at high doses from
medical therapeutic exposures, at occupationally acceptable low levels
of 5 rem or less per year which might amount to about 10 to 100 rads
lifetime, (a level at or below that of diagnostic radiation), or at
background exposures of very low levels of 0.1 rad per year of
continuous irradiation, equivalent to under 10 rads cumulative lifetime
dose. The populations may receive their radiation as whole-body or
partial-body exposure. We will examine the problems of interpreting
data from all of these areas and the questions which still remain to be
answered. The primary emphasis will be on the low doses where most of
the current interest lies.

Studies of background or very low dose radiation

The data from studies of background radiation would be the most
directly relevant to the question of the health effects from continuous
exposure to low-level radiation and the projected increase in risks from
added radioactive burden in the environment. The reliability of results
of studies are poor. Several reasons could be cited to explain the
problem.

1. Few epidemiologists have received training or have developed
interests in the problems of "small area" or "topographical"
epidemiology for chronic diseases although the recognition of
expanding environmental problems would call for discussion
of the applicability and limitations of this type of study
design.

2. The exposures have been difficult to measure and consist of a
mixture of exposure to drink and food with radionuclide content,
exposure to inhalation of radon daughters and exposure to
gamma-radiation both indoor and outdoor. Rarely have all
methods for evaluation of irradiation been used in the same
area and on the same population with measurement of health data.

3. Mobility of the population will change the radiation exposure
of the individuals and health effects measured may not be
occurring in persons exposed to estimated life-time doses of
residents but to new immigrants.

4. The life styles of populations vary by locale. Rural and
primitive groups tend to live in close contact with water,
foods and soil surrounding their residence and thus have
repeated exposure to the background radiation; but this is
not true in more economically developed populations.

5. Although primitive people may have the most direct exposure to
background radiation the identification of health effects is
restricted due to the limited medical care and registration.
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The major problem with such studies of very low level radiation on
free-living populations is the problem of size of population which must
be followed over extended periods of time in order to identify a risk.
Even the experience of the Japanese A-bomb survivors, although of great
importance, is still too small to provide direct empirical estimates of
risk in the low-dose region; and this is despite its large size, carefully
estimated dosimetry, and 55,000 persons exposed to less than 10 rads.
Thus, the problem of low-dose radiation will be difficult to solve by
human studies sharply focused only on the low-dose region. It is necessary
to generate sufficient understanding of the mechanisms by which ionizing
radiation produces biological damage and couple this knowledge with
epidemiologic data from populations with exposures above 5 to 10 rads.
The reason is that both the genetic and the somatic risks following low
doses are apparently small and cannot easily be seen in the presence of
the intrinsic variation characteristic of human health. Thus there are
practical difficulties in attempting to estimate a small excess risk
because the population size needed for such studies are very large. It
must be emphasized, however, that this does not imply that smaller
populations at high doses will entirely solve our problems. All populations
are subject to the constraints of random variation and the larger the
sample the less this factor plays a role. The limitation of any small
population is that a rare event may not be detected and the range of
values which may be placed around any risk estimate are so wide that
they may encompass "one" suggesting no excess in risk despite the
demonstrated difference observed. There has been extensive discussion
related to the problem of trying to estimate a very small risk from human
studies. Statistically it is possible to select a level of power and
significance for a study and then, given a certain estimate for expected
increase in risk for low doses of radiation and a knowledge of the usual
incidence, one can determine the population size needed to conduct the
study. It should be realized that if the excess risk is extremely small,
as 0.5%, then the population will become so large that there could be
many unrecognized confounding variables which are causing the excess.

A most pressing need in the field currently is the accrual of
precise dose information on populations exposed to modern acceptable
levels of radiation and measurement of health outcomes especially cancer
in relation to such exposures. Of equal importance are studies that
may lead to better understand of the mechanisms and factors that
influence human response to radiation.

The populations exposed to occupational and medical irradiation may
provide the appropriate bases for study because of their wider range of
radiation exposures and the increased capability of controlling for dose
information and confounding variables. The medically exposed populations
in recent years have precise measurements of the amount of therapeutic
but not diagnostic radiation to which they are exposed. The characteristics
of modern equipment allow for very little scatter of radiation. This
was not the situation in the past. Previous studies have had to estimate
doses from hospital or other records of diagnostic or therapeutic pro-
cedures. Data from such sources are known to be very poor and unreliable
although there may be exceptions. Dosimetry measurements have only
recently been implemented in occupational settings and workers are often
not policed for adherence to the safety policies. It is hoped that data
on dose from these resources will be more reliable than any which were
available in the past.
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Other biases may be associated with studies in these populations.
As with most epidemiologic investigations, studies of populations exposed
to ionizing radiation are subject to numerous biases. Of particular
concern is the selection of appropriate controls for patients irradiated
because of disease; comparable nonirradiated patients may be difficult
to find, and the cancer experience of the general population may not
adequately reflect the expected risk of the exposed population in the
absence of radiation. Use of populations diagnostically or therapeutically
irradiated have had problems* associated with the underlying disease as
well as the measurement of estimated dose. Many diseases are limited to
selected subgroups of the population such as the predominance of males
having ankylosing spondylitis. Case-control studies in which past
histories of radiation exposure are elicited for cancer cases and controls
are subject to an additional bias in that recall of occupational or
medical exposures to radiation may be greater for cases than controls.
Medical exposures may occur because of the cancer, its associated risk,
or related diseases. Occupational exposures to radiation are often
confounded with other exposures in the workplace: nuclear workers, like
many other employed populations, may be a selected group with different
expectations of disease than the general population. The experience of
the Japanese A-bomb survivors, which is free from the biases listed
above, may still be confounded with nonradiation effects of the bombings,
and the large size of the study is partly offset by the fact that the
greater part, consisting of Hiroshima survivors, was exposed to radiation
qualitatively different from the xray and gamma ray exposures of most
medically or occupationally exposed populations.

A nonexposed population comparable to the exposed group is essential
to determine whether a cancer has occurred in excess. The thyrotoxicosis
study indicated an excess risk of leukemia when general population rates
were used for comparison, which was not seen when appropriate surgical
control rates were applied. Comparisons with general population rates
are particularly hazardous when the irradiated population is ill, since
the disease itself could be related to the occurrence of cancer, and
other competing risks or specific treatments such as drugs, could
influence subsequent cancer incidence. In addition, more thorough case-
finding among an irradiated population than among the general population
used to compute expected numbers could bias study results in a positive
direction.

When precise risk estimates from low-level exposures are needed,
the estimation of radiation dose is essential. It is not completely
satisfactory to conclude that low-dose effects have occurred following
radioactive fallout, diagnostic radiation or nuclear shipyard occupational
exposures when the doses to individuals are not known. For example, the
excess in a presumably low-dose group could be concentrated in those few
individuals who received high doses. It is also essential that potential
confounding factors be controlled. Estimates of lung, breast or other
cancer risks obtained without adjusting for smoking, reproductive history
or other confounding variables are less than optimal. It is important
to determine whether the confounding variable may also be related to
radiation dose. Estimate, of occupational risks obtained without controlling
for toxic chemical exposures may be misleading. The number of observed
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cancer cases also needs to be sufficient to confidently support a risk.
The appearance of two cases versus 0.34 expected (RR = 5.9) may be
statistically significant but is not necessarily etiologically convincing.
It is important that exposed populations be followed for substantial
periods of time to be able to detect any excess risk of solid tumors.
If the A-bomb survivor studies had been terminated after about 10 years,
the leukemia effect would have been detected but not the solid tumor
effect. Special screening of exposed but not nonexposed persons is an
extreme but not uncommon example of observational bias. It could, for
example, account for many of the excess benign tumors seen in persons
with histories of head and neck irradiation during childhood. The
exposure also needs to be clearly separated from the occurrence of
disease. In the case of diagnostic radiation associated with adult
leukemia, for example, it is possible that many of the exposures occurred
during the early stages of disease among persons destined to develop
clinical leukemia who were sickly but for no obvious reason.

There are other factors which confound studies of radiation in
humans. These include (1) differences in sensitivity which may be
reflected in such obvious variables as age, sex, race and ethnic back-
ground, (2) personal habits and characteristics such as smoking, diet,
drug intake and (3) presence of other predisposing characteristics such
as life style or reproductive patterns which may be inter-related with
the risk of radiation and may perhaps be essential as a promoter or
initiator of cancer and other diseases.

While potential bias is a problem with most studies, such biases
tend not to apply to all studies relevant to a given cancer. Thus
consistency of results among studies involving populations irradiated
under different circumstances is a powerful argument that reported
radiation-related risks are real. For example, each of three populations
studied with respect to radiation-induced breast cancer; tuberculosis
patients given multiple chest fluoroscopies, mastitis patients given x-
ray therapy, and A-bomb survivors were subject to different possible
biases. The fact that risk estimates obtained from these three populations
studied by three completely independent groups agree closely argues
strongly for a causal connection between radiation and breast cancer
risk.
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Summary

There is widespread knowledge about the effects of radiation in
human populations but the studies have had some limitations which have
left gaps in our knowledge. Most populations have had exposure to high
doses with little information on the effect of dose rate. The characteristics
of the populations have been restricted by the location of the disaster,
the occupational limitations, or the basic risks associated with the
under-lying disease for which radiation was given. All doses have been
estimated and such values are subject to marked variability particularly
when they rely on sources of data such as hospital records. Almost no
information has been reported on the effect of dose rate in populations
with protracted doses. Many populations have had exposure to internal
and external emissions and mixed types of radiation.

The current controversy concerns the effects of low level radiation.
Although it is recognized that the effects of very low levels of low-LET
radiation may be impossible to study because of the size of the popu-
lation which is needed to demonstrate the small effect, there are,
several groups who could be studied and are exposed at levels of 0.5-5
rems per year or 50 rems in a single period in occupational settings, in
nuclear exposures and perhaps in medical settings. For example, there
are about 100,000 individuals who have been potentially exposed in the
operation and maintenance of naval nuclear-propulsion plants and a
similar number exposed in research and development work \ i laboratories,
and a large number of employees of NRC licensees who work with reactors.
Individuals in these populations would have had doses of radiation
directly measured since the mid-fifties. The Japanese have larger
numbers exposed at low doses who have carefully estimated doses.

Many more questions need to be answered which require populations
exposed to specific forms of ionizing radiation as ex-emitters* neutrons
and y-rays so that the effects of high density versus low-density ionization
may be assessed. The effect of varying dose rates needs to be studied.

The biological data although extensive have several deficits in
information. Which are the sites in which cancer is produced by irradiation
and what are the cell types which are produced? The sensitivity of
various tissues and organs are not similar and it is important to rank
them according to susceptibility. This has been done in the past but
the results are not complete for all cell types and organs. The temporal
patterns for tumor development, the latent period, the period of expressed
excess, the life-time risks need to be defined more precisely for the
cancers. Many populations have not been followed long enough to express
the complete risk. How are these temporal patterns influenced by dose,
dose rate, site and age and sex of subjects? Accumulating data indicate
that individuals may differ in sensitivity to cytotoxic effects based on
genetic variations. Are there differences in radiosensitivity in populations?
Are there detectable markers which predict this sensitivity?
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The questions surrounding the type of models which are most
appropriate to portray risk associated with radiation must be evaluated
further. Absolute and relative risks are both used currently. Should
one or the other be preferred in specific situations? Which model is
the best predictor of low-dose radiation curve from high-LET or from
low-LET radiation?

Future research

Opportunities for epidemiologic studies of irradiated human populations
which offer the greatest promise of producing refined estimates of
cancer risk due to low-level exposure should be pursued. Studies of
populations receiving a distribution of doses, both low-level and high-
level, should receive high priority because (a) such populations are
rare and it is important that they be thoroughly studied both for
information on radiation effects and the mechanisms of cancer, (b)
measures of risks may be obtainable with reasonable expenditures of
resources and may be useful in determining low-dose effects, (c) the
identification of organs sensitive to radiation carcinogenesis and the
mechanisms of these effects is an important task, and (d) with estimates
or better still, exact individual doses, such studies can provide
valuable insights into dose-effect relationships. Studies of populations
exposed to background level radiation doses are unlikely to be useful
because precise risk estimates are in general unattainable without vast
expenditures of scientific and economic resources, and because the
possibility for confounding with risk factors other than radiation are
greater than in studies of more heavily exposed populations. Populations
with carefully monitored exposures to radiation and other potential
carcinogens in which a substantial fraction may ultimately receive
cumulative radiation doses of 10 or more rads in shipyards and laboratories
may prove to be more suitable for evaluation, especially if medical and
exposure records can be made accessible to investigators. Estimates
based on such studies should require smaller sample sizes than those
based on populations with only low-dose exposures, and should be less
subject to extrapolation difficulties than estimates based on heavily
exposed populations. An alternative to directly studying effects of low
doses of radiation may be the study of populations exposed ô fractionated
doses over a long period of time.

Because of the muHifactorial nature of carcinogenesis, studies on
the interaction between radiation with other carcinogens (e.g. smoking)
or biological modifiers of response (e.g. hormones) should also be encouraged.
These studies, in addition to those listed above, are needed to clarify
the risk of low-level radiation and to provide insights into the mechanisms
of carcinogenesis in general.
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Legal Issues

The problems of legal issues which involve epidemiologic research
and which are vital to its continuance will be addressed in some detail
because of their importance.

It has been extraordinarily difficult to obtain good estimates of
risk per rad for radiation carcinogenesis or leukemogenesis at low doses
(below, say, five rads) for at least two principal reasons. The first
reason is that the effects are, evidently, not large as measured by the
number of excess cancers produced per thousand persons exposed and,
hence, only the study of very large populations can yield estimates of
reasonable statistical precision. The second reason is that radiation-
induced cancer is characterized by ^ery long latent periods, and it is
necessary to keep exposed populations (and controls) under observation
for several decades if the total effect produced by the exposure is to
be measured, or even detected. Such protracted surveillance of large
cohorts has always been extraordinarily difficult in the United States
and, in recent years, legislation calculated to protect the privacy of
individuals has, inadvertently, made matters worse.

To give concreteness to the discussion, consider the task of
measuring the impact of low-dose radiation exposure upon a cohort of
250,000 persons whose exposures began some 20 to 30 years earlier. The
cohorts of military personnel who participated in tests of nuclear
weapons, of nuclear shipyard workers, of Atomic Energy Commission con-
tractors' employees, and others are of this order of magnitude, and
studies of the three named have actually begun. Assume that the practical
problem of identifying each individual in the cohort can be managed;
this involves obtaining not only the full name but some unique identifying
number (Social Security number or military identifying number), so that
the William Smiths in the cohort can be distinguished from each other
and from others not in the cohort. How shall the interim history, as to
mortality, for each of these persons be obtained? What is required to
learn the date and place of each death that has occurred; it will then
be possible to go to the appropriate local (usually state) Vital Statistics
Office to obtain a copy of the death certificate to learn the cause of
death, whether a specific cancer or other cause, as certified by the
physician who attended at death.

Large-scale cohort studies can be conducted over long time periods
at acceptable cost only if they can take advantage of the routine death
notification systems which exist in every civilized country. The mortality
studies of the A-bomb survivors in Hiroshima and Nagasaki have been
successful because they could take advantage of the Japanese Family
Registration System together with the mortality reporting system for
which responsibility is centralized in the Ministry of Health and Welfare.
In the United States this responsibility rests with the individual
states and it was only in 1979 that the National Center for Health
Statistics finally inaugurated a National Death Index which will allow
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centralized searching for death notifications - but only for deaths
which occur in 1979 and subsequently. The Index may utilise Social
Security number as a method of search. Although it is possible for the
Social Security Administration to provide the SSN for individuals, given
sufficient identifying information, in fact, because of confidentiality
restrictions embodied in the original Social Security law, the Admin-
istration has been, to say the least, reluctant to disclose numbers.

The mortality experience of a cohort of military veterans can be
obtained from the centralized files of the Veterans Administration but,
again, if the Social Security number is not known, matching to the VA
files is often difficult to achieve.

If Social Security numbers are available in the source materials
from which the roster is originally constructed, these difficulties are
avoided. For the veterans who participated in the nuclear tests in
Nevada or in the Pacific test areas in the 1950's, however, Social
Security numbers are seldom found in the military records of that era.

A change in the Social Security law may be required which would not
only permit, but encourage, the Administrator of the Social Security
Adminstration to disclose Social Security numbers to qualified investi-
gators when they can supply sufficient identifying information to enable
the number to be determined. Responsibility for approving access for
each investigator who applied should be vested in the Administrator,
acting with the advice of a committee which would be responsible for
determining the qualifications of the investigator, the value of the
objectives of the study, and the assurances that can be given regarding
confidential handling by the investigator of the information disclosed.
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Outline for Research Topics

I. Specific Issues
A. Cancer

1. Leukemia f
2. Thyroid
3. Other

a. Occupation
b. Background
c. Medical
d. Weapons
e. Nuclear Power
f. Nuclear Accidents

B. Other Somatic Effects (Late)
Interactions

C. Fertility, Geuetics and Developmental
1. Chromosomal
2. Twinning
3. Duration of Risks
4. In utero exposure

II. General Issues
A. Dose Response

1. Massive Doses
2. Low Dose Acute-

3. Variations for specific cancers
4. Host Factors

a. Age
b. Sex
c. Race
d. Health Status

5. Organ Sensitivity
6. Absolute and Relative Risk Models
7. Special & Hi-Risk Populations
8. Attributable Risk

B. Data
1. Cohorts and Controls
2. Dosimetrey

a. Cytogenetics
b. Background
c. Fractionation
d. Dose Distribution

C. Dose Response Known
1. Hi-Dose (Acute) is carcinogenic

(Est. of Dose-Response are "Good")
2. Hi-Dose (Chronic) is carcinogenic

(Dose Response Poor for Low LET - Good for High LET)
3. These organs are sensitive for development of cancer

a. Thyroid
b. Bone Marrow
c. Famale Breast

4. Somewhat less sensitive
a. Lung
b. GI Tract
c. Bone
d. Skin
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5. Some other organs
6. Other Somatic effects

a. Cataracts
b. Developmental defects
c. Cytogenetic damage

7. Other relevant factors
a. Age at exposure
b. Sex
c. Smoking (possible relations to latent periot')
d. Differing population susceptibility

Low level exposures
1. (Low - within current guides for occupational exposure,

i.e., 5 rem per year or less)
2. Acute exposures (Single exposures)

Suggestive - e.g., thyroid risks - less than 2O/lO°/yr/rem.
3. Chronic exposures

Suggestive - Radiologists (two-fold excess)
4. Other Somatic Effects

None known
Needs:
1. Elucidation of dose response at low levels requiring—

a. Large populations
b. Doses well measured

Rate
LET
Fractionation
Distribution

c. Range of doses
d. Population can be followed over time—long term

(20-25 years minimum)
e. Multiple populations—to cover appropriate host factors

2. Legislation may be necessary to make this possible
Confounding Factors (which need to be controlled for)
1. Age—e.g., at first pregnancy
2. Race - Sex
3. Occupation
4. Other exposures—(radiation e.g., medical)

(chemicals e.g., benezene)
5. Personal habits

a. Smoking
b. Alcohol consumption
c. Diet

6. Medical history (other diseases)
7. Family history
8. Geography

a. Mobility
b. Residential history

Potential populations (for exposure)
1. Now (presently under study)

Hiroshima—Nagasaki
Ankylosing spondylitis
Medically exposed populations

a. Women - cervical ca—etc.
b. Tuberculosis patients
c. Iodine I 131 (therapeutic and diagnostic)
d. Thymic irradiation
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e. N-P
f. Mastitis
g. Thorotrast exposed
h. Tinea capitis
i. Ra 224 (Germany)
j. Ra 226 (Chicago)

2. Occupationally exposed
a. Dial painters
b. AEC-DOE etc. Atomic workers (incl. shipyard workers)
c. Underground miners
d. Radiologists and technicians
e. Military (DOD—e.g., "test" exposures)
f. Thorium workers
g. Phosphate fertilizer workers (FLA.)

3. Environmentally exposed
a. Utah (Lyons)
b. Denver population
c. Marshall Islanders

H. New populations (Candidates)
"Badged" employees
NRC

Utah "thyroid" cohort
Free-living populations (high background but serious dose problems)
e.g. a. Kerala

b. China

c. Normandy-Brit tany
d. Andes
e. Brazil

2. Accidentally exposed populations
Windscale workers

Peri-Uranium tailings populations
e.g. a. Cannonsburgj Pa.

b. Grand Junction, Colo.
c. Middlesex, New Jersey

3. High altitude flyers
e.g. a. Astronauts

b. Flight attendants—pilots, etc.
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DISCUSSION FOLLOWING THE PRESENTATION

Epidemiology
Genevieve Matanoski, M.D., Dr.P.H.

MR. ARROS: You listed a number of problems with epidem-
iological studies involving occupational exposure. If that's
possible, you've understated the difficulties. I think you
know that very much.

One problem with the high-LET: while for biologists
there may be less of a problem interpreting the data, in
fact, high-L'ET exposure data for occupational exposures are
terrible. They're based not upon scientific reality but
upon legal numbers which are required, quite reasonably, to
be used in keeping records.

Another problem is that of internal exposure, which you
very wisely avoided because that's a subject of its own and
this night very well void a great deal of the data you would
like to collect.

I would urge you, if you want a biological study, to take
a population of workers and do dosimetry on them which will
first of all be specifically for the study and secondly the
data from which will be by law forbidden to be ever given to
any regulatory agency, because when you try to do two totally
different things you get into trouble. The purpose of personnel
monitoring is not to get the right answer; it's to get the
wrong answer in the right direction. There is a big difference
and legitimate difference in both cases.

MS. CLUSEN: Do you care to respond?

DR. MATANOSKI: I think that it is feasible to look at
some of the dosimetry data in populations. However, many of
the horror stories that are heard are probably not quite as bad
as one thinks.

MR. JABLON: The draft report makes the point that it may
not be wise to expend large resources in the study of popula-
tions that have been exposed to very low doses. It remains to
be decided just what very low doses are in this context. But
just to pick a couple of examples, there is on the one hand
the population around Three Mile Island; and there is, on the
other hand, the population of nuclear shipyard workers or of
veterans who were present at tests of nuclear weapons at Nevada
or in the Pacific. I wonder if you would cure to comment on
this question? Although it nay be that for a particular
exposure, what we think we know about low-dose effects persuades
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us that effects will not be seen in that population, is it
nevertheless worthwhile to conduct such studies if they can
be done at some reasonable cost -- for two purposes, to
convince ourselves that we're right; and secondly, to convince
the public, who might suspect that we don't know what we're
talking about and will only be persuaded by facts.

DR. MATANOSKI: I feel that Mr. Jablon is leading me on
to some extent, since he was on our committee with me.

So he knows our feeling about this.

There surely is a need to do low dose radiation studies
in human populations at a level which is feasible in terms
of the cost-benefit kind of evaluation. I an not sure it has
to be a fairly large population. It seems unreasonable to
think that the population of Three Mile Island is stable
enough and the population exposed is large enough to conduct
such studies over the next several years. There are many
other populations exposed to low doses who have been under
study, or who are currently being brought into studies which
are large enough, and have perhaps a slightly higher dose,
which might be more reasonable.

I did not go into what I thought was a very low dose very
carefully. For the sake of information that we need in terms
of confirmation of our own feeling, we do need to do carefully
conceived and thought-out epidemiological studies which take
into account all of the problems, compounding variables and
other issues that have been brought up about previous studies.

MS. RAMIREZ: While I am very much in sympathy with the
studies of radiation concerning Three Mile Island and the other
dangers which have occurred to our veterans and others through
atomic weapons testing and so-called radiation accidents,
still we have a population which would be so much more mea-
surable were we to take into account the X-rays for bodily
and dental problems. And a lot of people are saying, "Well,
of course, they have improved on these things." However, I
don't know that they have cut down too much, as far as I can
see. There are a lot of the population getting medicine and
dental X-rays. Why isn't there an effort being put into
wearing a badge for our people, so from birth on they would
keep that record?
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OR. MATANOSKI: I suppose it's reasonable, but I have
very little faith, I guess, as a physician in people doing
as they're told, just because it should be good for them.
I'm not sure they would keep their badge on. I'n not sure
that they would have it read and take care of the appropriate
types of utilization that we would need. In other words,
it's no good to collect the information and put a badge on
anyone, unless there is a mechanism set up by which one can
validate the information that's coming from that badge and do
appropriate longitudinal studies on that population. And
I have no faith that the human population as it lives free
out in the community, will follow the rules that we might
put down in terms of returning badges, keeping up with us
and allowing us to follow them from birth to death.

DR. SHORE: Morris Shore, Bureau of Radiological Health.
A great deal of attention has been paid in the presentations
that have been made on epidemiology to irradiation at various
times during life, particularly during prenatal development,
during childhood and so on. But there seeems to be one area
that has not received very much attention, and that's irradi-
ation of aged populations. Would there be some merit to the
study of such populations? There is generally the concept
that latency would result in the expression of potential
effects long after these people are no longer alive, but it
is possible that latency is a function of factors that we
don't entirely understand. And latency might not follow the
same laws or the same temporal patterns in aged populations
that it does in the younger people.

I recall that in the presentation that was made yester-
day by Dr. Beebe, he mentioned that latency periods are fre-
quently characterized by the time between time of exposure
and the time when normally cancers might occur. Is it poss-
ible that there are factors such as immune and other elements
of the human organism that control this latency and as such
perhaps we night have a problem of different magnitude in
aging populations?

DR. MATANOSKI: I don't think very much is known about
the differential latency between older versus younger. I
guess ft might be shorter because of the lower growth poten-
tial at the older ages. I guess the problem then becomes
how you sort out if the disease frequency is increasing. It
very often is difficult to sort out a little additional
effect which may be created by radiation.
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I do agree, however, that we know very little about
differential characteristics of radiation according to all
the age spans. Most of the data has been collected in a spe-
cific age span group, so that you irradiated children in
the thymus, you irradiated the young people for tuberculosis,
you irradiated the radiologists starting at age 35 or so, and
they all start at specific ages, and we don't really have
the whole span covered for all age, race and sex groups.

MS. DREYER: I'm Mancy Dreyer, Health Systems Division of
Equi fax.

Just one question. Do you think that privacy considera-
tions such as they are now in the United States will allow
epidemiologic studies of sufficient size to permit detection
of risk from low-level radiation if there is one?

DR. MATANOSKI: Our committee, as one of the cross-cutting
issues, did express very serious concern about not only privacy
but some of the restrictions which have arisen because of pri-
vacy laws, and these, of course, are very difficult problems.
Up till now the epidemiologists have managed to somehow
overcome, and we hope that in the future we will continue to
overcome and create a milieu in which the people can have
the appropriate restrictions in terms of their own privacy
and still we can get some health data.

MS. CLUSEM: Thank you. With that I believe we must end
this particular session.
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Dr. Charles U. Lowe
Special Assistant to the Director
Building 1, Room 103
National Institutes of Health
Bethesda, Maryland 20205 (301-496-3283)

Dear Dr. Lowe:

The Rocky Flats Monitoring Committee is a permanent
citizen's committee created by executive order of the
Governor of Colorado under the auspices of both Governor
Lamm and Congressman Tim Wirth. Our task is to "watchdog"
operations at the Rocky Flats Nuclear Weapons Production
Facility. We have been embroiled in the analysis of low
level radiation effects for many years with the support of
scientific experts locally and nationally, both members and
nonmembers of the committee.

My concern, as a biostatistician engaged in research on
cancer epidemiology, and as Chairman of the Subcommittee on
Health and Environment is to monitor cancer rates in the
area of the Rocky Flats Plant and assess potential radiation
effects from low-level releases of plutonium to the
environment. This assessment is rendered difficult, if not
impossible, by lack of radiation exposure data from all
sources - background, medical, consumer, and environmental
exposures.

Our committee has become convinced that a study of
cumulative radiation effects which considers all sources of
exposure is essential to accurately assess low-level
radiation hazards. Such a study has never been completed and
certainly has never been attempted in Colorado. We would
like to express this concern at the meeting on biological
effects of radiation at NIH on March 10-11.

Attached is a copy of a recommendation of the Colorado
Board of Health Radiation Advisory Committee. The Monitoring
Committee has strongly endorsed this proposal and is
currently urging the Governor of Colorado and the Director
of the Colorado Department of Health to obtain funding to
begin such a study. We would like to express our concern for
implementing such studies at the national meeting. Would it
be possible to obtain 5-10 minutes on the agenda to do so?

Sincerely, ^

Jefflrley f. Sutherland
Ch/c/irinan/

Subcommittee on Health and
Environment
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November 27, 1979

Governor Richard D. Lamm
136 State Capitol
Denver, Colorado 80203

:JUDear Gove*H«rr~Lamm

The Rocky Flats Monitoring Committee has reviewed the
resolution of the Governor's Radiation Advisory Committee
concerning implementation of a study to determine cumulative
exposure of Colorado citizens to ionizing radiation (copy enclosed).

Assessment of potential health effects of the Rocky Flats
Plant is complicated by the fact that Colorado citizens are
exposed to multiple radiation sources. For example, background
radiation in air, soil or water often exceeds any potential
exposure from routine releases from the Rocky Flats Plant.
Medical exposures are estimated by the Colorado Department of
Health to be 90% of human exposure to man-made radiation
sources. Unless all potential sources of radiation are care-
fully assessed, it will be impossible to get an accurate pic-
ture of hazards contributed by the Rocky Flats Plant.

The RFMC strongly endorses the Radiation Advisory Committee
Resolution that an effort be established to estimate, under
both expected and worst conditions, the total dose commitment
to the citizens of Colorado from all radiation sources includ-
ing background and medical sources. The Committee further
recommends that such a study be initiated as soon as possible
with state or federal funding (as appropriate) under the aus-
pices of the Colorado Department of Health or the University
of Colorado School of Medicine.

We urge your action on this matter and offer any assistance
the members of the Monitoring Committee can provide in order to
achieve the implementation of such a needed study.

With best regards,

Sincerely yours,

G. Christian Crosby
Chairperson

End.
cc: Dr. Traylor, CDH

Dr. Hendee, RAC
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The attached resolution was adopt i-J U; i'u.- .lu/i.-riior' J Rodi oi i O K A

Cu.in;i ttoe on February 1't, 197'''J ^s J sttttoiiu.-nt ot policy v-oncerniny tnc

C.:-imi ttee's r e s p o n s i b i l i t i e s . On July 2 8 ; 1373, the Committee upiinieci

anJ reaffirmed the resolution. The resolution calls for the Colorado Depart-

ment of Health, under review of the~P.ocl! at i on Advisory Committee, I'.- provi-Jo

and to publish a listing of all categories of sources of radiation

to which Colorado c i t i z e n s , individually or c o l l e c t i v e ! / , are exposed. In-

cluded in the lifting shall be doie •.".•timtit *.••-.. t" c it 5/ens under both expected

and worst case (i.e., m a x i m u m credible accident) c o n d i t i o n s , and a comparison

of these risks to the benefits expected to accrue to the exposed citizens

and to Colorado citizens in g e n e r a l . Every new project which involves a

s i g n i f i c a n t " environmental impact, or significant' n o n - o c c u p a t ion.il e x p o s u r e

o f Colorado citizens to radiation, shall be presented to the Advisory Committee

with a s i m i l a r risk/benefit analysis prepared fay the Department o f Heaith.

Analysis of the project shall include expected and m a x i m u m credible financial

c o s t s , as well as dose commitment risks, to be borne by Colorado c i t i z e n s .

The position of the Radiation Advisory Committee in support of, or in

o p p o s i t i o n to, the proposed project shall be announced publicly.

The Radiation Advisory Committee recognizes fully that risk/benefit and

cost/benefit analyses of the type called for in the resolution are difficult

to p r e p a r e . Unless such analyses are made, however, and unless b a c k g r o u n d

data are developed which are adequate to view any particular proposed project

in the perspective o f its e x p e c t e d and worst case impact upon the health and

financial resources of Colorado c i t i z e n s , the Committee is concerned that

decisions regarding radiation risks to the citizenry of the State will continue

to oe m a d e on a p r o j e c t - b y - p r o j e c t b a s i s , and that the c o l l e c t i v e impact of all

projects together upon the health and resources of Colorado citizens will not be

evaluated a d e q u a t e l y .

*5 i gui f icaiu '••:. determined by either the Radiation Ad/isory Committee or the
Color ..ido Dvr^ai i w n t of H e a l t h .
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A RESOLUTION CONCERNING EXPOSURE OF

THE CITIZENS OF COLORADO TO IONIZING RADIATION

WHEREAS:

Citizens of the State of Colorado are exposed to ionizing radiation

from a variety of sources, including the fo!lowing categories:

1) Natural background;

2) Diagnostic, therapeutic, and industrial uses of x rays and

radioactive materials;

3) Tailings from uranium processing activities and their use as

construction fill material;

4) Tailings from radium processing mills and other activities

of earlier years;

5) Plutonium contamination in the environment from plutonium

processing operations;

6) Radioactive contamination of streams and rivers from natural

and manmade sources;

7) Release of radioactive effluents into air and water from nuclear

power reactors;

3) Radioactive waste released into the environment from medical,

industrial research, and educational uses of radioactive materials;

9) Transportation of radioactive materials within and across the State,

and WHEREAS

Various Federal, State, and local agencies and grouos (see Appendix) hsve

jurisdiction over different sources of radiation and different aspects of

environmental surveillance related to radiation exposure and radioactive

contamination.
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and WHEREAS

No agency or group has been assigned or has assumed responsibility for

estimating the total dose commitment to the citizens of Colorado from

all sources of radiation collectively, under both expected and worst

case conditions, and no agency or group has been assigned o r has

assumed responsibility for evaluating specific projects in terms of

their expected and maximum credible contributions to the total dose

commitment to the entire citizenry as well as to specific populations

within the citizenry.

BE IT RESOLVED THAT

The Governor's Radiation Advisory Committee recommends that an effort

be established forthwith to estimate, under both expected and worst

case conditions, the total dose commitment to the citizens of Colorado

from all categories of radiation sources, including natural background

and medical exposure, and that this estimate be published widely by the

most appropriate means, with a listing of all categories of radiation

sources and their contributions to the expected and maximum credible total

dose commitment to the entire citizenry and to specific populations

within the citinzenry.

and BE IT FURTHER RESOLVED THAT

Each and every new activity wi:hin the Scace wnich involves a significant"

environmental impact or a significant" non-occupational exposure of

Colorado citizens to radiation be evaluated before approval in terrr.s

of the benefits expected to accrue to the citizenry from the project,

in comparison to the expected and maximum credible costs, both financial

and biological, and risks to the citizenry from the project. Estimated

r i ^ i ftvr '.i.e project include the expected and rnaximurn credible contri-
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butions to Che total dose commitment to the citizenry as well as to

specific groups within the citizenry,

and BE IT FURTHER RESOLVED THAT

These estimates and evaluations be conducted by the Colorado Department

of Health under the guidance and counsel of the Radiation Advisory

Committee comprised of persons not associated with the Colorado

Department of Health, and that the Colorado Department of Health be

provided with the necessary manpower and resources required to conduct

the desired estimates and evaluations.

*Signi f icant as determined b^ either the Radiation Advisory Committee
or the Colorado Department of Health.
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APPENDIX

Agencies with jurisdiction in Colorado over sources of radiation and

environmental surveillance related to radiation exposure and radioactive

contamination, as of July 28, 1979-

The United States Nuclear Regulatory Commission has jurisdiction over:

1) byproduct, source, and special nuclear materials except

where certain powers and duties have been delegated to States;

2) nuclear production and utilization facilities throughout the

nation;

3) all Federal facilities, including installations operated directly

by or under contract with the United States Department of Energy.

The United States Environmental Protection Agency has jurisdiction over:

1) the quality of air, water, and other components of the

environment except where approved programs operated by the

States are in operation;

2) the development of environmental standards, including radiation

standards;

3) levels of radiation exposures to patients and personnel in

Federal medical institutions.

The United States Food and Drug Administration has jurisdiction over:

1) the manufacture of electronic products which emit x radiation

and which are manufactured under the Federal Radiation Control

Act;

2) the manufacture of electronic products which emit nonionizing

rsdiiitJon .2nd which are manufactured under the Federal-

Radiation Control Act.
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Appendix 2.

The United States Department of Labor has jurisdiction over occupational

radiation exposures produced by all sources of Ionizing and nonionizing

radiation except where certain powers and duties have been assumed by

ocher Federal and State agencies.

The United States Department of Interior has jurisdiction over occupational

radiation exposures in underground mines except where certain powers and

duties have been delegated to States.

The Colorado Department of Health has responsibility for evaluating and

controlling all sources of radiation within the State of Colorado, and,

furthermore, has jurisdiction over:

1) the possession and use of byproduct, source, and special

nuclear materials (in quantities inadequate to produce a

critical mass), as well as naturally occurring and

artificially produced radioactive material;

2) machine-produced ionizing radiation at the user level;

3) environmental surveillance, including (a) the effluents and

their impact from certain Federal and State licensees, such as

nuclear gas stimulation projects and plutonium processing

operations by private concerns under contract with the United

States Atomic Energy Commission; (b) genera) worldwide fallout;

and (c) radioactive nuclides in the environment, including ambient

air, surface waters, and private and municipal water supplies.
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Appendix

Responsibilities assigned to the Colorado Department of Health are divided

among a number of Divisions, including:

1) the Occupational and Radiological Health Division;

2) the Air Pollution Control Division;

3) the Water Pollution Control Division;

*0 the Sanitation and Engineering Division.

The Colorado Department of Natural Resources, 5ureau of I'.ines, has

jurisdiction over radon and radon daughter concentrations <n mine air

and radioactive material concentrations in mine effluents.

Many other State agencies have interests in situations involvin3 the

exposure of Colorado citizens to radiation.

The boards of county commissioners have jurisdiction over the subdividing

of land, including evaluation of any associated radiation hazard.
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Requirements for Space Radiobiological Research

Manned and A rationale for the radiobiological research requirements for space
Unmanned properly begins with a raison d'etre for the space program, itself. It
Space is, of course, rooted in a national commitment to the exploration of
Exploration: space, mandated in the form of the National Space Act. This legislation
A National established the National Aeronautics and Space Administration (from the
Mandate old NACA) and chartered it with the responsibility for developing our

capabilities for space flight, for maximizing scientific and other gains
from space flight, and for planning and carrying out flight missions and
flight programs as approved by Congress. It is important to point out
that the charter includes both manned and unmanned space exploration
and, less relevant to this discussion, that it also includes other
responsibilities such as applications of space research and technology
to earth based endeavors and problems.

Two The resultant space research and development programs have, as the Space
Orientations Act implies, two dominant orientations: 1. Work needed to enhance our
of Research space flight capabilities, such as space craft and launch vehicle
and engineering, life support and protection, and flight operations; and 2.
Development work needed to acquire new knowledge and abilities through the use of

space, i.e..> the generation of flight experiments and their supportive
equipment in such fields as astronomy, geology, physical and atmospheric
chemistry, biology, earth observation sciences and others. Both orientations
require ground based research. Similarly, inflight research (flight
experiments, i.e., payloads) can serve either purpose. A few, in fact,
serve both purposes. Agency interest is extremely high in both areas .
and both receive strong attention to validity of resultant data. There
are differences, however, and they are more than the philosophical,
chicken-egg differences between providing the ability to fly and providing
reasons to fly.

Practical differences stem from the fact that the Space Agency has sole
and direct responsibility for space flight operational development,
while its involvement in the multidisciplinary fields in the realm of
utilization varies widely from great and direct in astronomy, for example,
to small and indirect in biochemistry. Because of this, its operationally
oriented R % D is uniformly carefully planned, coordinated and tracked
in the long range, whereas utilization efforts tend to be relatively
bhort duration projects, often springing from work primarily funded from
other sources, with Agency funds mainly directed toward equipment development
and flight integration.

A second practical distinction is that missions involving new vehicles
or vehicular configurations or flight extensions attended by significant
engineering/operational uncertainties, particularly those which do or
will carry man, may be expected; to receive operational emphasis. Under
these circumstances payloads haying no operational relevance will very
likely be carried only on a nort-interference basis or may not be carried
at all until operational confidence is achieved. This has been the well
demonstrated pattern of the pasjt and one would expect no departure in
the future from this primary concern over the safety of man.
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Human Space research in radiobiology is almost entirely centered on man; more
Orientation specifically, on the effects of the space radiation environment on man
of Space
Radio-
biological
Research
and
Rationale

and his protection from them. There are several reasons for this: a
primary concern for human safety; the existence of an unusual and potentially
hazardous radiation environment in space about which present knowledge
is inadequate; the necessity for continuing realistic and well founded
planning of future manned missions in space; and presumption of a continuing
operational requirement for man in advanced space activity. Of these,
the first is self-evident and the second, although clear to those who
have some knowledge of the space radiation environment, will be elaborated
in paragraphs that follow. The third reason, the need for realistic
planning, is based on the importance of maintaining a position of readiness
to use our hard won leadership in space technology to achieve future
goals. An excellent case in point is the Satellite Power System, a concept that
calls for the assembly by man, in low earth orbit (altitude about 300
miles), of a large system of huge solar collectors, and their subsequent
transfer to permanent geostationary parking positions at an altitude of
20,000 miles. An alternative possibility is that these systems might be
constructed at the 20,000 mile altitude. Crews constructing (at either
low earth or 20,000 mile orbit), and servicing and operating these solar
power stations at geostationary altitude would be working over relatively
long intervals of time (possibly up to 90 days) in the inner and outer
belts of geomagnetically trapped radiation, exposed to solar storm
effects, and to solar and galactic cosmic radiation, and would be performing
extended extravehicular activity. The decision for or against this
concept carries the weight of an extremely large dollar commitment which
would begin well before launch of the first element of the structure.
Thus, feasibility and trade-offs must be worked out as soundly as possible,
as soon as possible; yet, our level of confidence about one of the most
critical issues, the radiation risk to man in this mission configuration,
is presently at too low a level. In fact, it is fair to say that the
information to form a reliable risk estimate for long term space flight
in geosynchronous orbit or outside the magnetosphere is not available at
present.

The fourth reason, presumption of continuing advancement of manned space
flight at some point in the future during or beyond Shuttle, is implicit
in the Space Act. Only its termination or modification to exclude
manned space flight would negate this presumption and end all man oriented
space research. Since this is not the case, it is important that there
be no discontinuity in operational research oriented to future mission
alternatives.

The small amount of radiobiological non-man-oriented science within the
program is represented by a group of animal and plant biologists whose
primary interest lies in the role of gravity in biological functions.
Possible synergistic or antagonistic effects between radiation exposure
and zero gravity is the general nature of this interest, but it appears
to be minimally active at the present time. It should be pointed out
that man oriented radiobiological research not only includes animal
research, but is heavily dependent upon it.

Major The human or operational emphksis of space radiobiological research
Program having been established, what1 then are its research requirements and
Directions why? It should be noted that! the required space radiobiological research

does not deal with clinical aspects 6£ radiological diagnosis or therapyand Risk
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isessment Instead, it is concerned entirely with space radiation as a potential
fid Crew environmental hazard to future flight crews. Space radiobiological
;-otection research is therefore directed fundamentally to risk assessment and
f crew protection. The necessary elements of a well organized research

approach to these large problem areas should reflect the requirements
for information needed to resolve these problems. In addition, a well
planned research strategy incorporates two more aspects, timing, and
cognizance of other related on-going efforts in the field to avoid
unwanted redundancy.

ross- Space radiation consists of a variety of types, most often described as
>rer" geomagnetically trapped protons and electrons of the inner and outer
jordina- belts, protons and helium ions from solar particle events, and high
ion energy charged particles, including heavy ions (HZE particles) from

galactic sources. Each of these has its own dynamics and hazard potential,
and each must be considered as providing its own contribution to any
evaluation of total radiobiological risk and required protective procedures.
Several years ago, prompted by tightening budgets and consultant advice,
the space radiobiology program abandoned all but its research with HZE
particles, these being the one form of radiation entirely unique to the
space environment. Since then, the program has been and still is dependent
upon other Agencies and laboratories for current information on the
other kinds of ionizing radiation found in space. The continuation of
this large area of "cross over" research activity is of vital importance
to space radiobiology. In addition, a well planned space radiation
biology program can provide important information in other areas of
national concern (for example, late effects at low dose and dose rates).

Information Beyond Shuttle, major flight decisions on crew protective requirements
Bquirements and risk acceptability will be needed. The key element to these decisions
ar Risk will be an accurate assessment of risk, an evaluation which will require
ssessment the best information available about the following components needed for

this kind of judgment: 1. Knowledge of the space radiation environment
in the flight path to be traversed during the anticipated time of the
mission, 2. Ability to translate this knowledge of the ambient environment
into the expected dose of each kind of radiation to the flight crew,
considering such factors as vehicular shielding and crew activity patterns
within and outside the spacecraft; and 3. Dose/response information for
each kind of radiation; immediate, intermediate, and delayed effects;
effects of fractionation; possible synergistic effects with other
physiological changes of space flight; susceptibility factors, such as
age, sex, general health, etc.

Research Techniques with which to protect or partially protect future flight
Needs for crews must be developed. Shielding development will depend on accurate
Crew three dimensional transport equations as well as laboratory tests of new
Protection approaches such as laminated materials. An important element of this

research will be a clear definition of secondary radiation to be expected.
Pharmaceutical research may yet produce improved protection. The present
space radiobiology program supports none of this work with the exception
of one effort on transport equations. In fact, there appears to be
precious little of this work going on anywhere. This can be counted as
another "cross over" requirement.
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Importance All of the research cited above will be very heavily dependent on accurate
of dosimetry. This is especially applicable to HZE dosimetry as a new and
Advancements unique requirement in the field. The space radiobiology program is
in Dosimetry* funding some of this research, but "cross over" sharing will be desirable.

Questions have also been raised concerning the need for a more accurate
expression of dose with respect to the biological changes induced by HZE
radiation. It is thought that improvements in this realm will probably
result from discussions among research workers in the field rather than
from any specific research effort, although modifications in dosimetric
design may eventually be necessary to accommodate new concepts.

Summary of Considering all of the requirements noted in the preceding comments, the
Research ad hoc committee on space radiobiological research categorized them into
Needs—~ four areas: I. Space Radiation Environment, II. Dosimetry, III. Radiation
Program Biology-High LET Particles (Dose/Response), and IV. Operational Counter-
Outline measures. Each of these is amenable to significant enhancement through

"cross over" coordination with the work and interests of other Government
Agencies. These areas are discussed in greater detail in the pages that
follow.

The diagram on the following page is a schematic representation of the
kinds of information and research which will be needed to make the accurate
risk assessments required for appropriate space flight program planning
and, later, operational decisions and action.
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wiKitiwwiit Hi inci te minimi

raaiatlii tht* an ma (aaasatratt munina
an* ctaw m i ' i haaKa) la critical anjana
Ikww marraw. ayaa, akin, atc.i uaim
•Mtimn Hwnaaic caaiaa

Aurikuticn in critical OTIMM

• « t MtinuM of quality factonl

Rl#«tion risk M w i i m m

1—twhn j

t on •*ac*cr*ft doign,
mittion p4anninf. tw.

XBLSOl - 3O6S



I. Space Radiation Environment

The advent of the "Shuttle Era" predicates increased human presence in
space with an attending potential for substantial extra-vehicular activities
(EVA's) whose frequency and duration may well exceed anything previously
experienced in Apollo or Spacelab missions. Future missions beyond
Shuttle, such as the Satellite Power System (SPS) or Space Platform,
presently under study, pose additional radiobiological problems concerning
projected orbital locations, and specific crew activities associated
with them. In fact, the same can be said for any projected manned space
flight of the future which might involve any significant departure from
past flight mission patterns. The accuracy with which these problems
can be anticipated and effectively dealt with will depend on new knowledge
of the radiation environment in space.

The total medical-biological impact of the earth's space radiation
environment on humans is, of course, a function of both EVA and non-EVA
exposure. In either case, the correct assessment of the eventual health
risk to crew members is crucial to the success and viability of a project
or mission. It may be a major, if not a critical, factor in determining
feasibility. It will directly affect long range planning and crew
scheduling by establishing safe crew rotation limits.

But the medical-biological aspect of risk assessment begins with the
existence of good and reliable environmental models providing the high
quality data that is needed for such evaluations. Information needed to
develop such models will include time histories of storm and substorm
events, their intensities, their frequency of occurrence, their duration,
etc., and also more knowledge of the dynamics of the space radiation
environment and its determinants than we now have.

Along these lines, some thoughts are presented on prediction-requirements,
on advantageous and desirable model developments and improvements, and
on systems that need to be designed and tested which would alert space
crews and maintenance personnel about impending (non-normal background)
radiation danger.

The radiation hazard to a crew member is a function of his actual
exposure whether he is within the relatively shielded environment of his
spacecraft, or perhaps some sort of shielded EVA capsule which would
allow him to work in free space, or in EVA protected only by his space-
suit. Use of the term "actual" is intended to denote contrast with an
"average" environment, such as is given by most current models where
short term excursions (of the order of hours, days, or weeks) are
masked by the averaging process. During these excursions radiation
intensity levels may fluctuate about the average by as much as 2-3 orders
of magnitude, or more.

Under present state-of-the-art conditions of quantitative modeling of
magnetospheric processes and until more sophisticated dynamic models
become available, only the above mentioned averaged data are provided by
the existing static models, which are published periodically by NASA's
National Space Science Data Center at the Goddard Space Center in
Greenbelt, Maryland. The average radiation intensities given by these
standard models are representative of the periods in excess of 6 months.
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These averaged data are our only resource for use in current predictive
studies and analyses. For reference purposes these data are designated
"base line values" (BLV).

Thus, future mission-evaluation planning, the safety and protection of
shelters, shields, suits, the exposure duration and tolerance of humans,
the mission dose limits, etc., are presently determined by the BLV's.
Any substantial upward deviation from these BLV's must then be considered
alarming and potentially harmful to the EVA crews, while variations in
the quiet-time background (below the averages) may be disregarded.

Since in terms of magnetospheric processes and solar flares, very quiet
or very perturbed monthly periods are not uncommon, it is most desirable
and advantageous to have models available that address such time resolutions.
The availability of this type of data will considerably improve planning
capabilities allowing for flexibility in crew rotation (in response to
absence or occurrence of events), design of more reliable warning systems
and more accurate, safer risk assessments and crew protective measures.

To this end, the influences on and dynamics of inner and outer magnetospheric
energies need to be more precisely defined. In addition, improved
techniques must be developed with which to predict solar flares in
advance of their occurrence. This will depend upon a far greater
understanding of the factors which produce them as well as the possible
events which precede them so that predictive precursors and correlative
parameters can be identified. A probabilistic solar flare proton model
developed with modified Poisson statistics, is available. It distinguishes
between "ordinary" and "anomalously large" events and predicts the occurrence
of the latter as a function of mission duration and confidence levels.
Although based entirely on high quality satellite measurements made in
interplanetary space in the vicinity of the earth but outside the
magnetosphere, and although the data covers the entire 20th solar
cycle, maximum and minimum activity phases, it is not possible to predict
the actual time of occurrence, the frequency, the intensity, and the
duration of future solar flare proton events on the basis of this past
record. As in the case of the previously mentioned storms and substorm
events in the magnetosphere, extensive research and analysis is needed
to develop the predictive capability that is necessary for responsible
radiobiological risk assessment.

Finally, our understanding of the origins, fluctuations and dynamics of
HZE particles and their entry into the magnetosphere will require significant
enhancement. The development of reliable models in all of these areas of
space radiation activity based on accurate new data will be of fundamental
importance to the predetermination of crew risk and protective requirements
for protective missions of the future.

The following page contains an analytic outline of research needs in
this area.
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I. Space Radiation Environment - Outline

Definition of primary environment:

a. Energetic Particles

1. A requirement exists for a predictive technique which relates
some solar or geophysical parameter (such as solar wind speed
or D ) to acceleration of electrons to high energies in
the Suter magnetosphere. The required output is: a) Spatial
Distribution, b) Energy Spectra, and c) Flux Intensities.

2. Given an input distribution (spatial, energy spectrum, flux
intensity) of energetic electrons in the outer magnetosphere,
a model is needed which will detail the evolution of the
distribution.

3. Manned applications require a short-term prediction of magnetic
storms and substorms. Particle acceleration and plasma
injection are both major concerns.

4. A "Disturbance Model" for prediction of flux enhancements due
to solar or magnetospheric activity is required. It should
have two forms: a typical storm and a macro storm.

5. A requirement for synoptic measurements of solar wind parameters
to predict intermediate term (30-60 days) averages of fluxes at
synchronous altitudes exists.

6. A Model which calculates the hardening of electron energy
spectra in response to rapid diffusion caused by field-line
loading is desired.

b. Solar Flare Protons and Cosmic Rays

1. A predictive technique must be developed which will warn of
anomalously large events (e.g., August 1972) hours or days in
advance. Identification of precursors is the most probable
method.

2. An accurate prediction of solar proton and HZE particle events
based on solar parameters should be developed. It should give
order-of-magnitudc or bettor definition of the intensities and
energy spectra. Timing is of concern.

3. Given an event on the sun, predict the evolution of an event
from solar or interplanetary paraaeters.

4. Models of solar proton and HZE particle entry into the
magnetosphere which include local-time and magnetic storm
effects in rigidity calculations should be developed.

5. Determine the solar parameters which correlate well with the
annual integrated fluences of unattenuated interplanetary
protons with various energies in the MeV range, since sunspot
numbers do not.
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II. Dosimetry and the Expression of Dose

Separate
Measurement
of High
and Low
LET
Components

Possible
Unique Track
Effects of
The High Z
and Energy
(HZE)
Particles

Considerable effort must be Bade to ensure proper dosiaetric support for
manned space operations. This includes ground-based warning and prediction
systems as well as on-board instruments. It is clear that space crews
will need long warnings of major increases in local radiation intensities
(for example, from large solar particle events) so that effective evasive
action or other counteraeasures can be taken. The instruments developed
to provide this warning and to reliably record both "normal" and increased
radiation levels within the living and work environments of the spacecraft
must be designed with care.

In general, the expertise exists to build the appropriate instrumentation.
A determination must be made for each mission, however, as to the appropriate
battery of instruments to use depending on mission duration and trajectory,
available spacecraft shielding, etc. It is important to emphasize that
critical decisions affecting the health of the crew will be made on the
basis of data gathered by these instruments; therefore, sufficient
attention must be paid to their design and construction so that the
proper information is available in a timely manner throughout the course
of the mission.

Because of the broad spectrum of particle types and energies that exist
in space and, therefore, in the bodies of space crews, it is necessary
not only to measure the absorbed dose rate in various appropriate locations
inside the vehicle, but also to obtain at least a rough estimate of the
radiation quality (for example, the dE/dx or LET) of the ambient radiation.
It is well known that a given dose of high LET radiation is more effective
in producing biological damage than the same dose of low LET radiation.
Thus, in order to assess the risk of a given radiation environment,
information must be obtained on the relative contributions of high and
low LET radiation to the total dose. Appropriate quality factors can
then be applied to arrive at a dose equivalent rate (rem/min.) This
must then be correlated with other in-space and ground-based information
to provide a projected hazard or risk to the crew. Proper corrections
must be made for crew members behind different shielding thicknesses.
The wide variation of shielding available on large space stations necessitates
the requirement for adequate personnel dosimetry to be worn by all crew
members.

Possible instruments to provide the necessary information include particle
spectrometers and microdosimeters as well as compact active and passive
personnel detectors. Research is necessary to determine the applicability
of walled or wall-less chambers (i.e., microdosimeters) for determining
radiation quality in space.

There is evidence that high-energy heavy charged particles (for example,
iron ions) in the galactic cosmic radiation cause unique single particle
cell effects not present after irradiation with less ionizing radiation.
Therefore, it is important not only to study the effects of these particles
in appropriate biological systems on the ground, but also to monitor
accurately their flux density in space stations. Such high energy
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highly ionizing radiation is relatively easy to detect, using either
active or passive detectors. Because the heavier ions can fragment into
lighter ions within the available shielding, the detection of these
particles should be made a part of the personnel dosimetric package worn
by the crew.

Dose-Risk Because of the possible unique effect of heavy ions, standard methods of
Expression radiation hazard evaluation going from absorbed dose and quality factor

to an estimate of dose equivalent may not be capable of providing an
adequate measure of the true radiation risk to the crew. It is important
to explore new concepts, perhaps involving new units of radiation exposure
and/or risk, in order to relate physical quantities describing the
radiation environment directly to a risk within a given individual.
With the development of an acceptable new concept, new dosimeters to
measure quantities other than absorbed dose may have to be developed.

The following page contains an analytic outline of research needs in
this area.
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II. Dosimetry - Outline

A. Dosimetry

1. Identification, development, and testing of active and passive
instruments for space use differentiating between high- and
low-LET components of incident radiation at appropriate positions.

2. Correlation and coordination of space information with ground-based
systems.

3. Develop and design supporting (to active dosimeters) data reduction,
interpretation, and transmission systems for direct, real-time
readout.

4. Development of dosimetry supporting the ground-based radiobiology.
5. Explore microdosimetric techniques for measuring radiation quality

in space.
6. Study possible unique effects of very heavy (e.g., iron) particle

tracks in crystalline structures.

B. Expression of "Dose" for High-LET Radiation

Research is needed to evolve a new concept or unit relating particle
fluence directly to radiation risk.
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III. Radiation Biology - High LET Particles
(Dose/Response)

The radiation biological research undertaken by NASA must continue to be
directed toward the radiatxon protection problems involved in manned
space mission planning. These problems require risk estimation, which
can only be based rationally on quantitative and unambiguous dose/response
data with respect to the radiobiological effects of greatest importance
in target organs and tissues. Fairly adequate data of this kind already
exist for photons and electrons, and to a lesser extent for neutrons and
protons, at the energies produced in the earth environment. In free
space, and in the near-earth orbital regions where increasing numbers of
personnel will participate in the projected Shuttle and possibly Solar
Power Satellite missions in the future, the above radiations also constitute
the bulk of the hazard. But there also occur the high energy heavy
(HZE) particles, about which much less has been known until relatively
recently, particularly at low doses and in long term exposures.

Ground- Since NASA resources for research in radiobiology are limited, they will
Based need to continue to be directed primarily toward problems for which
Research adequate information is neither available nor accruing from current

studies. HZE particle effects are virtually unique to the space program,
and they thus constitute the primary focus of the NASA radiation biology
effort. Needed research on the other radiations is or has been conducted
elsewhere and relevant information is already available. NASA plans to
continue to develop and maintain close familiarity with all such information
and its applicability to human radiation exposure risk estimation and
protection problems. "Cross-over" research with other groups active in
HZE investigation, primarily the National Cancer Institute, will be a
vitally important factor in yielding timely information. The NASA-
sponsored research effort in HZE particle problems emphasizes animal
studies by experienced investigators, both in-house and contract-supported.
The program utilizes the only existing ground-based facility which can
produce HZE particles, the BEVALAC at the University of California,
Berkeley. Animal studies aloft will also be undertaken where possible,
but primarily where a problem cannot be evaluated on the ground, e.g.,
the combined stress of radiation and weightlessness, or disruption of
circadian rhythm. Flight crew data on radiation exposure will also be
obtained where appropriate. These data will be utilized in setting
limits, together with the accumulated retrospective human data from
accidental exposures and radiotherapy, as well as with the results of
animal experiments carried out both by NASA and elsewhere.

Animal Animal experimentation on the ground, oriented primarily toward HZE
Experimen- particle exposures, includes bol:h in vivo and in vitro studies and efforts
tation to evaluate both whole and partial body effects. Studies are in progress

and planned to investigate*organ, tissue and cellular effects. This
is supplemented by existing ground-based radiobiological data, a) obtained
with external beaas of other particles, and b) dealing with the effects
of the Microscopically highly non-uniform dose distributions produced in
the vicinities of radioactive pkrticles deposited in tissues.
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Closely related to the biological interpretation of the effects of non-
uniform microdose deposition fro* HZE particles is the need for relevant
and concise physical dosi«etry. Radiobiological dose/response relationships
should be obtained not only in terms of macroscopic or rad dose, but
also with respect to other possible indices of exposure, e.g., "specific
track length" or other formulations to be sought which aright treat more
appropriately the unusual character of the high LET, high dose track
cores produced by the passage of HZE particles and separated by essentially
unexposed regions. Experiments in which particle energy and number of
HZE tracks are reciprocally varied so as to keep total deposited energy
constant might be helpful, for example. Different Z values are being
studied separately, rather than in mixtures simulating cosmic ray flux.
An attempt is being made tc arrive at well-defined end points in whole
animal experiments and different dosimetric approaches are planned,
since different effects may not correlate equally effectively with the
same dosimetric parameters. A dose range from 100-200 rad down to 1-10
rad is being emphasized since relatively low dose exposures to HZE are
anticipated in space flight.

Early, intermediate and late effects, and additivity of HZE effects to
the effects of other particles, need to be examined. Since dose-rate
effects are not anticipated to be significant with high-LET radiation,
protracted HZE exposures do not appear to be necessary; but some multiple
small-fraction dose experiments will be required to check this assumption.
In all animal and tissue research with HZE particles, the choice of
animal species, age and sex, and cell type are important to the experimental
design so that results can be compared with controls and with data from
X and gamma ray and other particle irradiations. The use of small
animals, e.g., mice, in relatively large numbers is included in the
current approach in the interest of statistical validity of results.

In both whole and partial body irradiation studies there are several end
points of primary interest, as enumerated in the following:

a) Life-span shortening and carcinogenesis: The longevity of groups of
animals exposed to different single doses of HZE particles, arid the
incidence of tumors, as well as other lesions or diseases at death,
together with relative organ susceptibility.

b) Teratogenesis, and effects on growth and development: These need to
be studied in fetal and embryonic as well as newborn animals. Although
exposure of pregnant women to space radiation is relatively unlikely,
the study of these effects at some time in the future should aid in
elucidating the nature and consequences of lesions produced by HZE
particles in relatively small numbers of cells.

c) Morphologic and functional effects on microvasculature, central
nervous system and sense organs, e.g., lens and retina: The production
of microlesions in CNS or retina as related to Z, HZE flux, energy per
event and total energy deposited. The relationship of these lesions
behaviorally associated functional, neurologic, or visual effects assessed
by means of the best and most'sensitive current testing techniques will
determine usable end points. Suitable measurements of these effects
have yet to be defined.
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! Cellular (and molecular) effects contributing to the •echanisms of HZE
particle action on tissues and organs need to be studied, with particular
emphasis given to the following:

a) Effects of cell kinetics, both cell inactivation and cell death.

b) Enhancement of cellular lesions.

c) Transformation of cell lines into aberrant or non-functional forms.

d) Effects on cell membrane permeability.

c) The detection of single HZE particle effects.

f) Investigation of functional effects of HZE particles on cultured,
non-dividing cells.

Vloft In space, research opportunities exist in connection with Shuttle flights,
permitting direct experimental intervention over a 1 to 4 week period.
As is the case with all flight experiments, radiobiological investigations
will require cost benefit analyses comparing each of these opportunities
with ground based research, but experiments in space, although costly,
would uniquely permit investigation of exposure to isotropic fluxes of
mixed particles for protracted periods, including the combined effects
of other stresses. If the concept of unattended free flying retrievable
laboratory satellites or the space platform materialize, more prolonged
exposure opp rtunities will be available.

Preparation for dose/response studies to be performed aloft will necessitate
careful and early attention to very fundamental principles. First among
these is the development of in-flight dosimetric instrumentation, and
its selection, testing and installation on board the vehicles developed.

Secondly, a minimal number of biological model systems needs to be
established, of the type appropriate to research in space, including
animal, tissue and cell culture systems. These will need to be tested
by means of flight simulation techniques as will ground based controls.
(For example, a set of well defined radiation exposures combined with
several levels of gravitational force can be studied on the ground using
flight simulation techniques.)

Thirdly, a minimal, but well appointed, set of standard biological end
points appropriate to the experiments planned will need to be determined,
developed, and selected. This will call for the development of methods
and tests which are sensitive enough to measure these end points, especially
with regard to neurological changes.

Since the question of combined radiobiological and space physiological
effects is still not entirely settled, the data obtained from both space
flight and ground based research carried out according to the above
principles will require analysis for evidence of synergistic, additive
or antagonistic effects.
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Variables to be investigated by means of both space flight and ground-
based studies must include early and late effects of specific types of
radiation, dosages, dose rates, and fractionated exposures. Comparison
of effects at cell, tissue, organ and organism levels with those obtained
in ground-based studies and correlation of these experimental results
with humrn responses, to the extent possible, are the ultimate objectives
of this research.

The following pages contain an analytic outline of research needs in
this area.
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III. Radiation Biology - High LET Particles (Dose/Response) - Outline

(A). Animal Experimentation. (Organs, tissues, cells, in vivo or in vitro).

1. Ground-Based.
a. Review of existing, ground-based experimental data:

1) external beam data.
2) "hot particle" data.

b. Quantitative "dose"-response relationships and RBE values, in
terms of conventional (rad) dose, fluence, track length, and
energy, for various HZE particles, for the following early,
intermediate and late biological effects. (The question of
ranges of biological species should also be considered).
(Influence of age and sex should also be included).

c. Effects of whole-body irradiation:

1) Life span shortening.
2) Cancerogenesis.
3) Teratogenesis.
4) Growth and development.
5) Special organ effects. Morphologic and functional

(including behavioral) effects on central nervous
systen, and eye (retina and lens).

d. Effects of partial-body irradiation:

1) Cancerogenesis in highly susceptible organs.
2) Cataract.
3) Microlesions in central nervous system and potentially

associated functional neurologic effects.
4) Microlesions in retina and potentially associated functional

effects on vision.
5) Microlesicns in microvasculature.

e. Cellular and molecular effects, contributing to mechanisms of
HZE particle effects.

1) Cellular effects (cell kinetics, cell death versus inactivation),
2) Cell lesion enhancement.
3) Cell transformation.
4) Membrane permeability.
5) Single particle effects.
6) Functional effects on cultured non-dividing cells.

2. Aloft (in space).
a. Research Facilities

1) Strategy and cost-benefit analysis of space versus ground-based
research, comparing ground-based experimentation using
monotype radiation sources with research in potentially
available in-space research laboratories (serviced by the
Shuttle) where multi-directional, multienergetic radiations
exist. Some of both may be required.

2) Design and development of prototype satellite space craft
(and support requirements) dedicated to research in radiation
biology and dosimetry (in conjunction with research in other
life science studies).
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3) Design and development of fully dedicated radiation biology
satellite space craft and operational strategy.

4) Develop capability for radiation biology research in space
(space craft, support facilities, trained personnel, etc.).

b. Ground-Based Preparation for Dose-Response Studies Aloft.

1) Development, selection, and placement of standard battery
of flight dosimetry instrumentation.

2) Development and selection of minimal standard set of
biological response end points to be examined and determined.

3) Development and selection of acceptable and sensitive tests
and methods for measuring selected response endpoints.

4) Establish minimal number of advantageous experimental biological
models needed for in-space research, with respect to animals
(down to the subspecies level), tissue culture systems, and
cell cultures.

5) Development of acceptable flight-simulation techniques for
pre-flight testing of biological models and post-fJrght
implementation of paired control studies.

6) Analyze simulated-flight data to determine possible synergistic,
additive or antagonistic effects of combining radiation (of
different types) with potential physiologic alterations in
space, with respect to radiobiological endpoints.

7) With flight-simulation techniques, study of animal responses
to well-defined radiation exposure combined with 3 (or so)
levels of g.

c. Dose-Response Studies in Space, taking account of the following
variables:

1) Types of radiation involved in exposure (low-LET and high-LET).
2) Dose (low, intermediate, high; single vs. fractionated).
3) Early, intermediate, and late biological effects (biochemical,

in genetic material, cellular, histologic, in specific organs
of special importance, and on life span of cells and animals).

4) Comparison of in-flight data with ground based data to
determine possible synergistic, additive or antagonistic
effects of combining radiation (of different types) with
physiologic alterations in space, for development of appropriate
post-flight ground-based and future flight investigations of
such effects and influences.

5) Studies of animal responses to well-defined ambient radiation
combined with 3 (or so) levels of g.

6) Cross-correlation of experimental and human responses as
possible on a continuing basis.

(B). Human Studies.

1. No human radiation exposure to be conducted for purposes of
experimental investigation.

2. Pre-flight, immediate post-flight, and long-term post-flight
biomedical examination:
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a. Establish a carefully selected minimal battery of examination
criteria (history, physical and laboratory) for pre-flight
and immediate and long-term post-flight follow-up of all flight
personnel.

b. Retrospective and prospective follow-up for all potential effects
of space radiation. For retrospective dose-response analysis
this is heavily dependent on' a standard and well-selected
dosimetric system properly located aloft. This also requires
a detailed report of the individual's physiological responses
to flight or flights plus incident and environmental data, to
rule out other possible etiological influences. Careful
dosimetry and follow-up examinations required.

3. Accumulation of all other pertinent retrospective and prospective
dose-response data relating to exposures to high Z or high-LET
radiation exposures (e.g., radiotherapy or in accidents). Careful
dosimetry and pertinent follow-up examinations required.

4. Establish dose-response data correlating facility (computerized,
continuing, and probably central), for efficient communication and
rapid response.

5. Biological research needed: (in addition to human studies indicated
above and experimental research indicated in previous sections).

1) Development of sensitive biological indicators for obtaining
of data in flight by acceptable means.

2) Development of sensitive techniques for detection and measurement
of effects of space radiation exposure following flights.

3) Development of information and techniques for determining relative
susceptibility to space radiation effects among human beings,
including age, sex, and other conditions.

4) Determination of acceptable radiation exposure limits for
personnel engaged in activities in space for in-space careers
of various durations.
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IV. Operational Countermeasures

The term, "countermeasures," implies both prevention and therapy. Space
research in radiation biology, however, is oriented only toward prevention,
at least at the present time, because the treatment of radiation sickness
currently involves no research aspects which might be considered to be
unique to space flight. Any possible need for therapy in the future
will very probably be met by employing whatever methods have evolved to
the point of standard acceptance from the continuum of clinically oriented
research supported by NIH and others.

Shielding Preventive radiation countermeasures consist essentially of radiation
shielding and radioprotectants. One might also add, avoidance, clearly
the safest form of protection, but really a procedure fundamentally
involving adequate early warning and mobility, with research requirements
addressed accordingly to these two areas.

The need for dose reduction by means of shielding will depend upon a
number of factors, among them the kind of radiation expected to be
encountered, duration of flight, amount and location of extra-vehicular
activity, and anticipated repetition of flight by individual personnel.
There is further question as to whether shielding should be partial-body
or whole-body and if partial-body, which part? Data on the effects of
partial-body irradiation generally suggest that it is important to
shield the major portions of the active bone marrow and also to shield
the gastrointestinal tract. This would indicate that a torso shield
would be preferable, and additional experimental data suggest that if
only a portion of the torso can be shielded, the lower half should be
selected. This makes sense unless exposure of other parts of the body,
for example the head, is discovered to be much more hazardous.

Another important question to be resolved is the danger of the secondary
radiation generated. Since this is a function of the shielding material,
itself, the kind of primary radiation involved, and the range and energies
of the specific primary particles, research efforts will be needed which
will develop accurate three dimensional transport equations to permit
appropriate dose-distribution modeling. Flight operational considerations
impose constraints on weight and volume of materials and equipment
carried aboard, an important factor in determining shielding limitations
and guiding requirements for research to identify shielding materials of
optimal efficiency and minimal generation of secondary radiation.
Laminates and innovative shielding concepts will need to be investigated
and ultimately tested under laboratory conditions after mathematical
evaluations are completed.

Radio- Radioprotective Pharmaceuticals can generally be divided into two types,
protective those administered prior to exposure, and those considered to be effective
Agents if given post exposure. Research in this area of chemical protective

agents has not been a part of the space oriented radiobiology program in
the past and probably will not be undertaken in the future since it
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cannot be accommodated within the constraints of the present program
structure. Radioprotective research by other groups is encouraged,
however, since it is felt that there are "cross-over"needs in the national
interest. The progress of this research will be closely followed by
those engaged in space radiation research.

The following page contains an analytic outline of research needs in
this area.
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IV. Operational Countermeasures - Outline

A. Body Shielding

1. Ground-Based

a. Application of current transport codes to evaluate various
shielding configurations for variety of space radiation spectra
and particle makeup.

b. Development of improved transport codes.
c. Development of organ shielding techniques.
d. Research into optimal designs for shelters.
e. Evaluation of prototype shielding concepts at accelerators

that simulate space radiation.
2. Aloft

a. Evaluation of prototype radiation shielding concepts in flight.

B. Radioprotectants

1. Ground-Based

a. State-of-Art review of radioprotectant literature with respect
to High Z issue, particularly USSR data.

b. Expanded research to identify additional agents.
c. Research on effectiveness of combination therapy—i.e., multiple

drugs, nutritional concerns, other.
d. Basic research on structure-function relationship.
e. Research into chemicals that maintain immunity in case of

high exposure.
f. Research on Risk/Benefit of radioprotectants.-

2. Aloft

a. Drug distribution and utilization in the body at zero gravity.
b. In-flight evaluation of radioprotectant performance if suitable

end point can be defined.

C. Amelioration

1. Research into chemicals which when taken post-radiations may modify
effects.

2. Influence of physical countermeasures on radiation effect.
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N - Space Radiobiology

OUTLINE OF RADIATION RESEARCH NEEDS
FOR ACTIVITIES IN SPACE

I. ENVIRONMENTAL PHYSICS AND DOSIMETRY
A. Definition of Environment

1. Definition of primary environment:
a. Energetic Particles

(1) A requirement exists for a predictive technique
which relates some solar or geophysical parameter
(such as solar wind speed or Dst) to acceleration
of electrons to high energies in the outer
magnetosphere. The required output is: a) Spatial
Distribution, b) Energy Spectra, and c) Flux
Intensities.

(2) Given an input distribution (spatial, energy spectrum,
flux intensity) of energetic electrons in the outer
magnetosphere, a model is needed which will detail
the evolution of the distribution.

(3) Manned applications require a short-term prediction
of magnetic storms and substorms. Particle accelera-

. .. tion and plasma injection are both majox concerns..
(4) A 'Distrurbance Model' for prediction of flux enhance-

ments due to solar or magnetospheric activity is
required. It should have two forms: a typical storm
and a macro storm.

(5) A requirement for synoptic measurements of solar wind
parameters to predict intermediate term (30-60 days)
averages of fluxes at synchronous altitudes exists.

(6) A Model which calculates the hardening of electron
energy spectra in response to rapid diffusion caused
by field-line loading is desired.

b. Solar Flare Protons and Cosmic Rays
(1) A predictive technique must be developed which will

warn of anomalously large events (e.g., August 1972)
hours or days in advance. Identification of precursors
is the most probable method.

(2) An accurate prediction of solar proton and HZE particle
events based on solar parameters should be developed. It
should give order-of-magnitude or better definition of
the intensities and energy spectra. Timing is of concern.

(3) Given an event on the sun, predict the evolution of an
event from solar or interplanetary parameters.

(4) Models of solar proton and HZE particle entry into
the magnetosphere which include local-time and magnetic
storm effects in rigidity calculations should be
developed.

(5) Determine the solar parameters which correlate well
with the annual integrated fluences of unatenuated
interplanetary protons with various energies in the
MeV range, since sunspot numbers do not.

2. Research Areas in Shielding Attenuation: spacecraft, spacesuits,
body-self
a. 3-D analysis/evaluation of different geometries and materials
b. Optimization of shielding materials
c. Coordination and integration of:

- research activities
- data compilation (old and new)
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B. Dosimetry

1. Identification, development, and testing of active and
passive instruments for space use differentiating between
high- and low-LET components of incident radiation at
approriate positions.

2. Correlation and coordination of space information with
ground-based systems.

3. Develop and design supporting (to active dosimeters)
data reduction, interpretation, and transmission systems
for direct, real-time readout.

4. Development of dosimetry supporting the ground-based
radiobiology.

5. Explore tnicrodosimetric techniques for measuring radiation
quality in space.

6. Study possible unique effects of very heavy (e.g., iron)
particle tracks in crystalline structures.

C. Expression of "Dose" for High-LET Radiation
Research is needed to evolve a new concept or unit relating
particle fluence directly to radiation risk.

II. RADIATION BIOLOGY--HIGH-LET PARTICLES
A. Animal 'Experimentation . . . . .

1. Ground-Based
a. Review of existing ground-based information

(1) External beam high-LET work
(2) Hot particle work

b. Dose response - fluence, Z particle, specification of
bio effect (quantification alternative)

c. Long-term effects of low levels of radiation:
(1) Whole body (question of ranges of animal species

should be examined) scan and rotate
(a) Lifespan shortening
(b) Carcinogenesis
(c) Teratogenesis
(d) Specific organ effects (e.g., CNS, eye)
(e) Growth and development

(2) Partial body (question of ranges of animal species
examined)
(a) Tumorogenesis
(b) Cataracts
(c) Functional vision loss - acuity recovery
(d) Microvasculature (retinal vessels)
(e) Threshold for neurologic functional loss by

mini-beam
(3) Cellular-molecular-tissue

(a) Mechanisms - kinetics, membrane permeability,
cell transformation

(b) Single-particle effects
(c) Functional effects of non-dividing cells in

culture
(d) Cell death vs. inactivation - lesion enhancement

2. Aloft
a. Dose-response studies

(1) Variables
-Early, late, life-shortening effects
-Specific organ, whole-body effects
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-Tissue, cell, biochemical and/or genetic material
effects

-Type of radiation to which exposed
-Low-LET, high-LET
-Dose: low, intermediate, high
-Single vs. fractionated exposure

(2) Establish 2 or 3 standard experimental animals (down
to the subspecies level) by ground-based studies.
Similarly, select and establish standard tissue
culture and cell specimens.

(3) Development and selection of standard battery of flight
dosimetry and placement (ground-based studies)

(4) Development and selection of minimal standard set of
response determination and points to be examined.
Sensitive behavioral, eye, etc., tests need to be
developed.

(5) Development and selection of acceptable biochemical
and genetic evaluation methods.

(6) Development of acceptable flight-simulation techniques
for post-flight implementation of proper control
studies . . . .

(.7) Use of flight data to determine possible synergistic effects
of different types of radiation to which exposed by appro-
priate post-flight studies using similar species.

(8) Determine effects of dose fractionation by flying same
animals (or other specimens) on repeat flights.

(9) Cross-correlate animal and human responses as possible
on a continuing basis.

b. Combined effects
(1) Flight studies of animal responses to well-defined

ambient radiation in combination with 3 or so levels
of g (zero plus 2 levels of artificial g).

c. Mechanisms of radiation effects (best studied on the
ground)

Additional comments to: A. Animal Experimentation 2. Aloft
General Ncte: Due to the expense of operating ground-based, monotype

radiation sources, it may be less expensive to operate
in-space research laboratories where multi-directional,
multi-energetic sources are available—free.

Research Required: Cost Benefit Analysis of Space vs. Ground Experiments
1. Prototype Dedicated Bio-Radiation Experimental Satellite

(in conjunction with other Life Sciences studies)
2. Fully dedicated Bio-Radiation Satellite

Research Required: Design and develop spacecraft and operational
strategy. Develop capability for radiation-biology studies
in space (spacecraft, support facilities).

B. Human
1. Ground-Based

a. Gather all retrospective and prospective dose-response
data from all reliable sources (therapy, accidents). With
regard to HZE, obtain data from NCI studies on a continuing
basis. Careful dosimetry and follow-up examinations required.
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b. Establish dose-response data correlation facility,
computerized, continuing, and probably central.
-Information communication ties must be efficient for
quick response.

c. Long-term low level fluence of Z particle, specification of
(HZE) bio-effect (quantification alternative)
(1) Whole body - animal species? •

- scan and rotate
(a) Life-span shortening
(b) Carcinogenesis
(c) Teratogenesis
(d) Specific organ effects
(e) Growth and development

(2) Partial body - animal species?
(a) Tumorogenesis
(b) Cataracts
(c) Functional (vision loss-acuity) recovery/data
(d) Micromusculature (retinal vessels)
(e) Threshold for neurologic functional loss by mini-beam

(3) Cellular - Molecular - Tissues
(a) Mechanisms - Kinetics - Premeability of membranes
(b) Single particle effects
(c) Functional effects of non-limiting cells in culture
(d) Cell deaths vs. inactivation - lesion enhancement.

2. Aloft
a. No human radiation experiments
b. Establish a carefully selected minimal battery of history,

physical, and laboratory examination criteria for immediate
and long-range follow-up of all flight personnel for
retrospective dcse-response analysis. This is heavily
dependent on a standard and well-selected dosimetry set
properly located aloft. (This also requires a detailed
report of the individual's physiological response to
flight or flights plus flight incident and environmental
data, to rule out other possible etiological influences.)

Additional comments to: B. Human Studies 2. Aloft
Human radiation exposures will result from astronaut activities and humans
will not be exposed solely for purposes of studying particular biological
effects. Prior to flight - physical exams, based on potential lesions
will be conducted. Post flights: immediate examination and follow-up for
several years (life).
Research Required:
1. Technique development as to how space radiation effects can be measured
in man resulting from small doses, large doses.
2. Technique development for determining relative radiation susceptibility
between different human beings.
3. To determine radiation exposure limits for man-in-space, assuming a
very brief, 1-5 year, career.
4. Statistical comparison of male vs. female response in High Z therapeutic
response and in flight exposures.
5. Comparative teratogenic effects in animals simulating man in various
trimesters of pregnancy.
6. Develop statistical cumulative data on relative effectiveness of HZE's
at various ages.
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General Note: It is necessary that all radiation data producted within the
government be coordinated. This might best be accomplished by establishing
a "radiation effects data center" in which experimental results are tabulated,
computerized, and circulated to interested persons.
In conjunction with the above and specifically for HZE particle effects in
flight (aloft), the Russian government has collected numerous hours of experi-
mental data from their space laboratories. This has not generally been made
available (translated) for U.S. investigators. Translations should be a part
of the data center.
Russians have been hesitant to attend outside meetings to present their
data. The U.S. government should host such efforts or assist international
scientific organizations in sponsorship.
No research is,required - funding for meetings appropriate.
ADDED COMMENTS REGARDING RADIATION BIOLOGY RESEARCH (HZE PARTICLES) (II.):
General Note: HiZ particles is a relatively unexplored class of radiation
and numerous basic studies must be done to determine its characteristics
and general biological effectiveness (low-level, high-level, specific organ,
etc.). Due to the size and complexity of accelerators required to produce
HZE particles and the current lack of such facilities, it will be necessary
for activation of more accelerators to fulfill the requirement for research.
This may require additional support facilities as well. *
III. OPERATIONAL COUNTERMEASURES

A. Body Shielding
1. Ground-Based

a. Application of current transport codes to evaluate various
shielding configurations for variety of space radiation
spectra and particle makeup.

b. Development of improved transport codes.
c. Development of organ shielding techniques.
d. Research into optimal designs for shelters.
e. Evaluation of prototype shielding concepts at accelerators

that simulate space radiation.
2. Aloft

a. Evaluation of prototype radiation shielding concepts in
flight.

B. Radioprotectants
1. Ground-Based

a. State-of-Art review of radioprotectant literature with
respect to High Z issue, particularly USSR data.

b. Expanded research to identify additional agents.
c. Research on effectiveness of combination therapy—i.e.,

multiple drugs, nutritional concerns, other
d. Basic research on structure-function relationship.
e. Research into chemicals that maintain immunity in caae

of high exposure.
f. Research on Risk/Benefit of radioprotectants.

2. Aloft
a. Drug distribution and utilization in the body at zero gravity.
b. In-flight evaluation of radioprotectant performance if

suitable end point can be defined.
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C. Amelioration
1. Research into chemicals which when taken post-radiations may

modify effects.
2. Influence of physical countermeasures on radiation effect.

IV. OTHER
A. Training in specialized aspects of Space Radiation Physics, Biology,

and Radiation Protection.
B. Strong endorsement of continued support of the BEVILAC facility for

space-related research.
C. Recommend new and additional pre-dedicated HZE particle exposure

facility committed to ground-based space-related research.
D. Recommend periodic review and evaluation of space radiation

protection guidelines in the light of available information.
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DISCUSSION FOLLOWING THE PRESENTATION

Space Radiobiology
S. P. Vinograd, M.D.

OR. TODD: Todd, Penn State.

From the reading of the report, one would never guess
that tens of thousands of pages have already been written
on this subject, and that NASA has computer programs which
will print out the radiation environment in the vicinity of
earth on a few days' notice and that shielding programs are
written for almost all spacecraft designed for manned use.
However, I think that the single ooint of recommendation
made in this paper, that we need research on high-ZE (HZE)
biological effects, is worthy of pursuit, which is^probably
a fact irrespective of the* interests" of sba'ce explorers,
this is an interesting subject quite on its own merits. And
many books have appeared on many of the issues raised by
this cluster.

OR. VIMOGRAD: Rooks have appeared, but there's a
considerable question as to whether they have adequately
covered the subject, particularly of heavy ions because we
haven't had heavy ions that long.

DR. STASSINOPOULOS: Stassinopoulos, Goddard Space Flight
Center.

I would like to answer this question in a way that may
be shedding a little bit more light. It is indeed true that
NASA for many years has been collecting data from numerous
experiments measuring the trapped radiation around the earth.
However, all these models that have been published so far,
from about 300 or more experiments flown, are static models;
they are not dynamic.

That means the information provided by these models is
an averaged information, valid only for mission durations in
excess of six months. So there is no such chance that ever
in the foreseeable future we will have human presence
envisioned in space of that duration. At maximum the human
presence in preliminary studies is of 90-day duration and
less. For that kind of time intervals we do not have temporal
resolutions of the environment radiations which have been
established maybe 3-4 orders of magnitude above or below the
averages.

DR. TODO: I guess I simply have to answer that. I was
under the impression that solar flare prediction models were
much more adequate than that.
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The other question which came up had to do with the
decision-making concerning the acceptable risks in manned
space flight. Incidentally, there has been an entire book
written on that subject as well. I think the conclusion
was something on the order of trying to prevent exposure to
a quantity in excess of ten rem, which was in turn based on
an acceptable probability of leukemogenesis since the astro-
naut has to accept things like genetic risk and not being
able to be insured by Continental Casualty Company when he
goes into space.

•!>R-, STASSIMOPOHLOS: -I wo+ild like to answer the first
part. It is indeed true that we have the capability, and we
have the measurements covering the entire previous solar
cycle of interplanetary measurements obtained from the M
series of satellites. These measurements indeed describe
very well the entire occurrence of events of the previous
solar cycle.

We have entered now cycle 21, Now, it is a known fact
that on the basis of past measurements you cannot predict
future events. You cannot predict, on the basis of the
data that you collected on the previous solar cycle, what
events will happen in the future, how they will happen,
their frequency, the duration or their intensity.

We're using Poisson statistics in order to create a
statistical model. But the uncertainties are so large,
that really, it is not suitable for human presence in
space. With regard to the exposure, there was a conference
in Berkeley about a year ago on that matter, a workshop to
evaluate the dose received in hypothetical orbits in space
by man for 90-day mission durations, and that the old stan-
dards that had been established by the National Academy of
Sciences for space missions, that is, for NASA and DoD, were
conpared with the standards of exposure for ground workers.

It is striking if you look at these. I have a table.
The space exposures are orders of magnitude above the accept-
able exposures for ground workers. And if you expect to have
to see an increased human presence in space in the next two
decades, I do not think these standards will be acceptable.

MS. CLUSEN: We have one last comment.
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DR. STONEHILL: Stonehill, National Cancer Institute.

If this country goes ahead with the satellite power
stations that have been discussed here, we are building
something in space which will beam energy back. To build
this you're talking about putting people up there for great
lengths of time and large numbers of people. Do you have
some estimate to build one of these stations, how many
people would be at risk and for what total or number of
months or number of years, just as a rough order of
magnitude?

DR. VINOGRAD: I have not seen one.

DR. STASSIMOPOULOS: I have seen some preliminary esti-
mates, by certain reports. I think Grumman made a report,
Boeing made another report. The numbers are different depend-
ing on whose data you take. But in these reports it's esti-
mated that in the construction phase of such a satellite you
would need anywhere from 350 to 500 people at a time per
station up there.

Since you do have a considerable rotation period of 90
days - that means you'd need four crews up there per year.
If you go to 10 or 30 stations, you may have, potentially,
if this ever comes to pass, hundreds of thousands of people
out in space. In fact, we're talking about 20 or 30 years
in the future, maybe, if at all, if this seems to be feasible
and economically practical.

MS. CLUSEN: I know that there are a number of scen-
arios being considered at the Department of Energy. I sus-
pect Dr. Grant wants to say something on this.

DR. GRANT: I was just going to try to answer the question,
He answered parts of it.

It is numbered in the hundreds per flight tour and in
the thousands if we go into this in a big way. The issue
that I think is more critical here is that you're talking
about essentially large numbers of construction workers, not
flight crews. So you're talking about a different cadre
of individuals.
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The doses per tour would be in the 30 to 50 rad basis
over the period of a quarter of a year, so now you have already
introduced the doubling dose for leukemia in these construction
crews. So this becomes a major radiation hazards issue, for
which you will have to give some compensating flight pay or
a few other things. It's like steeplejacks and other high-risk
occupations that are compensated for excessive risks.

MS. CLUSEN: Thank you.
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