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FOREWORD

The "First International Symposium on the Biological Interpretation
of Dose from Accelerator-Produced Radiation' was sponsored by the
United States Atomic Energy Commission's Division of Operational Safety.
The Symposium was held at the Lawrence Radiation Laboratory in Berkeley,
California, March 13-16, 1967,

The objective of the meeting was to provide a companion meeting to
the "First Symposium on Accelerator Radiation Dosimetry and Experience"
which was held November 3-5, 1965, at the Brookhaven National Laboratory.
This first symposium was limited in scope to an intensified discussion of
dosimetry techniques. The biology which is associated with high energy
radiation was specifically excluded, since it was the original plan to hold
a second symposium devoted entirely to biology. Thus the present Symposium
was a sequel to the first and they were inseparable in their objectives.

Since those attending the BNL Symposium were almost entirely health
physicists with a background in physical science and actively engaged in the
solution of radiation protection problems at high energy accelerators, it
was felt that it would be necessary to begin the BID Symposium with a general
review session on radiation biology, in order to provide a biological back-
ground for the proper understanding of the later sessions. This first session
was arranged to give the health physicist a meaningful transition from
fundamental radiobiological considerations to current new research activities
in high energy biology.

In our opinion, and also based on the comments of several of those
attending these objectives were quite well attained. The talks by Bond,
Robertson, Brustad, Wolff, and Patt were quite exhaustive as an introduction
to the several areas of specialization in radiobiology.

The overall purpose of the meeting was of course to inform the health
physicists about the state of knowledge in advanced biological research
as it might apply to their problems. It has often been said that it takes a
long time for laboratory findings to be applied in practical situations, but
this is certainly not true in radiobiology. Through this conference and others
like it, the most recent understanding of high energy radiobiology is available
to the practicing health physicist and is probably used fairly effectively. In
addition, much of this material applies equally well to reactor and space
radiation problems, and some of the participants were from these areas
as well.
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It is difficult for one discipline to know what another is doing.
Such a lack of knowledge sometimes leads to duplication of effort. There
were one or two times at the Symposium when the radiobiological speakers
were able to inform a questioner in the audience that information was
already available on a point which the questioner thought was an unknown
area. This was true of the area of proton biology. It would seem, from
the content of some of the questions and comments, that the Symposium
was able to somewhat reduce the isolation between the physical and
biological sciences.

One of the desires, often expressed in the planning of the meeting,
was to try to get the biologists to be very explicit in describing what the
health physicists should be measuring to be of maximum use to the biologist.
This desire was expressed to most of the speakers beforehand, and several
of them tried to satisfy this special request. While this is a complex
question and there is still no general agreement on the instruments and
measurements that should be used and made at high-energy accelerators,
the Symposium seemed to throw much new light in this area. Of all the
meetings and symposia that we have attended, this one made the most
definite attempt to clear up the controversy between those who measure
dose and those who try to measure distribution of ionization density or
spectra. The measurement-of-dose school of thought had no supporters
who were willing to speak out.

A further conclusion that can be drawn from the Symposium is
that the AEC should be a leader in this area, since radiation is its prime
concern, and the progress in radiobiology made by the national laboratories
shows that this responsbility has been well met.

The success of this meeting is largely due to the many persons who
participated in its organization and conduct. We give special thanks to
Miss Charlotte Mauk, editor in the LRL Technical Information Division, for
the .many hours she spent assisting in the editing of these proceedings,
and to members of:
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Introductory Remarks

Martin Biles

Division of Operational Safety
USAEC, Washington, D. C,

Before I give my prepared comments I would like on behalf of the AEC,
to join with our host and Dr. McMillan and welcome you to this Conference. I
feel this is a double pleasure, since I am a native of this area and still con-
sider Berkeley as my home; therefore it is a real satisfaction to welcome you
to one of the truly pleasant areas of the world.

As you are aware, in more recent years particle accelerator technology
has advanced extremely rapidly. Large particle acclerators have been created--
the Bevatron, AGS, SLAC, and others--which provide the physicist with parti-
cle beams of high intensity and energy. As these higher-energy accelerators
have become operational new problems of evaluating and interpreting the radia-
tion environment have evolved.

The areas of uncertainty, then, are felt to be twofold: one, measuring
the stray radiation environment, and, two, interpreting the effects of radiation.
In the former instance some commendable work has been accomplished in the
past few years in particle spectroscopy with high-energy neutron detectors,
among other things. Many of the techniques were presented at the Symposium
on Accelerator Radiation Dosimetry and Experience held at Brookhaven Labora-
tory in November of 1965. In the next few days this Conference will be con-
cerned with the second area of uncertainty, that is, the biological effects.

The need for such a Conference as this became apparent during the
initial planning of the dosimetry Symposium at Brookhaven, when it was decided
to limit the scope of that conference to an intensified discussion of dosimetry
techniques and give the biology consideration a thorough review at a later date.
Therefore this meeting is a sequel to the first Symposium, and the two are
virtually inseparable in their objectives.

Although there has been considerable progress in the field of radiation
safety, some salient problems still remain to be resolved by the expertise of
the radiobiologist. As an example: dose equivalent cannot be accurately deter-
mined in many cases, since the rem or dose equivalent depends on several fac-
tors, including the quality factor, dose distribution, and build-up factor. Al-
though the absorbed dose in rads is a measurable quantity, the values for quality
factor and build-up factor can only be estimated. The latter factors are depen-
dent largely on biological information. Some of the investigations which were
intended to improve our knowledge in these areas of uncertainty included seek-
ing a better understanding of thz linear energy transfers, quality factors, and
energy absorption at microscopic dimensions. Much of this work will be dis-
cussed at this meeting.

ix



To provide proper focusing of the problems in resolving these uncer-
tainties in dose-effect relationships, the following few prerequisites must be
included:

(a) A routine exchange of information is needed between biologist and physicist.

(b) Attempts should be made to narrow the gap between physicist and biolo-
gist, to establish a common basis for developing physical and biological param-
eters.

{c) Management should be willing to allot a portion of machine time for per-
tinent biological research on a routine basis.

Thank you.
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%ELLULAR RADIOBIOLOGY IN THE MAMMAL
V. P. Bond and C. V. Robinson

Brookhaven National Laboratory
Upton, New York

In the course of this Symposium a number of papers dealing with radio-
biology, from the most basic physical, chemical, and cellular levels to the
intact mammal, are presented. In selection of material most suitable to this
introductory lecture, it seemed appropriate to attempt to show that work con-
ducted at these various levels is indeed related, and that the radiobiological
principles developed in so-called "simple systems, ' particularly cell systems,
can be utilized in predicting (even quantitatively) the effects of radiation in the
intact mammal, including man. Hence this presentation deals principally with
examples designed to illustrate that results derived from studies on cell popu-
lations can be utilized in dealing with effects on the intact mammal. Initially,
early effects in the mammal are dealt with, where the data and theses are on
relatively firm ground. Late effects are then dealt with, in which the data are
less secure and the hypotheses more speculative,

Before the principal subjects of this paper are put forth, several intro-
ductory statements are appropriate. First, radiobiology and radiological
physics constitute the basic sciences of applied radiation protection, as they
constitute the basic sciences for applied radiation therapy. Health physicists
deal with a set of guide lines or numbers for routine work that are '"legislated"
by appropriately constituted bodies such as the NCRP and the ICRP. One can
operate by utilizing these numbers without being at all concerned with their
origin or how well their values may be rooted in radiobiology and radiological
physics. However, the guide lines provided do not cover all situations. The
more one understands of the origins of these numbers in radiobiology, and the
radiobiological principles upon which they are based, the greater the flexibility
the operational individual has in applying the established rules of radiation pro-
tection. The myriad of situations encountered in radiation protection are best
and most intelligently dealt with if the individuals concerned have a firm appre-
ciation of the present strengths and limitations of radiobiology and radiological
physics.

In radiation protection it is frequently stated that an effort is made to
balance possible risk versus possible gain. '""Risk'' entails the probability of
effect, and may encompass also some estimate of the relative seriousness of
different types of harm. In any event, the concept entails quantitative dose-
effect relationships. If this concept is taken at all seriously, then it is abso-
lutely mandatory that quantitative dose-effect relationships in the mammal be
known to the best degree possible.

Also, in radiation protection one deals with perhaps the most complicated
situation imaginable. This contrasts with radiobiological experimentation, in
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I.1

which both biological and physical factors are designed to keep variables down
to a minimum. In routine radiation protection work, on the other hand, all
factors are almost as wholly undesirable as one could imagine. The absorbed
dose at any location is only poorly known at best. One deals with one of the
more complicated biological specimens, the intact human being. Nonuniform
exposure or even partial-body exposure is the rule, and the dose rates encoun-
tered are highly variable and frequently unknown. An entire spectrum of
radiation qualities, only poorly defined, is frequently encountered. The com-
plexity is perhaps best illustrated in the subject matter of this Conference. In
dealing with accelerator beams and their effects, one is dealing with nonuniform
exposure, with markedly different doses derived from radiations of markedly
different quality, to different organs or portions of the same organ. Quantifi-
cation of the effects of such radiations is difficult, to say the least.

There are two approaches to dealing with the highly unsatisfactory con-
ditions encountered in routine radiation protection. The one encompasses the
completely empirical approach, in which one can attempt to guess at or evaluate
dose-effect relations under the various degrees of uniformity of exposure, dose
rates, and radiation qualities encountered. In the other, one can attempt to
develop and understand principles of dose-effect relationships at the most basic
levels of biological organization, and utilize these principles in attempting to
deal quantitatively with the exposures and exposure conditions encountered in
routine radiation protection. This latter approach involves the essence of the
disciplines of radiobiology and radiological physics.

Generally speaking, a great deal is known about the effects of radiation
at the level of the cell, the organ, and the mammal, as well as at the physical
and chemical levels. A hiatus exists, however, between our knowledge of
effects at the very basic level, and from the cell on up. As is shown below,
effects on the mammal are understandable and predictable on the basis of effects
on underlying cell populations. Eventually it may even be possible to predict
satisfactorily effects in the intact mammal on the basis of events occurring at
the most basic physical and chemical levels.

Body Cell Populations; Radiosensitivity

All organs of the body are composed basically of cells. For purposes
here, the organs can be further divided into two categories, those in which in
the adult the cells continue to divide or '"turn over' at a rapid rate, an-d those in
whichin the adult the cells divide rarely if at all. The process of division of
course involves mitosis, and it is a fact of radiobioclogy that most cells that do
not divide are resistant to inactivation or killing by radiation (classical excep-
tions are the small lymphocytes and oocytes), and that those that do divide are
exquisitely sensitive to radiation in terms of reduced or destroyed ability to
further proliferate or to produce additional daughter cells. With large doses of
radiation, and when early effects are considered, it is damage to those organs
with a "rapid turnover rate''--principally the bone marrow and the gastrointesti-
nal tract--that lead to significant damage and the so-called acute radiation
syndromes that are seen,

It is profitable to look at a specific organ whose cells turn over rapidly,
the bone marrow. In Fig. 1 is shown schematically the cellular structure of
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1.1

this organ. Cells are produced and allowed to mature in the bone marrow,

and the mature cells are fed to the peripheral blood, where they serve their
function and die. Only the granulocyte series is dealt with here, although the
principles involved apply alse to the red cell and megakarocyte series

The stem cell that produces ultimately the mature granulocyte can be defined as
a cell capable of producing its own kind (another stem cell) as well as cells

that are destined to mature through the granulocytic series and become func-
tional granulocytes in the peripheral blood.

The granulocytic stem cells and the entire granulocytic marrow series
can be regarded as the '"factory' whose sole function is to produce the mature
granulocytes in the blood which serve the critical function of protecting the
individual against infectious disease. It can be seen immediately that if for any
reason the stem cell population is suddenly reduced to small numbers, the
effects will be felt successively in the more mature compartments, and then in
the peripheral blood. Following high-dose exposure of the entire body it is the
sudden effective reduction in the number of stem cells in the marrow that is the
critical event that leads in time to the serious symptoms and signs associated
with such exposure.

Uniform Whole-Body Exposure, LD50/30 days

A dose-effect relationship for marrow stem cells has been determined,
and the type of function obtained, ® shown in Fig. 2, is similar to that obtained
with cells in tissue culture. (The curve is for a population of stem cells capable
of producing at least red and white cell precursors, A curve for granulocyte
precursors alone has not yet been determined.)

Note that there is an initial “'shoulder" on the curve, followed by what -
appears to be an exponential falloff. Note the sensitivity of the cells--some 50%
of the cells are rendered incapable of proliferation at doses of the order 'of 100
R or less. At the medium lethal dose for an animal--i.e., the dose that will
kill approximately half of animals exposed to radiation--the number of surviving
stem cells is reduced to low levels. Specifically in the mouse, when the num-~ .
ber of stem cells is reduced to some 2 to 3 per thousand of the normal population,

the animal has a 50-50 chance of surviving or dying.

Thus it is clear that with uniform whole-body radiation we are dealing
with effects of radiation on populations of cells. When the size of a population
is reduced to some fixed number for a given species, the remaining number of
cells is no longer able to provide the functions of that organ, and if the functions
of that organ system are critical to survival, the animal dies.

Bone-marrow failure has been implicated as the primary damage leading
to death. It should not be inferred that other organs go unscathed, or that im-
paired function of other organs does not contribute in some measure to death.
Some organs such as the lymphopoietic system and the testis, in which cells
are renewed rapidly, are also severely injured. However, either such organs
are not critical for survival, or the stem cells are able to regenerate fast
enough so that the overall function of the organ is not critically impaired. Dam-
age to the bowel or other organs may be contributory to lethality from the
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bone-marrow syndrome. However, there is little question that these are
second~order effects, and that the significant damage in terms of mortality or
survival in the range from LDO to LD'lOO is damage to the bone marrow.

Time Factors in Granulocyte Depletion

In the above examples it was shown that one could predict the organs in
the body which would play the greatest role in lethality in the animal exposed to
whole-body radiation, on the basis of radiobiological principles involving the
nature of the responses of dividing and nondividing cell populations to radiation.
In addition, one cpn anticipate the time course of response on the basis of the
same principles. © The granulocyte renewal system can be used as an example.

In Fig, 1 it will be noted that the granulocyte renewal system consists of
dividing cells in the marrow, and nondividing cells in the marrow and peripheral
blood. One would expect the dividing cells in the marrow to be quite radiosensi-
tive, the nondividing cells in both the marrow and the blood to be quite radiore-
sistant. One might further expect a continuing supply of granulocytes to the
peripheral blood, for a time equal to the time from the 'last' mitosis in the
maturing cell series to the time of emergence of §ranu10cytes into the peripheral
blood. This time has been determined precisely ~ by administering a single
dose of tritiated thymidine to the mammal, and noting the time of appearance of
labeled neutrophils in the peripheral blood. This time varies with species, from
the order of 1.5 days in the rodent to the order of 3.5 to 4 days in man.

Thus, one would expect a ""shoulder'" on the curve depicting the granulo-
cyte count in the peripheral blood versus time after exposure of the mammal to
whole-body radiation. In Fig. 3 is shown the time course of response of the
granulocytes in the blood of the pig, as a function of dose after exposure. It has
been observed in a number of species that the width of the shoulder is in fact
equal to the time from the last mitosis to emergence of neutrophils in the periph-
eral blood. At the end of this time, there is a precipitous drop in the granulo-
cyte count, and as the dose is increased the slope approaches more and more
closely that of the normal disappearance rate of the granulocytes from the blood,
or a half-disappearance time of about 6 or 7 hours. At lower doses, the slope
is less, due to the easily observed continued entrance of some cells young enough
to undergo mitosis at the time of exposure, which were injured but not sufficiently
severely to prevent their maturation to the granulocyte stage. As the dose is
increased, the ratio of injured to killed cells in mitosis decreases.

The remaining portion of the granulocyte response, the "abortive rise"
and final recovery, have also been explained to a degree on the basis of the known
changes in the underlying cell population. 1 The explanations are at present
somewhat more speculative than for the initial "degenerative phase' 'of the granu-
locyte response, and more work must be done before the precise cellular basis
for the latter two phases of the overall response are satisfactorily documented.

Nonuniform Exposure; LDy, /35 g,

With nonuniform exposure of the body, the degree of effect (mortality for
present purposes) is, generally speaking, less per given maximum dose. The
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extreme of nonuniform exposure is partial-body exposure, such as that used in
radiotherapy. It is this reduction in effectiveness that accounts in part for the
fact that doses of many thousands of R are routinely employed in radiotherapy,
despite the fact that it requires only about 400 R delivered uniformly to the
entire body to cause death.

The effect of nonuniform exposure can be quantified by introducing a
factor, the "distribution effectiveness factor,'" DEF, analogous to RBE (relative
biological effectiveness). RBE takes into account the effect of radiations of
different quality, which can be regarded as reflecting different degrees of
uniformity of energy disposition in micro volumes of tissue. RBE takes into
account differing degrees of effect per unit of average absorbed dose of different
quality radiations, and is determined empirically in the biological system of
interest. The ratio of the dose of the most uniformly distributed radiation (the
standard or low-LET radiation) needed to produce a given effect, divided by the
average absorbed dose of the given (usually high-LET) radiation required to
give the same degree of the same biological effect, is taken as the RBE of the
given radiation.

A similar approach can be used for nonuniform exposure. One can start
with the dose of uniform radiation required to give a certain degree of biological
effect (LDgg, for instance), and divide this by the average dose (gram-rads per
gram) of nonuniform radiation that gives the same degree of the same biological
effect. This yields an empirically determined DEF, which could serve in practi-
cal situations in the same fashion as does RBE (or QF or "quality factor' in
radiation protection).

This empirical approach has serious limitations when the subject of
primary interest is the human being and the variety of dose distributions to be
considered is essentially infinite, An approach that could allow calculation of
the DEF would have obvious advantages. The cellular basis of radiation death
described above provides such an approach for obtaining the required DEF,
which can be applied to a variety of distributions of dose to the bone marrow of
the body. The usefulness of the model in nonuniform exposure of rats, dogs,
and swine has been tested. ° An outline of the approach is given below.

It is assumed that the survival of the animal depends upon survival of
the same critical fraction of the total number of marrow stem cells in the
body, independent of their distribution among the subunits of the total marrow
mass. The distribution of active marrow throughout the unirradiated individual
can be determined ‘Sy administration of radioactive isotopes that localize irty9 he
marrow, such as 5%Fe in the form of the ferrous salt or technetium-99m (7 "™ Tc)
incorporated into particulate material that is taken up by the reticuloendothelial
cells of the bone marrow (Fig, 3). It is reasonable to assume that the relative
number of stem cells follows the same distribution, and that the stem cells in
different parts of the bone marrow are subject to the same dose-survival
relationship determined for uniform exposure of the marrow and illustrated in
Fig., 2. The dose to each subunit of marrow can then be determined.

Knowing the dose to each subuinit of marrow, the amount of marrow per

subunit, and the dose-effect curve fcr stem cells (Fig. 2), one can calculate the
DEF as follows: For the given pattern of nonuniform dose and for an exposure
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that is known empirically to yield the specified degree of the given biological
effect of interest (50% lethality rate in this instance), the number of surviving
stem cells in each subunit of marrow can be calculated. This can then be summed
over the entire marrow, to determine the number of surviving stem cells in the
total marrow mass. The average absorbed dose to the marrow (gram-rads per
gram) for this nonuniform exposure can then be calculated. The ratio of this
value to the dose of uniform whole-body radiation required to reduce the number
of stem cells in the total marrow mass to the same fraction as that calculated for
the nonuniform exposure will indicate the expected effectiveness of the particular
dose distribution in producing mortality, the DEF.

A comparison of the DEF so calculated with that found empirically is a
check on the validity of the approach. The agreement has been found to be good
in the cases so far (Ref. 5 and Fig. 4); however, additional data for further
evaluating the approach are required.

It should be noted that whereas values of RBE are usually greater than
unity, values of DEF are usually less than unity.

The above discussions indicate that integral dose/gram (gram-rads/gram)
alone, even if calculated for the marrow mass only, is not the significant parame-
ter in terms of which death from the hemopoietic syndrome can be predicted. The
integral dose to kill will obviously vary with the distribution of dose in the body,
so that integral dose becomes significant only as a step in finding the meaningful
parameter, average marrow dose, in terms of which the DEF¥ can be determined.

Bowel Exposure

Although in principle rapidly turning over cell systems of the bowel are
similar to those of the bone marrow, real differences exist. In Fig. 5 is shown
schematically a histological section of the wall of the bowel, with the crypts in
which the stem cells are located, and the villi covered with the mature functional
cells. The stem cells serve to continuously feed mature cells to the villi, where
their existence is terminated by their being sloughed into the bowel lumen at the
tips of the villi.

With whole-body uniform exposure, a phenomenon similar to that seen in
the bone marrow exists. Radiation affects primarily the stem cells, which results
effectively in a failure of delivery of mature cells to the villi. If the stem cells
have been reduced to a critical level, breaks in the covering of the villi occur
before the stem cell population can regenerate adequately, and death ensues.

It should be pointed out that, although all portions of the bone marrow
pour mature granulocytes into the common pool, the blood, the stem cells in
each crypt feed mature cells only into those villi directly associated with this
crypt. Thus it is impossible for the crypts of a portion of the bowel unexposed or
lightly exposed to feed mature cells into nonadjacent villi in bowel portions that
may have received a higher exposure. With nonuniform exposure, those portions
of the bowel that have received a very high dose become depleted of mature villus
cells, and the animal will die even if a large portion of the gut received no, or
very little, exposure. Thus the approach outlined for the bone marrow for

6
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calculating effectiveness of the distribution factor does not apply to the bowel, or
only to a very limited extent. It should be pointed out also that similar reasoning
applies to the number of surviving crypts, and that a dose-effect curve in terms
of number of surviving crypts rather than surviving stem cells has little meaning
in this context.

Fortunately, lethal damage to the bowel occurs only at relatively high
doses, well above those leading tc death from the bone marrow syndrome. Thus
the approach outlined for the marrow is applicable in the dose range of most
interest, that is, in the sublethal ranges or in dose ranges where survival is pos-
sible or where enhanced survival is possible by means of suitable therapy.

Late Effects, Uniform Exposure

A number of late effects may occur, such as cancer, leukemia, cataract
formation, life shortening, etc. It is important to point out that the basic lesion
most probably is still at the cellular level. Now, however, instead of primarily
death of the cell or lack of proliferrative capacity, the injury to cells that are still
capable of continued proliferation is likely of major interest. Also, unlike early
effects, there is no evidence that the organs with rapidly turning over cells are
especially susceptible to late effects. Thus cells in nonproliferating organs such
as the liver may be injyred, and there is evidence to indicate that such injury may
lead to life shortening.~ There is also evidence that such injury may stimulate
the cell to divide or to proliferate independent of regulatory mechanisms that
prevail over the normal cell. This may result in uncontrolled proliferation,
namely leukemia or cancer. Thus the effects of interest probably are not the
depletion of a cell population with resultant lack of function of that organ as a
result of failure of the stem cells 0 supply mature functional cells in adequate
numbers. Rather, a sublethal injury to cells may result in abnormal growth or
other malfunction, leading in time to a process lethal to the individual.

It is pointed out, however, that although the basic lesion leading to sig-
nificant late effects may well be cell injury, a number of difficulties must be
dealt with before quantitative relationships can be developed that approach those
possible with early effects. The cell population at risk is unknown for many
effects of interest, particularly leukemia, and the numbers at risk may well vary
with age. Hormonal factors are known to be at least a complicating if not a pri-
mary factor in the genesis of many malignancies. The probability of cell injury
leading to malignancy may well be a function of age, hormonal state, or other fac-
tors. The fact that partial-body shielding appears to protect against radiation
induction of some forms of leukemia may indicate additional complicating factors
as yet unknown. It is not yet clear if these additional factors represent compli-
cations that must be taken into account over and above basic cell injury, or
whether these factors may be of considerable and general significance or even of
overriding importance. These difficulties, however, should not deter one from
attempting to deal with late effects at the cellular or finer level of organization,
making assumptions that certainly overgimplify. Such an approach will be outlined
below, with leukemia induction as an example. Efforts of this nature have been

made previously. 7,8
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Leukemia Production, Uniform Exposure

Although dose-effect curves at the cellular level for leukemia (or other
neoplasia) induction are not available, dose-effect curves indicating the rate of
leukemia (or other 1}e8p1asia) production vs dose have been determined in a
number of species. ‘~7 Such a curve for leukemia induction in individuals exposed
to atomic bomb radiation in Japan is indicated in Fig. 6. The exposure in Japan
was received over a very short interval of time, and the dose-effect relationship
might well be different at lower dose rates. In addition, more recent calculations
of the dose received by individuals in Japan would alter the dose scale shown in
Fig. 5; however, this would not alter the shape of the curve. The data are con-
sistent with a straight-line relationship between dose and effect, although the
data are far from adequate to indicate if this is in fact the correct function. Also,
data are absent at very low doses, and it cannot be stated whether or not a ‘'thresh-
old'" exists below which the incidence of leukemia would be zero. Because some
data, such as those shown, are compatible with a straight-line dose-effect rela-
tionship, because there is increasing thought that leukemia and other cancer may
result from injury in a single cell (''somatic mutation''), and because a straight-
line relationship represents a simple and conservative approach, the so-called
'""no threshold, linearity'' hypothesis is commonly taken as the dose-effect
relationship to apply to the induction of leukemia and other neoplasia and to the
cells responsible. It is stressed that this remains hypothesis, however, and it
is not clear at present how good it is, or the extent to which it agrees or disagrees
with experiment.

. In Fig. 5 the relative number of individuals developing leukemia is
plotted vs dose, i.e., the curve represents a leukemia-incidence~vs—dose
relationship. The curve would also represent the relationship between dose and
the number of surviving affected cells of interest vs dose, provided that the fol-
lowing assumptions apply: (a) leukemia following irradiation arises from injured
but surviving cells, i.e., its origin lies in ""'somatic mutation, " (b) only one af-
fected cell is necessary to produce leukemia, (c) all individuals exposed have
approximately the same number of cells of interest at risk in the body, (d) the
number of cells affected is at most a very small fraction of the number of sur-
viving cells (well below 1%), and (e) the highest incidence considered is small,
i.e., below approximately 10%.

The dose-incidence curve shown in Fig. 5 also represents a plot of dose
vs number of cells at risk (as opposed to just surviving cells at risk), provided
additionally that virtually every cell affected also survives and may potentially
produce leukemia, i.e., there is negligible cell death in the irradiated cell
population of interest.

Additional factors must be taken into account. If the given disease--in
this case leukemia--is thought of as caused by a single affected cell, it would
seem at first glance that the incidence I of this disease, expressed as a fraction,
should equal the probability that an animal has such a cell, which in turn is equal
to the average number of such cells per antmal. This is true, however, only if
two corrections are taken into account, either of which may be quite significant.
First, one must find the incidence I which would have been observed in the ab-
sence of other causes of death. This corrected incidence may be determined by
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an integration involving the age-specific incidence of the disease. Necessarily

I' > I, and the magnitude of the correction depends in general on the degree to
which deaths from other causes predominate over and precede those from the
given disease. The second correction is for the occurrence of animals with more
than one affected cell. As a consgquence of such '"redundancy' the average num-
ber of cells, m, is greater than I . Assuming a Poisson digtribution of proba-
bilities that an animal has no cell, one cell, etc., one has I = 1-e ™, At low
incidence, I and m approximate each other closely, whereas for higher values
the difference may be considerable. When I' = 0.5, for example, the value of m
is In 2 or 0.693.

Thus, although only incidence-vs-dose curves for late effects such as
leukemia are available, this type of curve can be used, together with certain
assumptions, to infer the nature of the dose-effect curve for the cells at risk.
Or, alternatively, one can simply assume the nature of this curve. The curve is
commonly assumed to be linear, with no threshold.

Nonuniform Exposure, Leukemia Production

If the curve for net affected cells vs dose is assumed or is known, and
if the distribution of the cells at risk within the body is known, then the same
cellular approach outlined above for dealing with nonuniform exposure of the
marrow can be used to yield the total risk to the individual for a given type of
nonuniform exposure as compared with the uniform exposure.

Further, however, if the net-affected-cells—vs—dose curve is assumed
or known to be linear, and if the cells of interest are known to be uniformly dis-
tributed in the organ of interest, then the calculation reduces to a calculation of
integral dose per gram, or gram-rads/gram, that is, the average dose to the
organ of interest. To say this in another way, the incidence for a given non-
uniform distribution of dose, with a given average dose, is the same as that for
uniform exposure with the same given average dose. This means in effect that
the DEF is unity.

Summary

In this introductory presentation an effort has been made to show that if
one knows (a) the distribution of absorbed dose throughout the body, (b) the dis-
tribution of cells of interest, and (c) the dose-effect curves for these cells and
the effects of interest, one can effectively and quantitatively translate the prin-
ciples and knowledge obtained at the basic cellular level into expected effects in
the intact mammal. Several illustrations have been used to show that this is
true. Data are available for exact evaluation with respect to early effects. It
has been shown that the same approach may be applied more generally, and per-
haps even with long-term effects such as the development of malignancies,
However, data are now insufficient for adequate evaluation and the approaches
at present are highly hypothetical. Throughout, the paramount importance of
obtaining more quantitative data, particularly dose-effect curves, and especially
at the cellular level, is stressed. The more data of this nature that are obtained,
the more it will be possible to use radiobiological principles in applied health

protection work.



10.

.1

References

V. P. Bond, T. M. Fliedner, and J. O. Archambeau, Mammalian Radiation
Lethality; A Disturbance in Cellular Kinetics, Academic Press., N. Y. and

T.ondon, 1965.

E. A. McCulloch and J. E. Till, The Sensitivity of Cells from Normal Mouse
Bone Marrow to Gamma Radiation, in Vitro and in Vivo, Radiation Res., 16:
822-832, 1962,

Warren K. Sinclair, X-Ray-Induced Heritable Damage {Small-Colony For-
mation) in Cultured Mammaljan Cells, Radiation Res., 21: 584-611, 1964,

E. P. Cronkite, F. W. Ulrich, D. C. Eltzholtz, C. R. Sipe, and P. K.
Schork, The Response of the Peripheral Blood of Swine to Whole-Body X-Ray
Radiation in the Lethal Range, U. S. Naval Medical Res. Inst. Report, Proj.
NM 007039, Report No. 24, April 1949.

V. P. Bond and C. V. Robinson, A Mortality Determinant in Nonuniform
Exposures of the Mammal, Presented at the Workshop Conference on Space
Radiation Biology, University of California, Berkeley, California, Sept. 7-10,
1965, unpublished data.

H. K. Curtis, A Composite Theory of Aging, The Gerontologist, 6 [3]: Part
1, Sept. 1966.

V. P. Bond, E. P. Cronkite, C. A, Shellabarger, and G. Aponte, Radiation-
Induced Mammary Gland Neoplasia in the Rat, Mammalian Cytogenetics and
Related Problems in Radiobiology, 361-382, Pergamon Press, Oxford, 1964.

L. H. Gray, Symposium on Fundamental Cancer Research, 18th, Anderson
Hospital & Tumor Inst., Radiation Biology and Cancer, in Cellular Ra-
diation Biology, 7-25, Williams & Wilkins, Baltimore, 1965,

A. C. Upton, V. K. Jenkins, and J. W. Conklin, Myeloid Leukemia in the
Mouse, Annals N. Y. Acad. Sci., 114: 189-202, 1965,

E. P. Cronkite, W. Moloney, and V. P. Bond., Radiation L.eukenogenesis:
An Analysis of the Problem, Am. J. Med., 28: 673-682, 1960.

10



11

Table 1. Calculation of fraction of total bone marrow stem cells surviving at the LD50 30 da
exposure level for dogs irradiated with uniform (bilateral) and nonuniform exposure paléerns.y

Name of Average Calculated Relative
part of Fraction dose to fraction number of
Type of stem-cell of pool part, survival surviving
exposure pool in part rads in part stem cells
unilateral Proximal 0.306 530 0.006 0.002
Middle 0.427 337 0.043 0.018
Distal 0.267 168 0.256 0.068
Whole 1.000 3542 - 0.088
bilateral Middle 0.427 280 0.079 0.034
Outer 0.573 266 0.091 0.052
Whole 1.000 2722 - 0.086

2. Gram rads per gram.

Effectiveness factor for unilateral exposure is 272/351 = 0,78,

I
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in the rat as a function of distance from the animal' s surface. A
colloid was administered intravenously, The animal was then frozen
and turned down on a lathe, The activity per cut reflects the amount of
active marrow at the corresponding depth,
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v/%asic Physical Mechanisms in Radiobiology

J. S. Robertson 1.2

Brookhaven National Laboratory

1l: Introduction

One of the principal objectives of this symposium is to relate the
radiation dose to the biological effects that ensue as consequences.
In so doing we begin with the assumptions that ultimately the biological
effects are caused, at least stochastically if not deterministically,
by the initial physical events that are associated with exposure to
ionizing radiation, and that these initial events are followed by a
chain of chemical and biochemical reactions that translate the physical
events into the biological effects.

absorbed

Of the physical parameters, thefaose, expressed in terms of energy
absorbed per gram at the point of interest, is of prime importance. Ex-
perience, however, indicates that the radiation dose per se does not
determine the blological effects. Instead, many factors must be con-
sidered. These include other physical parameters such as dose rate and
ion track density, and many biological factors such as species, age, sex,
and end point. In particular, for the same end point it has been found
that the dose required to produce a given degree of effect depends upon
the nature or type of radiation. The ratio of the dose of a standard
radiation, usually 250-kvp x rays or 6000 gamma rays, to the dose of the
test radiation required to prodﬁce a given effect has been defined as
the RBE, or relative biological effectiveness of the test radiation, as
mentioned by Dr. Bond in the preceding paper.

In health physics work it is often necessary tc accept the existence
of RBE’s as an empirical fact, and arbitrary or "legislated" values de-
pendent on the LET, or linear energy transfer rate, are used. The

values assigned, however, may be based on exposure conditions in which
15
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many of the variables, particularly the dose, the dose rate, and the end
point, are quite different from those involved in the situation being
evaluated, and may not be directly applicable.

One of the problems in radiobiclogy 1s to seek a theoretical ex-
planation of RBE’s. To insure general validity, this requires determin-
ing the RBE?’s for a wide variety of exposure conditions and end points.
We may epitomize the problem by asking, "Why aren’t all RBE's equal to
unity?"

In the present paper we shall review the basic physicochemical
mechanisms involved in the interaction between ionizing radiation and
the absorbing material, but may as well admit at the beginning that at
present there 1s no completely satisfactory answer to the above question.
In part this is because although much is known about the effects at
each of several stages—— physical, physicochemical, chemical, biological,
clinical— the mechanisms of transition between the stages is often nct

well understood.

2. Physical Phase

Tonization and excitation

In the passage of ionizing radiations through any absorbing medium,

the primary processes that occur are ilonization or ion-pair production

and excitation, which are distinguished by whether an electron is

removed from an atom or merely elevated to an abnormally high energy
state. In ion pair production there is removal of an electron from one
atom and electron attachment to another. The ionization potential varies
with the material, and is about 16 eV air, 13 eV for water. However, on

the average, about 32.5 eV are dissipated per ion pair, so for each ion
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pair there is another 10-20 eV to be accounted for and which is dissi-
pated by excitation. The excitation energy is disposed of by
dissociation, fluorescence, or energy transfer, In complex molecules
it may appear as vibrational or oscillatory energy. Although direct
measurements in water are difficult to achieve, it is inferred from
other results that in agqueous media the energy is roughly equally
divided between excitation and ionization. The relative importance of
excitation in producing biological effects is not known.

Although, at least in such devices as roeéntgen meters, only the
ionization is actually measured, dosimetric values are usually expressed
in terms of the total energy absorbed.

Tonization tracks may be studied in cloud chambers, bubble chambers,
and emulsions. The separation of ion clusters depends on the nature
of the radiation, with gamma rays producing relatively sparse tracks
having only about 10 ion pairs/p of path length, whereas alpha particles
may have, typically, about 5000 ion pairs/u, and uranium fission frag-
ments over 100 000 ion pairs/u. In terms of LET, the values run |
0.28 keV/u for 20-MeV y rays, 2.8 keV/u for 200-kvp X rays, 150 keV/u
for 5.14-MeV o particles, and 4000 keV/p for uranium fission products.
Highly accelerated heavy charged particles, however, have low LET values.
A more detailled consideration of specific types of radiation follows.

Heavy charged particle

In their passage through absorbing material, the heavy charged
particles transfer their kinetic energy to the medium mostly by inelastic
collision reactions with electrons. This process is described by the
Bethe formula:

17
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where %% = rate of loss of energy by primary particle,
e = charge of electron (4.8025 x 1010 aps esu),
ze. = charge of particle (z an integer),

= velocity of particle,
- mass of electron (9.1001 x 10°20 g),
electrons/molecule in medium,

= density of molecules in medium,

H 2 N B <
i

= mean excitation potential.

The above formula is a simplification of the more complete form,
which includes additional terms for corrections for very low and for
very high velocities. Since the velocity appears in the denominator,

- %% becomes smaller for high velocities, which in turn means high
energies. 1In the GeV energy range, protons and other accelerated
particles have %% values that may be as low as those for gamma rays.
Minimal g% values are about 0.22 keV/u.

Protons with energies of 0.5 to 1.5 MeV have short, thick, straight

paths, with %g values typically 30 to 40 keV/u in water. This rate of
energy loss produces about 1000 ion pairs/p in water. Alpha particles

of the same or somewhat higher energy typically have %g values of

150 keV/p and produce 5000 ion pairs/p in water. As may be seen from
the stopping formula, the most intense ionization is produced near the

end of the particle's range, where the velocity is low, Near the end of
the track a maximum value is reached, after which the %% falls rapidly

to zero as the particle comes to rest. This peak is known as the Bragg

peak.

18
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Some examples of particle energies that may be encountered are:

Radioactive nuclides 5-6-MeV alpha particles,
BNL AGS 33-GeV protons,
Proposed Weston AGS 200 GeV,

(1.4-GeV protons,
(70-GeV uranium nuclei.

Berkeley Omnitron

The above energles are, of course, those of the primary particles in the
main beam. Since direct exposure cf personnel to the beam is not
ordinarily permitted, consideration of the biologic effects of such ex-
posures is more of radiobiological than of health physics interest. In
practice, a more frequent source of radiation hazard is the secondary
radiation that arises from the reactions of the main beam with shielding
and other materials in its path.

In a cloud chamber a-particle tracks may be seen to include short,
faint straggling tracks branching from the main track. These are due
to recoil electrons and are known as delta rays. Tre recoil electrons

can recelve a maximum energy corresponding to twice the (-particle

velocity,

For a 10-MeV ¢ particle, the most energetic delta ray will have an
energy of about 6.3 keV.

Thus not only does the %g for a given type of radiation vary along
the track length as a function of the residual energy, but there 1s also
spectrum of LET values within any small segment of the track. This
aspect of the problem is discussed more extensively in other papers at
this symposium, as is the relationship between LET and %%.
19
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3. Electrons, Positrons, and Mesons

The absorption of the energy of the lighter charged particles involves
essentially the same mechanisms as have been described for the heavy
particles. However, because of their lower masses, the velocities for
electrons and positrons are much higher for given energies, and the
necessity for relativistic velocity corrections arises at lower energies.
Positrons and 5~ mesons have the additional feature of energy-releasing
reactions at the ends of their tracks. DPositrons react with electrons to
produce two 0.511-MeV gamma rays which are emitted in opposite directions.
The %~ mesons react with atomic nuclei to d;srup% them and produce
"stars," or multiple tracks associated with the nuclear fragments.

The deceleration of high-speed electrons, particularly in dense
target materials, results in another kind of radistive emission called
bremsstrahlung, or braking radiation. This is a continuous spectrum of
X rays, the characteristics of which depend on the electron energy and
on the composition of the absorbing medium. For electron energies above
50 MeV +this mechanism becomes competitive with inelastic collision as
& mechanism of energy loss, but at lower energies it is of minor impor-

tance in radiobiology.

k., Electromagnetic Radiations

Electromagnetic radiations are generally present as a "contaminant"
of other kinds of beams and are produced by many reactions of acceler-
ated particles with shielding materials. They are characterized by

their wavelength, which is related to their energy:
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E = hv = 7? ergs,
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A
where A = wavelength (cm),
1
N = wavelength in Angstrom units, A°,

velocity of light (em/sec)

e
]

energy,

Planck!s constant, 6.6256 x 10~ =1 erg sec.

It is important to note that as the energy increases, the wave-
length decreases. As a rough rule, the wavelength determines the size
of the object with which ar electromagnetic wave will interact. Thus
radio waves, with A's in cm to many meters (1.2 x 10710 o 0.025 ev)
react with antennas, whereas iafrared rays (0.025 to 1.75 eV) react with
molecules, and in the visible region (1.75 to 3.55 eV) is found the
beginning of excitation in atoms. The photoelectric effect, in which
the incident photon disappears and an electron is removed from an atom,
begins in the ultraviolet region (3.55 to 90 eV). 1In the x-and y-ray
regions of 0.5 to 5 MeV, Compton scattering becomes the predominant
energy-absorbing mechanism. In this process the energy of the incident
photon is divided between that of a recoil photon of lower energy and a
recoil electron. With AN = incident photon, A' = recoil photon, ¢ = scat-
tering angle, m, = electron rest mass, and e = electron charge, the

change in wavelength is given by the formulas

(N - N = EEE (1 - cos @) = 0.0242 (1 - cos @),
o

where the final numerical value 1s for (x’ - A\) in A°.
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Figure 1 shows the Compton scattering photo energy patterns for
500-keV, 1-MeV, and 10-MeV incident photons. It can be shown that for

the directly backscattered photons (¢ = 180°) the limiting energy is
moc2
- = 0.255 MeV, where m, is the electron rest mass.

At gamma-ray energies above 1.022 MeV, pair production becomes
possible. In this process 1.022 MeV of energy is transformed into a
B, B+ pair, and the remaining energy appears as kinetic energy of the
particles.

For low-Z materials nuclear reactions, (7,p), (y,n), and(y,x), occur
at gamma-ray energies above 10~15 MeV.

Figure 2 shows the total absorption, p, and the true abscrption,
Mg, CUrves in water for photons in the 0.0} to 100-MeV energy range,
and the contributions due to scatter o,, the photoelectric effect 7,
Compton scattering oa,and pair production k, components of the curves.
Since the density, p, of water is 1, the ordinate values may also be

given units of cm’l, or fractional linear absorption. The values for

water are approximately correct for soft tissues.

Neutrons
Because of their lack of charge and much greater mass, neutrons do
not react appreciably with electrons. Thelr absorption in matter thus
involves nuclear reactions only. There are three main processes:
l. TInelastic scattering,

2. Flastic scatterings

3. Neutron capture.

22
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Neutrons may be classified according to their energy:

Slow (including thermal) 0— 0.1 keV,
Epithermal 0.1 keV —0.02 MeV,
Fast 0.02— 10 MeV,
High energy ~ 10 MeV,

Inelastic scattering occurs only for neutrons of several keV or
more and leaves the nucleus in an excited state.

Elastic scattering is the only process effective in reducing
neutrons to thermal energies. With fast neutrons below 20 MeV and in
tissue, where hydrogen is the most important constituent, elastic
scattering accounts for 85-95% of the energy transfer. The energy

transferred in a collision is

L o
JANT )2 E cos™ 6,

(m+1

where m = neutron energy,

I

8 = recoil angle,

After n collisions. the neutron energy is

where T, = initial kinetic energy of neutron,

T 1 = median energy of degraded spectrum,
n

2
(A =1) A+1
S=m npTTo

where A is the atomic weight of the scattering medium.
At energies exceeding 20 MeV, neutrons have sufficient energy to
disintegrate nuclei on collision, leading to spallation or star

formation.
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Below 20 keV, in the epithermal region, the most important mode of
energy transfer is by elastic collision. Here the recoiling nuclei do
not ionize, but initiéte atomic and molecular excitations. Neutron
capture by nitrogen and hydrogen does lead to ionization, but at ener-
gies above 100 eV the cross sections are lOw. Both of these processes
follow the 1/v law, so at lower energies the probability of capture
increases with 1/// BE. Neutrons are usually slowed to thermal energiles
before being captured. Table I lists data pertinent to neutron capture

in normal tissue.

TABIE I

Neutron Capture in Normal Tissues

Element Element Isotope Reaction
and fraction in abundance, cross section, Energy,
isotope tissue, % % barns MeV
o 17 65. 0.037 (n,) 0.4 1.6
H 1 10. 99.98 (n,7) 0.352 2.2255
N 1k 3. 99.6 (n,p) 1.75 .660
L 35 0.15 75.5 (n,7)30. 8.58
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Factors affecting dose-effect relationships

The above considerations indicate the principal mechanisms by which
the energy of various kinds of radiation is absorbed in matter, and the
reasons for there being differences in track density. To a large extent
RBE's are associated with these differences, with the denser tracks in
general giving the higher RRE's. It is still not entirely clear, how-
ever, why the same amount of energy'absorbed in a dense track is more
effective than in a sparse track.

The explanation appears to lie at the physicochemical level, and
involves a complicated interation of many factors. Among these are free-
radical diffusion rates, the oxygen effect, target theory, and the
sensitivity of the irradiated system.

Free~radical diffusion rates and the oxygen effect are most impor-
tant with indirect effects, those which depend on the initial ab-
sorption of energy by solvent atoms rather than directly by target
molecules. In the denser tracks the irradiation products of water, the
free radicals H and OH, have a higher probability of reacting with each
other and forming oxidative radicals such as Hy0o; than of diffusing
and reacting with solutes which may act as protective agents. The
presence of oxygen in solution increases the production of oxidative
radicals by radiations having relatively sparse tracks, but has little
or no effect in association with the denser tracks.’

The survival curves for cells, bacteria, etc. irradiated with high-
LET-type radiations are typically exponential, whereas those for low-LET
radiations often have a shoulder before becoming exponential. This
phenomenon is usually interpreted in terms of various forms of the hit
theory, with either multiple hits being required to affect a single
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target or multiple targets having to be hit to produce the observed
effect. Evidently if the required number of hits are too widely
separated in time, recovery from the first hits is possible and the
later hits are less effective. Thus the denser tracks may be more
effective in part because the required number of hits are closer to-
gether in time. Very large doses are required for the tracks of low-LET
radiations to be close enough together in space and time to simulate
high-IET tracks. Studies with low-LET radiations show that the effects
of high~IET radiation begin to be simulated at dose rates of over

108 rad/sec. Even this is somewhat lower than had been expected by
theory, indicating that some of the free radicals have longer lives than
had been expected. More recent data with electron spin resonance
methods support the concept of longer-lived radicals.

In summary, it appears that an explanation of RBE in physical and
physicochemical terms is going to be possible, but considerably more
data on track structure, free-radical production, dose-rate effects, and
other related parameters are needed. Several of the other papers pre-
sented at thls symposium are concerned with recent data and theories in

this area.
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Y EFFECTS OF ACCELERATED HEAVY IONS ON ENZ YMES v
IN THE DRY STATE AND IN AQUEOUS SOLUTIONS

Tor Brustad

Norsk Hydro's Institute for Cancer Research
Montebello, Norway

Introduction

Most of the studies of accelerator-produced radiations on biological
macromolecules have been concerned with effects of protons, deuterons, and
helium ions on dried materials. Ions heavier than helium ions, with energies
up to about 10 MeV/amu produced either by cyclotrons, linear accelerators, or
tandem Van de Graaffs are, however, now becoming more commonly available.
Because of the short range of such particles, few investigations have been con-
ducted to elucidate the mechanisms of heavy-ion-induced injury on macromole-
cules in dilute aqueous solutions. It is therefore felt appropriate here to recapit-
ulate only briefly some of the results obtained with accelerated particles on dried
enzymes. Emphasis will instead be placed on some recent studies of inactivation
of enzymes in aqueous solutions with radiations of different LET, although the
results obtained in this field so far are only fragmentary.

Effects on Macromolecules Exposed in the Dry State

The pioneer work of Lea'1 and the subsequent extensive investigations by
Pollard et al. 2 led to the general conclusions that (a) an enzyme molecule be~
comes inactivated when a primary ionization occurs anywhere within the confines
of the molecule, (b) ionizations occurring outside the enzyme molecule contribute
only little to the radiation damage, and (c) excitations are unimportant for the
inactivation processes. Based on this simplest form of a "one hit' target theory,
a clear relationship is expected between the radiosensitivity of an enzyme and its
size or molecular weight. This relationship has been studied extensively by the
Yale group; results are summarized in Fig. 1. 3 A log plot of the radiosensitiv-
ity, expressed as the '"radiation molecular weight'" vs the accepted molecular
weight,is shown., The data are clearly somewhat scattered, but nevertheless,
they provide impressive evidence for a strong correlation between the radiosen-
sitivity and the molecular weight of dried enzymes.

Experiments by the Yale group and others, however, showed the radiosen-
sitivity to be modified by a number of physical and chemical factors, such as
assay methods, presence of oxygen, and the nature of the solutions from which the
enzymes are dried as well as properties of the media in which the enzymes are
dissolved after the exposure,? It was also found that admixtures of various mole-
cules affected the radiosensitivity of enzymes when exposed to radiations of low
LET% as well as to radiations of high LET. 5

In Fig., 2 are shown the inactivation cross sections of trypsin exposed to
C ions when the enzymes are mixed with certain foreign molecules in various
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concentrations, 5 As seen, the enzyme radiosensitivity can be affected by the
added molecules so that it becomes greater or smaller than that characteristic
of the pure enzyme.

Figure 3 shows still another factor which modifies the enzyme radiosen-
sitivity. 6 "Here the relationship between the inactivation cross section of trypsin
is plotted as a function of the temperature of the samplé during the irradiation.
Results are presented for six different radiations, and each point on the graph is
based on a dose-effect curve. As seen, the shape of the curve is similar for all
radiations. From about 10°K to about 100°K the radiosensitivity is independent
of the temperature. From about 100°K the radiosensitivity incteases with in-
creasing sample temperature up to the highest temperatures studied. On the
average, the radiosensitivity at room temperature is about 2 to 3 times that ob-
served in the temperature-independent region below about 100°K.

A problem of considerable interest at present is to what extent the radia-
tion-induced radicals in, say, dried enzymes are responsible for the observed
enzyme inactivation. To shed more light on this problem, attempts have been
made to search for correlations between the yield of enzyme inactivation and the
yield of induced free radicals, when the latter are measured by ESR technics
after the end of the exposure to ionizing radiation. -9 The ESR centers thus
observed may, however, in a complicated way be affected more or less by secon-
dary radical reactions during and after the exposure, but prior to the measure-
ment on the ESR spectrometer. Such secondary reactions are known to be slowed
down by lowering of the sample temperature. Unfortunately, qualitative and
quantitative studies are not yet reported of enzyme radicals which are induced at
temperatures as low as that of liquid helium and measured in the ESR spectrom-
eter at the same temperature, -

In his work Henriksen decided to look for correlations between the yields
of those radicals which are trapped at room temperature and the yields of enzyme
inactivation, after exposure at various temperatures to different accelerator-
produced radiations.® He found that the free radicals induced in trypsin and
lysozyme were essentially identical and nearly independent of the ionization den-
sity of the radiation. The ESR signal consists of a doublet and a broad resonance
when irradiated in vacuum and measured in the ESR spectrometer at room tem-
perature. Evidence is now available for the interpretation that the broad resonance
is due to a sulfur radical in which the unpaired electron is localized mainly on
the sulfur atom in the cysteine residue and that the doublet is due to a radical in
which the unpaired electron is localized in a w-orbital on an o carbon atom in
the protein backbone:

H
l

C/N\C/ \N
]

R H

O=0

The group R is primarily a hydrogen atom.
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In Fig. 4 are shown two different effects on dried trypsin exposed to C
ions, namely the relative yields for (a) inactivation of the enzymatic activity
(data due to the present author) and (b) induction of free radicals (data due to
Henriksen8) as a function of the sample temperature during the exposure. As
seen from the graph, the yields for induced radicals depend on the irradiation
temperature in the same way as do the yields for inactivation, discussed above.

In Fig. 5 are also shown two different effects on dried trypsin, namely
the relative yields for (a) inactivation of the enzymatic activity (data due to the
present author) and (b) induction of free radicals (data due to Henriksen®), as
a function of the stopping power of various radiations. Here it is seen that the
yields for induced radicals depend on the stopping power in the same way as do
the yields for inactivation, discussed above.

Figures 4 and 5 show pronounced correlations between yields of radicals
trapped at room temperature and enzyme inactivation for varying sample tempera-
tures and for radiations of different LET. Although our understanding of rela-
tions between induced radicals and the biological damage is very incomplete, the
data presented suggest that the loss of enzymatic activity of dried enzymes ex-
posed to various types of ionizing particles is the result of a sequence of events
in which free radicals are important intermediates.

Inactivation of Enzymes in Aqueous Solutions

Studies of x-irradiated biological macromolecules in aqueous solutions
have led to the conclusion that the injury is caused predominantly by indirect ac~
tion due to the radiolysis products of water, namely:

X rays -
HZO o~~~ OH, H, eaq, HZ’ HZOZ.

The radical species OH, H, and e; are assumed to be of particular importance
for the injury resulting from radia&ons of low LET. Our knowledge of the exact
amount of radiation injury caused by any of these radiolysis products, however,
is rather scanty for radiations of low LET40 and almost nonexistent for radia~
tions of high LET.

In the following some preliminary results will be presented of an investi-
gation aiming at a comparison of the enzyme inactivation caused by x rays and by
various heavy ions. 11

Heavy ions of energy up to 10 MeV/amu were accelerated in the Berkeley
heavy-ion accelerator. An irradiation chamber as shown in Fig. 6 was designed.
The beam entered the chamber through a 1/4-mil Mylar window over which area
the particle fluence was constant. The thickness of the chamber in the direction
of the beam is about 4 mm. The heavy ions, which have a range in water less
than 1 mm, are therefore all stopped in the solution in the chamber. The enzyme
solution was bubbled either with oxygen or with nitrogen during the exposure, by
flushing the gas through the inlet tube and the sintered glass filter, shown in the
figure. The bubbling action was insufficient, however, to ensure homogeneous
irradiation of the entire enzyme solution in the chamber. A small magnet stirrer _
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shown in the figure was therefore used. The dose delivered to an irradiated
sample was calculated from (a) the number of heavy ions stopped in the sample,
(b) the energy of the heavy ions then entering the solution, and (c) the thickness

of the chamber holding the enzyme solution. The average dose rate was kept at
about 85 krad/min. The enzymes were dissolved in a concentration of 0.1 mg/ml
in a buffer made up from citric acid and sodium phosphate. Details of the experi-
mental procedures are described elsewhere.

. The dose-activation curves of lysozyme irradiated in oxygen-saturated
solution with x rays were usually exponential. When exposures were made in
solutions saturated with nitrogen, on the other hand, the curves were always
found to be of the type shown in Fig. 7a, e.g., a low efficiency for inactivation
in the low-dose region, followed by an exponential or nearly exponential portion
with higher inactivation efficiency as the dose increased. On the other hand,
when the enzyme solution was irradiated with heavy ions, the dose-inactivation
curves were always exponential. Sometimes the exponential portion extended
over the entire dose range investigated, as shown in Fig. 7b, whereas under
other conditions a "'resistant tail'' was observed in the high-dose region. We have
not studied the conditions under which these tails appear, but they may, at least
in part, be ascribed to insufficient mixing of the enzyme solution during the ir-
radiation.

The present finding, that densely ionizing radiations result in exponential
dose-inactivation curves under conditions that cause sparsely ionizing radiation
to give rise to "'multiple hit' curves, parallels results obtained on the cellular
level, for irisztance for inactivation of the reproductive capacity of human kidney
"T1'" cells.

Figure 8 shows the radiosensitivity of lysozyme in N -saturated solution
as a functionof the average stopping power of the solution for x rays and for three
different types of accelerated particles; the different heavy ions all entered the
solution with nearly the same velocity. These experiments show that the radio-
sensitivity decreases considerably with increasing stopping power. It is known
that the radiosensitivity of dried enzymes decreases by less than a factor of 3
over the same range of stopping power. 5 Thus, the data show that for increasing
stopping power a greater fraction of the enzyme inactivation is caused by the so-
called '"direct effect. "

Figure 9 shows the radiosensitivity of lysozyme exposed to various radia-
tions as a function of the pH of the enzyme solution. Shown also is the radiosen-
sitivity of lysozyme exposed in the dry state to C ions. The pH in this latter
case refers to the medium from which these samples were dried. The curves of
the radiosensitivities in agqueous solutions are all similar in shape in the sense
that they show a broad minimum in the middle of the pH range studied. In aqueous
solutions at neutral pH the radiosensitivity decreases by somewhat less than 2
orders of magnitude when the stopping power is increased from that of x rays to
that of Ar ions., The figure also shows that the sensitivity of lysozyme, exposed
in aqueous solutions to Ar ions, even at neutral pH, is at least 2 orders of mag-
nitude greatesr than that of dried enzymes. In other words, even for the very
densely ionizing Ar ions, a considerable degree of the enzyme inactivation in
aqueous solution is due to the presence of water.
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Figure 10 shows the radiosensitivity at pH=2.5 as a function of the aver-
age stopping power of helium,carbon, and argon ions. The curve drawn through
the open circles refers to different heavy ions of approximately equal velocity
(8 to 9 MeV/amu). The curve through the filled circles refers to carbon ions of
different velocities (9 to 0.8 MeV/amu). From the data here presented it can be
concluded that heavy ions which, by virtue of differences in charge state and
velocity, have equal average stopping power do not produce the same degree of
enzyme injury per unit energy absorbed. This result may have an important
bearing on problems encountered in radiation protection, in the sense that it
underlines the difficulty involved in assigning meaningful tolerance doses for
charged heavy ions. In this connection it should, however, be pointed out that
Todd has shown that lithium ions of various velocities appear to have the same
effectiveness in inhibiting the colony-forming abilit;il of human kidney ""T1" cells
as do heavier ions having similar stopping powers, 2

Figure 11 shows the radiosensitivity of lysozyme as a function of the pH
of the enzyme solution, saturated either with oxygen or with nitrogen, during the
exposure. Contrary to what applies in cellular radiobiology the present results
show that the radiosensitivity is greater in nitrogen than in oxygen atmosphere,
for x rays as well as for carbon ions. These results show that compared with
nitrogen, oxygen acts as a radioprotective compound over the entire pH range
studied, but the degree of this oxygen protection is smaller for carbon ions than
for x rays.

The data presented in the preceding figure show therefore that it is pos-
sible by chemical means to provide protection against enzyme injury resulting
from radiations of high LET. These results prompted an investigation of the ef-
fectiveness of various known chemical radioprotectors in reducing the degree of
enzyme inactivation caused by heavy ions. Studies were performed of the effect
of ethanol, glycerol, histidine, and cysteine on the radiation injury of lysozyme
irradiated in oxygen-free solutions. Dose-effect curves were determined for
three or more concentrations of each of the chemicals under investigation. From
such curves plots of the radiosensitivity as a function of the protector corcentra-
tions were obtained., Figure 12 shows an example of how the radiosensitivity of
lysozyme depends on the concentration of glycerol during the exposure to C ions.
It is seen that the radiosensitivity decreases considerably even for rather mod-
erate concentrations of glycerol, and levels off as the protector concentration is
increased. At the highest concentrations tested the sensitivity is reduced to
about 5% of that of an unprotected enzyme solution. It is of interest to note that
the radiosensitivity at neutral pH, in the presence of such a high concentration
of glycerol, still is about 35 times that of dry enzyme. In Table 1 are shown for
each of the four protectors tested the concentrations required to reduce the radio-
sensitivity of lysozyme to 50% of that value characteristic of the unprotected
enzyme solution. From this table two conclusions can be drawn: (a) all four
compounds protect lysozyme against radiation injury resulting from x rays as
well as from C ions. Surprisingly, less than double the concentration of pro-
tector appears to be required to provide the same degree of protection against
injury from C ions as from x rays. (b) Ethanol and glycerol are about equally
effective radioprotectors. Histidine is about one order of magnitude more effec-
tive, whereas cysteine (which also is known to participate in repair processes)
is more effective than glycerol by almost two orders of magnitude.
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Table 1. Concentrations of protectors which
reduce sensitivity to 50%.

Concentration (10 -4 M)

H=2.5 pH=5.0 pH=9.4
Protector P ———
x Rays C6+ x Rays cbt C *

Ethanol 60 15 20 135

Glycerol 60 100 90 125

Histidine 21 7 12 4
Cysteine 1 1 1 1 1

Discussion

When radiations act "indirectly'' upon enzyme molecules (e.g., through
water radicals like H, OH, or egq) the major reaction presumably involves the
removal of a hydrogen atom from™the molecule forming a free radical in which
the free bond lies on a carbon or, perhaps, a nitrogen atom. When radiations
act "directly" upon enzyme molecules similar enzyme radicals are presumably
also formed. When enzyme solutions are irradiated by x rays, enzyme radicals
are formed almost uniformly throughout the volume, mainly by indirect action
of water radicals which under these conditions pervade the entire solution. It is
not unreasonable, therefore, that oxygen or other radical scavengers can act
efficiently as protectors against x-ray-induced injury. That oxygen provides a
strong protection against the x-ray-induced injury of lysozyme (Fig. 11) has been
interpreted to indicate that lysozyme is sensitive to attack by diffusible reducing
species, in particular H and ea;q.

From studies of simple solutions, such as ferrous sulphate, exposed to
polonium « particles it is known that very few water radicals escape the tracks
of such radiations. 13 Since the average stopping powers of water for C and Ar
ions, used in the present investigation, are greater than that of polonium o parti-
cles, it may be suspected that very few water radicals escape from the ''core'’ of
the tracks of these heavy ions also. However, heavy ions of energy about 10
MeV/amu produce secondary electrons of energy up to 21 keV. These secon-
daries, which have relatively low LLET, extend out of the core of the track of the
heavy particle. The ''track anatomy'' of different heavy particles is illustrated
in Fig. 13, which shows that the apparent diameter of the track decreases as the
heavy ion is slowed down. 14 1n line with this reasoning it may be expected that
C or Ar ions create enzyme radicals by direct action to a much greater extent
than do x rays, and more so the lower the energy of the heavy ions. The observa-
tion that the radiosensitivities in nitrogen atmosphere at neutral pH after exposure
to Ar ions and C ions are respectively 2% and §% of that for x rays (Fig. 9),
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and, furthermore, that the radiosensitivity decreases with decreasing energy of
the carbon ions (Fig. 410) is in line with this reasoning. Since the injury to the
enzyme molecules after heavy-ion exposure (which is greater than injury after
x-ray irradiation) is assumed to stem from direct action, one expects here less
protection by radical scavengers. This expectation is borne out in the data pre-
sented (Fig. 14). The surprising observation that a number of chemical protec-
tors provide considerable protection against heavy-ion-induced injury may pos-
sibly suggest certain cooperating mechanisms:

Hypothesis 1: Fast heavy ions produce high-energy 5 rays of low LET, which
in turn create reactive water radicals which can escape from the track of the
primary heavy ion. Radical scavengers can protect enzymes against heavy-ion
injury by inactivation of the water radicals formed by the 6 rays.

Hypothesis 2: Enzyme radicals, formed by direct action of heavy ions, may be
ab%.'e to diffuse in time out of the tracks where they are formed and here react
with oxygen or other solute molecules present in low concentrations. This is
possible because the enzyme radicals have a longer lifetime than the highly reac-
tive water radicals. Oxygen molecules, for instance, are known to react very
rapidly with carbon radicals to form peroxy radicals. Subsequent reactions of
such peroxy radicals may be such that the activity of the enzyme is not destroyed,
whereas in the absence of oxygen the enzyme radicals may undergo some spon-
taneous rearrangement which has a certain degree of probability of destroying
the enzymatic activity.

Further experiments are being planned to shed more light on the mech-
anisms of protection against heavy-ion~-induced injury.
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neon, and argon. The energy of the deuterons was 10.2 MeV/amu. All the
other ions impinged upon the samples with an energy of 8.3 MeV/amu.
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(a) relative yields of induced secondary radicals (data due to Henriksen,
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Fig. 6. Drawing of the exposure chamber used when irradiating enzyme solu-
tions with heavy ions. The heavy ions entered the chamber through a 1/4-
mil Mylar window.
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\/CHROMOSOME DAMAGE \

a6- "
Sheldon Wolff (H V{
|

Laboratory of Radiobiology and Department of Anatomy
University of California Medical Center
San Francisco, California

Because a large segment of the audience does not consist of bioclogists,
Dr, Wallace asked me to give an introductory lecture on the effects of radiation
on chromosomes rather than to go into detail on experiments that are presently
being carried out, I think a good way to follow his injunction is to point out that
when cells are irradiated, one of the things that is readily noticed is that radia-
tion can break the chromosomes that are found in the nucleus of the cell. As a
matter of fact, studies on the induction of different types of chromosomal aber-
rations have been important in the development of at least two fields, biophysics
and genetics.

In the field of biophysics, these studies have been invaluable in the devel-
opment of the target theory, which explains the effects of radiations in terms of
a simple direct interaction of the radiation with certain specific loci, or targets,
within the cell. In the usual target experiment, cells are irradiated and then the
survivors are studied to obtain dose action curves for killing. Since in these
studies only survivors are observed, we look at cells that are not hit, and then
make inferences about those that have been hit and about what targets have been
inactivated. If, however, in an experiment we look at the chromosomes, which
are essentially giant molecules that can be seen with the compound microscope,
we see the targets right before our eyes and do not have to make any inferences
at all, Because of this, about a third of the classical book on target theory,
Douglas Lea's The Actions of Radiations on Living Cells, deals with the effects
of radiations on genetic material.

In the field of genetics, radiation studies have been important because
radiation can induce gene mutations. The genetic variability that is manifested
as mutations has been the stuff upon which genetic studies are made. The mu-
tations induced can be classified broadly into two groups, those that are suppos-
edly true point mutations, or intragenic changes, and the much broader class,
the so-called intergenic mutations that come about from the breakage of the
chromosomes and the subsequent rearrangement of the broken ends into new
configurations.

I think that at the outset it should be pointed out that when an organism is
irradiated, very low doses can be lethal. For instance, doses as low as 400
rads may very well be the LDgg (the dose that will kill one-half of the organisms)
for mammals that are given such a dose. Such low doses can also kill soaked
seeds. At these low doses we are not causing any general sytemic effects or
putting in enough ionizations to knock out enzyme systems. At one time Patt
made a calculation for one large group of enzymes, the SH enzymes that require
sulfhydryl groups for their activity, and found that it would take the ionizations
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from about a million rads to inactivate all of these enzymes in the cell. The
reason that such a large number of ionizations is required is that Avogadro's
number is such a big number. That is, although there will be a low molar
concentration of enzymes within the cell, there will be a very large number of
molecules present. Since we cannot, therefore, reasonably expect cell death to
be caused by a direct effect on enzyme systems at these low doses, we have to
look for a system that is going to be sensitive to the radiation and also going to
be capable of magnifying any effect that has been inflicted upon it so as to lead to
the drastic systemic effects that cause death. The genetic apparatus, the genes
and the chromosomes, are just such a system. Cells can be irradiated with low
doses, and the chromosomes damaged, i.e., broken. The cells then cannot
exist without the genes that were lost, because it is the genetic apparatus that
controls all the chemical reactions that go on within the cell.

If we irradiate an unreplicated interphase chromosome, we can induce
chromosome breakage. After the chromosome replicates, it shortens and con-
tracts and becomes a metaphase chromosome. At metaphase, when the chromo-
somes can be seen, we find the fragments induced by the radiation. If the
numbers of such fragments induced are plotted against the dose of radiation, it
is found that they generally increase linearly with the dose of radiation, indica-
ting that there is a certain probability (P) that a chromosome can be broken, and
P is directly proportional to dose. The yield (Y) will then simply be equal to
kD. Furthermore, it is found that the numbers of aberrations induced in a given
experiment are distributed randomly within the cells, that is, the distribution
fits the Poisson formula of E-™(mT)/r!, where m is the mean number induced
in the experiment and r indicates whether the cell has 1, 2, 3, etc., aberrations.

There is another group of aberrations that are induced. This consists of
the two-break aberrations that arise when two chromosomes close by each other
are broken. If this happens, sometimes the broken ends can rejoin with one
another so that the genes that were on one chromosome become translocated to
the other. This is a true intergenic mutation, with changes in linkage relations
and resultant genetic consequences. Occasionally we can find that, by chance,
instead of rejoining to form a symmetrical translocation, the broken ends can
rejoin to form a dicentric chromosome. If the numbers of these dicentric
chromosomes are plotted against the dose of sparsely ionizing radiations, such
as x or y rays, it is found that the yield increases as the square of the dose
(at least as a first approximation), This is very much what we would expect,
since the probability of producing a single break would be P, and, therefore,
the chance of producing another break would also be P, making the chance of
obtaining both breaks concurrently P2, which would be proportional to the
square of the dose,

Many years ago, Karl Sax found that there are two factors involved in
the production of these two-break, or two-hit, aberrations that increase as the
square of the dose. These two factors are not noticed in studies on one-hit
aberrations. One of the factors is a time factor and the other a space or dis-
tance factor.

The time factor reveals itself in dose fra‘ctionation, or dose intensity
studies. One-hit aberrations have been found to be independent of the intensity
of the radiation exposure, or independent of whether or not the dose is
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fractionated., For two-break aberrations, however, this is not the case. The
rationale is that if the radiation is given at low intensities or split into two por-
tions, it will produce only part of the breakage, and repair of the breaks can
occur in which the broken ends rejoin in the original configuration (restitution).
Therefore, by the time the rest of the dose, or the second fraction, is given, it
is possible to find that all the breaks were not open in the cell concurrently and
so not capable of rejoining with one another to form two-hit aberrations. As a
madtter of fact, the time during which breaks remain open can be measured in
these studies. For instance, if breaks stay open 5 minutes, you can break the
chromosome at the beginning of an experiment and then break another nearby

5 minutes later, and it is just as though the dose were never fractionated. If,
however, breaks have closed within this period of time, then the two groups
cannot interact with each other and the yield is somewhat less.

The distance factor was noticed in experiments that have shown that al-
though breakage occurred randomly within the cell and was distributed according
to the Poisson formula there was a nonrandomness in the rejoining of the broken
ends. Breaks that were close to each other could rejoin with each other, but
those farther away could not. This was first shown in some experiments Sax
performed on Tradescantia microspores. Tradescantia is a plant, the spider-
wort, that has very ]arge chromosomes. The microspore, which is a cell that
is to become the pollen grain, is haploid and has only six of these instead of the
twelve that are usually found in normal somatic tissue. Each of the chromo-
somes had two arms that were of about equal length, that is, they all had median
centromeres, When Sax checked the numbers of dicentric versus ring chromo-
somes formed, he found that instead of observing 40 dicentric chromosomes for
every ring, as would be expected if rejoining were random, he found only two or
three dicentrics per ring. Some 10 to 1 was expected, because for any given
break, there would be ten other arms with which it could rejoin to form a dicen-
tric whereas there was only one other arm with which it could rejoin to form a
ring chromosome. Sax attributed the excess number of rings to the fact that
only breaks close to each other could rejoin and that the two arms of the same
chromosome would be closer to each other than would be two arms from separate
chromosomes.

Other evidence that rejoining is not random comes from the shape of
curves obtained when we irradiate cells with more densely ionizing radiation
than x or y rays. When cells are irradiated with neutrons (which produce their
ionizations by projecting protons within the cell), it is found that the two-break
aberrations increase linearly with dose instead of as the square of the dose.
This indicates that both breaks that take part in the exchange are produced by
the same ionizing particle. If rejoining were a random process, then we might
not expect to find linear kinetics, because a break that is produced in one part of
the nucleus might very well wander around and find a break that was induced in
another part of the nucleus by another proton projected by a neutron. This
should give rise to some two-hit kinetics. Actually, the curve is linear over a
large range of doses, which essentially rules out random rejoining of breaks.

We performed some experiments in which we looked not at the simple
breaks that were produced by the radiation, but at the two-break chromosome
aberrations induced in the early part of interphase before the chromosomes
replicated. We found that although most chromosome breaks are distributed
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according to the Poisson formula, this group that requires both breakage and
rejoining for their formation were not distributed according to the formula, and
therefore were not distributed randomly among the cells, We always found that
there were too few cells having multiple aberrations, indicating to us that in
addition to the formation of the aberrations not being random there was only

a limited number of places within the nucleus where the chromosomes did come
close enough to rejoin if broken. The earlier experiments had indicated the
chromosomes had to be close to each other to rejoin, and this present result
indicated there were not many places in the nucleus where this happened.

There is something else in neutron experiments that was notable other
than that the curve was linear. It was found that the numbers of aberrations in-
duced by a given dose of neutrons was far greater than those induced by the
same dose of x or y rays, that is, that there was a higher relative biological
effect (RBE) of neutrons in producing aberrations. This is an indication that the
production of a break is going to take more than one ionization. The argument is
that if the effect observed took only one ionization (and this is true for the true
point mutations)}, we would find that as we changed the linear energy transfer
(LET) of the radiation, there would be no RBE effect, but if it required more
than one ionization, there would be. One way to visualize this is to consider the
target to be a sphere. If it required two ionizations to produce the effect, then
more densely ionizing radiation would be more likely to deposit two ionizations
within the volume hit, and therefore more densely ionizing radiations would be
more efficient at producing mutations. If, however, it required only one ioni-
zation to produce the effect, then more densely ionizing radiation would not be
more efficient, and, as a matter of fact, might be found to be less efficient
than sparsely ionizing radiations in that they might deposit all of their energy
within a single target and so effectively waste ionizations or dose., True point
gene mutations did not show an RBE effect, but chromosome breakage did.
From such studies, calculations have been made of the numbers of ionizations
that are necessary to break a chromosome. Some of the calculations made by
Lea indicated that it took approximately 45 to 20 ionizations to produce a break,
even with x rays. The belief was that the breaks came not from individual ion-
izations, but from clusters of ionizations that were formed in the densely
ionizing tails of the radiation tracks. The trouble with this kind of calculation is
that what we observe are really only those aberrations or breaks that end up as
aberrations at metaphase. This does not really reflect the primary breakages
induced because, as we noted from the intensity experiments, breaks can res-~
titute, i.e., repair can occur. Thus, we do not see in our aberration studies
every single break that the radiation produced. We only see those that rejoin in
such a way as to become visible as an aberration at metaphase.

Rather careful RBE studies for chromosome aberrations were carried
out by Conger, who plotted the coefficient of aberration production at various
LET!'s, With densely ionizing radiations this was rather easy to do, since the
aberrations increase linearly with dose and the coefficient, k, was the same at
all dose points. For sparsely ionizing radiations, however, in which the aber-
rations increased as the square of the dose, the calculations became a little
more difficult because the yield of aberrations changed according to where one
was on the dose curve. Therefore, at low doses, the RBE might very well be
high, but would become negligible at higher doses, since the aberrations induced
by sparsely ionizing radiations are increcsing more rapidly than the first power
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of the dose. It is even possible to find RBE' s less than 1 at extremely high
doses. In order to obtain his RBE's while working with two-break chromosome
aberrations, Conger found it necessary to use a biological criterion and to

lock always at the point where only 50% of the cells had aberrations. When he
did the experiment, he found that as LET increased he got an increase in RBE
up to a certain point. From that point on with even more densely ionizing
radiations he found the RBE curves fell, that is, it took more than one ioniza-
tion to produce a break, but that when the radiations were sufficiently densely
ionizing, dose would be wasted.

There was something else that came out of studies on chromosome aber-
rations and that is that their formation is subject to the well-known oxygen effect.
As a matter of fact, it was while working with Vicia faba chromosomes that
Thoday and Read first found the oxygen effect, whereby there is an increased
yield of biological damage (in this case chromosome aberrations) when material
is irradiated with sparsely ionizing radiations in the presence of oxygen rather
than under anoxic conditions. Thoday and Read and others who then followed in
the study of this phenomenon found that the numbers of aberrations induced by a
given dose of radiation increased as the oxygen tension increased from zero to
20% oxygen, which is just about the amount of oxygen that is present in air. At
this point the curve saturated, and there was only a slight increase as the oxygen
tension increased to 100%. It has been found that this particular saturation point
is really an artifact because the cell is respiring constantly, burning up oxygen
as it does. Therefore, the outside concentration is not the same as that inside
the cell and, as a matter of fact, there are oxygen gradients within the cell. If,
however, cellular respiration is poisoned so the cell cannot burn up the oxygen,
then the inside of the cell can equilibrate with the outside and we find the satura-
tion point really occurs at about 2% rather than 20% oxygen.

With « rays that are very densely ionizing, we find there is no oxygen
effect. One of the arguments for this is that the oxygen effect itself is caused by
the production of HO, or even hydrogen peroxide, and with sparsely ionizing
radiations, far less of these compounds is produced when cells are irradiated
under anoxic conditions. When they are irradiated with o« rays, however, we
find that there is essentially just as much peroxide produced anoxically as in
the presence of oxygen. Therefore, with o rays we don't find any oxygen effect,
With neutrons that are not so densely ionizing as o rays we find that there is an
oxygen effect, but not nearly so great as that seen with sparsely ionizing radia-
tions. Ordinarily, we find about a two- or threefold increase in oxygen effects
when x or y rays are used, whereas in a neutron experiment the increase might
be only about 1.4-fold.

The foregoing, I think, does give some idea of the types of things that
can be done and have been done in experiments on chromosome aberrations. I
did not, however, present much about effects found with more densely ionizing
radiations, although from the title of this symposium, this latter might very
well be one of the major concerns of the people who are in attendance. One of
the reasons, however, that I did not spend much time considering these effects
is that in the past, at least, there just has not been so much work done with
these more densely ionizing radiations as has been done with x and y rays.
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FUNDAMENTAL ASPECTS OF THE{EPENDENCE OF BIOLOGICAL RADIATION
DAMAGE IN HUMAN CELLS ON THE LINEAR ENERGY TRANSFERYOF
DIFFERENT RADIATIONS

G .W. Barendsen

INTRODUCTION

lonizing radiations are capable of producing a variety of effects in living cells.
When germ cells of an intact organism are irradiated , mutations may arise which
can be transmitted to offspring. These effects are therefore called genetic effects.
Irradiation of other cells in an organism may result in the development of tumors
or death of the organism due to damage to the reproductive capacity of cells in
some specific tissues. These types of effects are called somatic effects.

Sufficient knowledge with respect to the action of ionizing radiations on living
cells is not yet available about whether various types of effects are initiated by
the same mechanism. It appears likely that at least for the effects mentioned, the
chromosomal material in the cell is the primary target. This does not imply how-
ever that dose-effect relations for the various types of effects must be similar.
Nevertheless in the present paper dose-effect relations will be discussed concern-
ing impairment of the reproductive capacity of cultured mammalian cells and it is
suggested that insight gained from these studies may be useful for the interpretation
of available data with respect to other effects as well .

Inferest in the comparison of biological effects produced by different radiations
stems from the well-known fact that for equal absorbed doses of two types of radia-
tions the degrees of damage may be different, though no fundamental differences
have been demonstrated between the types of effects produced by various radiations.
In general any type of biological effect produced by X-rays or y-rays can also be
produced by other ionizing radiations, be it with a lower or higher degree of
effectiveness.

The variations observed in the effectiveness of different radiations are generally
assumed to be due to differences between the spatial distributions on a submicro-
scopic scale of the energy deposition in the irradiated material. The absorption
of ionizing radiation in a given material results in energy-dissipation events which
are not distributed at random, but are localized along the tracks of individual
charged particles. The distribution along the tracks of the individual energy-
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dissipation events is dependent on the charge and velocity of the particle. In order
to evaluate the biological effects of different radiations it is necessary to charac-
terize the pattern of energy deposition of different radiations. For this purpose the
concept of LET has been introduced! which is commonly expressed in keV/u of unit
density tissue. Because all radiations will show o spread in LET, a single value of
the LET is certainly not sufficient to characterize a given type of radiation,and a
complete analysis of the distribution of dose in LET presents many fundamentfal and
practical difficulties2. The concept of local energy density distribution, introduced
by Rossi, is certainly preferable for fundamental as well as practical reasons, but
insufficient data for very small volumes are yet available to compare the biological
effects in mammalian cells with these distributions. In the present paper we will
therefore use the LET concept, but it is important to note that it is only a first
approximation.

Two different methods of calculating mean LET values have been commonly
used, yielding the track-average LET and the dose-average LET respectively.

These have been discussed in detail elsewhere3, 4, 5, 6. Mean LET values are
obviously of greatest value if relatively narrow distributions of dose in LET are
obtained. This can be attained if the irradiated object is thin and if monoenergetic
heavy charged particles are used in conditions whereby only a small part of their
track traverses the cell.

In the next sections we will first consider dose-effect relations obtained with
experimental conditions in which these narrow distributions of dose in LET are
attained and subsequently we will discuss effects of other radiations with wide LET
distributions.

RBE-LET RELATIONS FOR IMPAIRMENT OF THE PROLIFERATIVE CAPACITY OF
CULTURED HUMAN CELLS

In order to describe quantitatively the differences in effectiveness between dif-
ferent radiations, the concept of "relative biological effectiveness" has been
introduced. The RBE of a radiation Y for a specified biological effect is defined
as the ratio of two absorbed doses of different radiations which yield equal effects:

dose of "standard radiation” required for specified effect M)
dose of radiation Y required for equal effect : ’

RBE (Y) =

The effect for which the RBE-LETOC:F relations will be discussed is usually describ-
ed as: impairment of the proliferative capacity of individual cells. The cells we
have investigated have been derived originally from a human kidney®. The cell
culture technique employed has been introduced by Puck and Marcus in 19567 ond
during the past ten years the application of this method has yielded a vast amount

>kLETQo implies that & rays are all included8.
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of radiobiological data. Briefly this technique consistsin the plating of a known
number of cells in a suitable environment, followed by an incubation period after
which the clones which have developed are counted. Figure 1 shows the results
of a typical experiment, in which the number of clones obtained decreases as a
function of the dose. The results of these experiments are usually plotted as a
survival curve which represents the fraction of surviving cells as a function of the
dose .

A selection of the many survival curves obtained with this technique is presented
in Figure 2. From these curves it is possible to derive RBE values for the different
radiations employed, but it will be clear that no single value can be assigned fo
each radiation. With radiations which correspond to LET o, values of 60 keV/u or
more, exponential survival curves are obtained, whereas with radiations which have
LET oo values of less than 20 keV/u the curves show a distinct curvature which is
most pronounced in the low dose region. As a consequence of these differences in
shape between the survival curves and because 200-kV X rays are taken as a stand-
ard of reference in the definition of the relative biological effectiveness, the RBE
of densely ionizing a particles, deuterons, protons,and neutrons changes with the
level of damage considered.® This variation of the RBE as a function of LET is
presented in Figure 3 for respectively 80%, 20%, 5%,and 1% survival. The RBE
values for all percentages survival increase sharply between 10 and 100 keV/u of
tissue to a maximum at 110 keV/p and followed by a decrease beyond 120 keV/u
of tissue. In addition,however, the RBE values are shown to be highest at high
percentages survival, which correspond to low levels of damage and low doses. In
relation to Health Physics problems the question must be considered whether at the
still lower doses and at low dose rates, which are relevant to conditions encountered
in radiation protection, the RBE increases further and whether or not a limiting value
does exist. On the basis of general considerations concerning energy-dissipation
characteristics of different radiations it is possible to conclude that a limiting value
must exist?. These general considerations lead to the conclusion that sparsely
ionizing radiations, e.g. X and y rays, dissipate part of their energy through low
energy electrons which have LET's sufficiently high to cause a "single event" type
of damage in the same way as produced by densely ionizing a-particles and deuterons.
Thus for X and y rays an initial negative slope at low doses must exist, and the
limiting maximum value of the RBE is equal to the ratio of this initial negative slope
and the slope of the exponential survival curve obtained with a radiation which has
a LET of 110 keV/u. The experimental results obtained with doses of 25 and 50 rads
of 200-kV X rays show survival percentages of 94.3 + 2.3 and 89.7 + 2.1 respec~
ticely. From these data a D37 of 450 + 100 rads can be calculated. The D37 of

*No significant difference has been observed to exist between the RBE of 200-kV
X rays and 250-kVp X rays.
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a radiation at a LET of 110 keV/u is 57 + 4 rads and from these values a maximum
RBE of 8 + 2 may be calculated. It may be concluded from these data that the
maximum RBE value obtained for cells in oxygenated conditions is not much in ex-
cess of the value of 8 obtained at 80% survival.,

VARIATIONS OF THE RBE DUE TO VARIOUS EXPOSURE CONDITIONS

a. Dose Fractionation and Dose Rate

From the definition of the RBE it is evident that any factor which influences the
effectiveness of the standard radiation and the effectiveness of the radiation con-
sidered to a different extent, will cause a variation of the RBE. One of these
factors is the distribution of dose in time. As first demonstrated by Elkind and
Sutton!0 for Chinese hamster cells and subsequently shown by others 9/ 11 for a
variety of cell lines, fractionation of the dose and variation of the dose rate may
profoundly influence the effectiveness of radiations with a low mean LET. An
example of an experiment designed to demonsirate this effect is given in Figure 4.
This phenomenon is interpreted to result from repair of sublethal damage which
occurs within a few hours after exposure. As a result the effect of a given total
dose is less in fractionated exposures as compared with single exposuresloo This
also will apply to exposures at very low dose rates which are equivalent to a small
dose per cell generation. It has further been demonstrated that the recovery
phenomenon does not occur with radiations of high LET, which give exponential
survival curves. This implies that, in contrast with low LET radiations, the effec-
tiveness of high LET radiation does not decrease with decreasing dose rate. Con-
sequently the RBE of densely ionizing radiations will be higher at low dose rates
as compared with high dose rates. As discussed earlier, however, even with low
LET radiation a fraction of the damage will be produced by a "single event" type
of mechanism and this fraction, which should also be independent of the dose rate,
will determine the ultimate maximum RBE obtained. This value cannot be higher
than about 8, as calculated from the ratio of the initial slopes of the survival
curves a and b of Figure 4, i.e. equal to the ratio of slopes of a and c.

b. Environmental Conditions of Cells

In addition to dose rate, several environmental conditions, e.g. temperature,
oxygen concentration and profective compounds, are known to modify the effects
of ionizing radiations on biological systems. In general it is found that the effec-
tiveness of sparsely ionizing radiations, e.g. X or y rays, can be affected to a
greafer extent than the effectiveness of densely ionizing radiafions, e.g. o radia-
tion or fast neutrons. This isshown in Figure 5 where the effect of anoxia on radia-
tion-induced damage to cultured cells is demonstrated. With densely ionizing
a particles a protection factor of only 1.15 is found, i.e. a 1.15 times higher
dose is required to produce the same level of damage in cells equilibrated with

54



II.5

nitrogen as compared with air. With 250-kV X rays a protection factor of 2.6 is
obtained. These factors are called "oxygen enhancement ratio s* (OER). Asa
consequence of these differences in the OER values, the RBE of 3.4-MeV « particles
in these extreme conditions is increased by a factor of 2.6/1.15=2.26. Thus the
maximum RBE value of about 7 for a particles of 140 keV/u of tissue at low doses
with oxygenated cells is found to be increased to about 16 for anoxic cells.

The OER values have been measured for a variety of radiations and the relation
between OER and LET, is given in Figure 6. [t is shown that the OER decreases
with increasing LET from about 2.6 at a LETo, of 5.6 keV/p of unit density tissue
to a value of 2.05 at 61 keV/u, followed by a more rapid decrease of 1.0 at
165 keV/pl2,

With protective compounds in high concentrations the differences in effective-
ness may become even larger. Protection factors of 1.2 and 3.7 have been mea-
sured with 25 mM cysteamine for cultured cells irradiated with a particles at
140 keV/u of tissue and 200-kV X rays with an average LET of 3.5 keV/pu of tissue
respectively!3. Thus the RBE of 3.4-MeV a radiation under these conditions may
be calculated at about 21. It will be clear, however, that this value is of little
practical importance, because the extreme variations attained in these experiments
will not be attained in conditions with which we are concerned in radiation pro-
tection.

c¢. General Aspects of RBE~LET Relations

From the experimental dafa discussed an insight has been obtained with regard
to the RBE-LET relationsandtheir variations with dose , dose-fractionation, dose
rate,and various experimental conditions. It is possible to divide the total LET
interval in five main parts. In the lowest LET range, i.e. below about 10 keV/p,
designated | in Figure 7, the energy dissipated can contribute to cell killing only
through accumulation of damage and the OER is high, usually between 2.5 and
3.0. Inregion Ill, between 20 and 80 keV/p, damage is produced by traversals
of single particles resulting in exponential survival curves. In this region the OER
is still relatively high but already decreases from about 2.5 to 1.8. The RBE-LET
curve rises sharply in this region. In region V, in excess of about 160 keV/p,
damage is produced by traversals of single particles, resulting in exponential
survival curves. The RBE-LET curve decreases in this region and the effectiveness
per unif dose is almost independent of oxygen. Between these regions we have re-
gionslland IV in which rapid variations in RBE or OER occur, which may be called
transition regions.

RBE AND OER VALUES FOR RADIATIONS WITH WIDE DISTRIBUTIONS OF DOSE
IN LET

The radiations discussed in the preceding parts were used in conditions in which
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narrow LET distributions are attained except for the 200-kV X rays which are taken
as a standard of reference. A characteristic property of the energy dissipation by
indirectly ionizing radiations, e.g. X rays, y rays, neutrons, mesons as well as
of directly ionizing particles in conditions where the track is not much longer than
the dimension of the irradiated object, is the presence of a wide distribution of
dose in LET. It will be clear that the RBE as well as the OER and the effect of
fractionation and dose rate of these radiations will depend on the distribution of
the dose in LET. With X rays, y rays,and fast electrons this distribution will
extend from a minimum determined by the maximum energy of the electrons lib-
erated in the biological material up fo a maximum determined by the LET of
electrons at the end of their paths where they are slowed down. The minimum
theoretically possible is about 0.2 keV/p, the maximum is about 50 keV/ub. This
implies that the OER of these radiations is uniformly high and that a considerable
part of the damage corresponding to the energy dissipated in region | is dependent
on dose rate. The RBE may vary depending on the distribution of the dose in
regions |, Il,and IiI.

Data which have been obtained with fast neutrons are more difficult to classify
because the distribution of the dose in LET is even more complex and may extend
over an even wider range than is the case for y rays or fast electrons. The mini-
mum of this distribution is determined by the maximum energy of protons set in
motion in the irradiated biological material, and the maximum depends on the LET
of heavy nuclei, e.g. C, N,and O. Thus for 15-MeV neutrons the minimum value
is 3 keV/p while the maximum may be as high as 1000 keV/u. Depending on the
exact distribution of the dose in LET, the RBE, the OER, and the effects of frac-
tionation may vary. A surprising fact is, however, that the OER and the RBE vary
relatively little between about 1 and 15 MeV as shown in Figure 814,15, This
does not correspond at all with either the track-average LET value or the energy-
average LET values which have been calculated4. This again indicates the
necessity to obtain adequate measurements of local energy density distribution as
discussed by Rossil®. The same remark applies to radiations about which even
less is known, e.g. mesons, which may produce also wide distributions of dose in
LET.
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Pictures of dishes with clones developed from cells irradiated with
3.4-MeV o particles, LETo, 140 + 30 keV/p. A, B, C,and D are
examples of dishes irradiated with 0, 100, 200, and 300 rads respec-
tively, E represents a magnification of one clone, F is a larger
magnification of part of this clone which shows individual cells more
clearly.
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Figure 3: Relative Biological Effectiveness as a function of LET of different

ionizing radiations with respect to impairment of the proliferative
capacity of human kidney cells (T-1 cells) in culture. Curves 1,2,
3,and 4 correspond to surviving fractions of 0.8, 0.2, 0.05and 0.01.
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Figure 5: Survival curves obtained from exposures of cultured cells in oxygen-
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respectively) and to 250-kVp X rays (curves 3 and 4 respectively),
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fast neutron beams as a function of the mean energy with respect to
impoirment of the proliferative capacity of cultured cells of human
origin. RBE values correspond to a dose level producing a surviving
fraction of cells of 0.8, i.e. equivalent to 100 rads of 250-kVp X rays.
Specification of the beams: "Fission spectrum” fast neutrons from 235y,
spectrum with a moximum intensity at 1.5 MeV ; 3-MeV moncenergetic
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fast neutrons produced by bombarding Be with 15-MeV deuterons,
spectrum with a moximum intensity at 6 MeV ; 15-MeV monoenergetic
neutrons produced by bombarding Tritium with 400-kV deuterons.
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~/FRACTIONAL LINEAR ENERGY TRANSFER

Richard Madey
Department of Physics
Clarkson College of Technology
Potsdam, New York 13676

Abstract

The concept of linear energy transfer (LET) was introduced in radiation dosimetry
to describe the local density of energy deposition along the path of an ionizing particle.
There is a certain fuzziness about the LET concept which arises from the interpretation
of the word "local" insofar as biological radiosensitivity is concerned. It is possible to
specify the extent of a local region around the path of an ionizing particle by restricting
the energy transferable to the electrons in the atoms of the stopping medium.

The fractional linear energy transfer (FLET) is the ratio of the restricted
stopping power to the total stopping power. The restricted stopping power of a medium
for a charged pariicle moving at a given velocity is proportional to the total stopping
power. The proportionality factor is essentially independent of the velocity of a heavy
charged particle if the restricted energy transfer is equal to the root-mean-square
(rms) energy transfer, and it has only a slight dependence on the primary particle
velocity if the restricted energy transfer is equal to the mean energy transfer. In
these circumstances, the fact that the FLET is insensitive to the velocity of a heavy
charged particle means that only a scale factor distinguishes the restricted stopping
power from the total stopping power; hence, a biological effect that depends on some
function of the total stopping power will have the same functional dependence on the
restricted stopping power with energy transfers restricted either to the rms or to the

mean energy transfer,
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FRACTIONAL LINEAR ENERGY TRANSFER

Richard Madey
Department of Physics
Clarkson College of Technology
Potsdam, New York 13676

It is well known that a charged particle moving through matter loses energy
primarily by inelastic collisions with the electrons in the atoms of the material, In
an inelastic collision, the charged particle transfers energy {o a bound electron and
thercby raises it either to an excited bound state or to an unbound state. The final
state of the struck electron depends on the amount of energy transferred in the collision.
The term ionization refers to hoth degrees of excitation. In ionizing collisions involving
large energy transfers to a single electron, the struck electron ionizes other atoms -
outside the path of the original charged particle. It is this situation which led to the
introduction of the concept of linear energy transfer (LET) in radiation dosimetry to
describe the local density of energy deposition along the path of an ionizing particle.
There is a certain fuzziness aboul the LET concept which arises from the inter~
pretation of the word "local" insofar as biological radiosensitivity is concerned. It
is possible to specily the extent of a local region around the path of an ionizing particle
by restricting energy transfers to values less than some arbitrary value WO; hence,
W0 repregents the maximum energy transfer that contributes to the 'local ionization.
The maximum encrgy transferable to an atomic electron of mass m by an
incident particle of mass M, momentum P, and total energy E is given by

2P2 )

c
m2 04 + M2 04 + ,-.moz E

w o= 2m02
m

For incident heavy (M > >m) particles with energics satisfying the condition

(E/Mcz) << 1/2 (M/m), the maximum energy transfer is

wooE 2me? (P/MC)Z = 2me’ [32/(1—52), (2)
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where B is the particle velocity in units of the light velocity ¢. In Table I, we list
values of Wm versus B . The maximum energy transfer is about 22 kev for a 10-Meyv
proton, 196 kev for an 100~-Mev proton, and 3340 kev for an 1000-Mev proton.

We use the symbol (LET)W to refer to the LET that admits all possible energy
m

transfers upto Wm. The literature usually refers to (LET)W as (LET),,. It includes
m

the ionization from both the primary particle and all of the secondary electrons ejected

by the primary particle. (LET)W is the same as the ''stopping power" of the medium

m
for the particle, which is equal to %’(I‘_ , the loss of kinetic energy per unit path length
of the particle in the medium. Hence, for charged particles heavier than electrons,
- _dT Mev No 4 Wri m02 22

(LET)Wm S & (—cm"a T A 32 B, @

B o=zl /) -p1= 2 mw /-2 ], @
where

No =  Avogadro's number = 6, 023 x 1023 atoms/mole,

=  mass number of the medium,

B = v/c = particle velocity in units of the velocity of light,

mc2 =  rest energy of the electron = 0, 5110 Meyv,

r, = e2/mc:2 = classical electron radius = 2. 818 x 10 1> cm,

Z = charge of the particle,

Z =  atomic number of the absorbing medium,

= average of the excitation potential over all electrons in the atoms of
the medium.
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Note that we have written Eq. (4) for the stopping number B without the shell correction
term and the density effect correction term. The shell correction term has a small
effect at low energies where the particle veocity is of the order of the velocity of the
atomic electrons in the K and L shells. The density effect term does not become
significant until the particle velocity approaches the extremely relativistic region.
Barkas (1960) has tabulated numerical values for the sum of the two correction terms
for protons in nuclear track emulsion with an ionization potential I = 331 ev. Fonr

this calculation, the density effect correction is negligible for 1-BeV (8 = 0. 87504)
protons and is about 4. 5 per cent for 10-BeV (§ = 0. 99631) protons.

We use the symbol (LE T)W to refer to the LET when the energy transfer is
)

restricted to values less than W0 . (LET)W is the same as the''restricted stopping

of the medium forothe particle. It neglects ionization from

11 '
power" (dT/dx) (W< W)

secondary clectrons greater than Wo° Bethe (1930; 1932) developed the theory of the

"restricted stopping power! and obtained the following result in the approximation

that W << W_: 2 2 2

o m aT N0 47 r, mc z
ar = A = > 5
(LE r)W <dx >(W < W) A 2 Bl ()

o o] B
= Z 2 2

= —_ 7 - 6
B, 5~ Inw W /T -8" 1. (6)

The stopping number B_ in Eq. (6) is for charged particles heavier than electrons.

1
It is convenient now to introduce the fractional linear encrgy transfer with the
notation (FLET)

W
o

(LET),, _d_T.)

(FLET)y, = o _ \dx/ (W< Wo) )

0 (LET)W (d’l‘)
m e
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In terms of the well-known stopping-power theory, the fractional linear energy transfer
is simply the ratio of the stopping number for the "restricted stopping power" to that
for the total stopping power; thus, for charged particles heavier than electrons, the
fractional lincar energy transfer is

B In (WO/I)

(FLET) = —= = = 1+ —
W, B 2 ln(Wm/I) B

- (8)
2 . . -
For B << In (Wm/I) , we may rewrite the fractional lincar energy transfer:

1 In (WO/I)
(FLET), = ~—5~ 1+

T | | 9)
o 2 In (Wm/I)

In Table I, we list values of In (Wm/ I) for water with a mean excitation potential
I=65.1 eV versus the particle velocity B. We note that Bz is always small compared
toln (Wm/I); for water, the ratio [32/111 (Wm/I) is 0.2 percent at g = 0.100, 2 percent
at g = 0.400, 6.2 percent at g = 0,800, 7.3 percent at g = 0,900 and 7. 2 percent at
B = 0. 990,
The above expressions for the fractional lincar energy transfer contain the
restricted energy transfer Wo' In order to evaluate the fractional linear energy
transfer, it is necessary to specify Wo' First, we note that in the inelastic coulomb
scattering collisions of the primary charged particle of velocity v with an atom, the
atomic electrons are ejected with a distribution of kinetic energies given by the classial
Rutherford formula; thus, the number of delta rays (or ejected electrons) with kinetic
energies between T and T + dT produced per unit differential path length of a heavy
particle (of charge ze and velocily fc in a material of atomic number % and p n
nuclei per unit volume) is

- 2 2 ~z  dT dT
n(T)dl—.‘?.7rre mc P o Z 5 Ws 5 (10)
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where

2 2
-2 21rre mc N 9 7 9
W_(Mev/gm-em ) = ———(— —Z 3" = — z%, (1)
s 32 A 132 A

Since the derivation of the classical Rutherford formula neglects the binding energy of
the atomic electrons, it applies to the ejection of atomic electrons with energies large
compared to the ionization potential, Integration of the Rutherford formula, Eq. (10),

over the electron kinetic energies gives the total number of & rays produced per unit

path; thus,
Wm s I
N(> 1) = 3" () dT = 1- % |- (12)
I m

The lower limit of this integral is the minimum kinetic energy transfer, which is of
the order of the mean excitation potential I, since I is a measure of the least energy
that can be transferred on the average to a bound electron.

For large energies of the primary particle and for very close collisions,
Bhabha (1938) showed quantum-mechanically that the classical Rutherford formula
needed an additional term dependent also on the spin o of the primary particle:

n (T) dT =W [1+f(T,.;,ﬁ, z) 41 | (13)

5 T2
For simplicity, we shall restrict our present treatment to primary particle velocities
such that T, ¢,8,2) << L
The absorbed dose D is the energy deposited per unit mass A m of the medium

by delta rays produced per unit path of the primary particle; hence,

w
1 m 1 —
D = S Tn(T)dT = ————— T N(>D), (14
I ATL

where N(>I), the total number of delta rays produced per unit path of the primary particle,

is
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W
NG = ‘S\ ™ p(T) dT (15)
I

and where T » the average kinetic energy of a delta-ray, is

W
S; ™ p(T) dT

W ‘
n(T) dT

T = (16)

I

If we evaluate the integrals in Eq. (16), we find that

IW ‘W

- m

T =<w _) In (%) @
m

Stopping power theory is valid for values of the primary particle velocity B large

compared with the velocity of atomic electrons. Stopping power theory begins to
breakdown near 8 = 0.04. We see from Tabl e I that Wm/ I >>1 is a good approximation
for g ¥ 0.04. If we set the restricted energy transfer W0 equal to the mean

energy transfer T » we find that the value of W0 is given in good approximation by

W= T =1 W_/D = Il @mc2/1) (P/Mc)2, (18)
where the right-hand member follows by substituting Eq. (2) for Wm' In this form, we
see that the mean energy transfer depends on the natural logarithm of the momentum P
of the primary ionizing particle expressed in units of its rest mass. The possible role
of momentum in radiation dosimetry has been discussed by Turner and Hollister (1962),
Ivanov (1963), and Turner (1965).

With Wo specified by the mean energy transfer, we find upon substitution of

Eg. (18) into Eq. (9) that the fractional linear-energy-transfer is given by

~ . 1~n In (Wm/I)
= ) 3 ‘
T 2 In (Wm/l,

|

E
(FL T)Wo

(19)
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We find that the (FLET)W - T has a value which varies only slightly with the
o

velocity of the primary particle from 0. 69 for B = 0. 040 to 0. 60 for B = 0. 990.

The mean-squared energy transfer is

w
m 2
S T n(T) dT
! =W 1. (20)

B w m
S m
I n (T) dT

2

T

If we set the restricted energy transfer Wo equal to the root~mean-square (rms)
energy transfer T , we find that the value of W_becomes
rms o

1/2 1/2 1/2

wo= T = T3 = w_D = @melD  (P/Mc), (21)
where the right-hand member of Eq. (21) follows from Eq. (2) for Wm' In this form, we
see that the root-mean-square energy transfer is proportional to the momentum of the
primary ionizing particle expressed in units of its rest mass. From Eq. (21) also, we
see that the root-mean-square energy transfer is equal to the geometric mean of the
maximum and least energy transfers. Comparison of Egs. (18) and (21) reveals the

following simple relation between the mean and rms energy transfers:

T/1 = 21In (Trms/I) . (22)

In Table II, we list the maximum, the mean, and the root-mean-square energy
transfers to an atomic electron by heavy charged particles versus the particle velocity.
We see that the mean energy transfer T and the root-mean-square energy transfer Trms
are both small in comparison with the maximum energy transfer Wm. Since we have

evaluated the restricted stopping power for values of the restricted energy transfer W0 ’
ha g
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equal either to T or Trms’ we have verified that these choices satisfy the condition
of the theory of the restricted stopping power that WO << Wm' With Wo specified
by the root-mean-square energy itransfer, we find upon substitution of Eq. (21) into
Eq. (9) that the fractional linear-energy transfer has a value equal to 3/4,independent
of the velocity of the primary ionizing particle.

The restricted stopping power of a medium for a charged particle of velocity g
is proportional to the total stopping power. The proportionality factor is essentially
independent of the velocity of the heavy charged particle if the restricted energy
transfer is equal to the rms energy transfer, and it has only a slight dependence on
the primary particle velocity if the restricted energy transfer is equal to the mean
energy transfer, In these circumsfances, the fact that the ratio of the restricted to the
total stopping power is insensitive to the velocity of a heavy charged particle means
that only a scale factor is involved between these two quantities; hence, a biologial effect
that depnds on some function of the total stopping power will have the same functional
dependence on the restricted stopping power with energy transfers restricted either to
the rms or to the mean energy transfer. Since extensive tabulations of the total
stopping power have been compiled by physicists, it is more convenient to relate
biological effects to the total stopping power rather than to the restricted stopping

power.
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TABLE 1

The Maximum Energy Transferable to an Atomic Electron by an Incident
Heavy Particle, the Ratio and the Natural Logarithm of the Ratio of
the Maximum Energy Transfer to the Mean Excitation Potential I (=65.1 ev)
for Water versus the Particle Velocity

Maximum Energy Transfer

Particle Velocity to an Atomic Electron Wm/ I In (Wm/l)
B =v/c W &ev) =65.1ev  1=65.1ev
. 010 0.102 1.57 .45
. 020 0.409 6.28 1.84
. 040 1.64 25.2 3.23
. 050 2.56 39.3 3. 67
. 080 6.58 62.6 4.62
. 090 8.35 101 4,85
.100 10.32 128 5.06
. 200 42.58 159 6.48
. 400 194.6 654 8. 00
. 500 340.6 2990 8.56
. 800 1817 5233 10,24
. 900 4357 27,909 11.11
. 990 50335 66, 927 13.56
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TABLE II

The Maximum, the Mean, and the Root-Mean~-Square Energy Transfers
to an Atomic Electron by Heavy Charged Particles versus the Particle Velocity

Mean Energy Root-Mean-Square Maximum Energy
Transfer Energy Transfer Transfer
Particle Velocity T T w
B=V/c (kev) (kev) (kev)
. 010 . 0809 . 0816 0.102
. 020 . 142 .163 0.409
. 040 .219 . 326 1.64
. 050 . 245 . 408 2.56
. 080 . 303 . 654 6.58
. 090 . 318 . 736 8. 356
.100 . 331 . 818 10,32
. 200 . 420 1.65 42,58
. 400 . bll 3.42 194.6
. 500 . 540 4,41 340.6
. 800 . 625 8. 97 1817
. 900 . 671 13.0 4357
. 990 . 819 40.9 50335
2 2 2
W =2mc” g7/(1-")
1 En w_/1) - [32 -1yw Z,
_ m m
T = — 5 = Iln Wm/I
E- /W _)-g"In(W_/1) :l
B W
Y R AC R
T =T = W_1 — : = w oI
rms m W m

[ 2
W, /D -1-p"1In ( m/I):I

L—
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\/TISSUE, ORGAN, AND ORGANISM EFFECTS o
Harvey M. Patt \/“\\ v

Laboratory of Radiobiology
University of California Medical Center
San Francisco, California

The disturbance of the organism consequent to irradiation assumes a
distinctive time course, which depends upon the dosage and manner of exposure,
and upon the temporal relation between the various processes or injury and
recovery. There is a series of possible lethal syndromes after whole-body
jirradiation. With a massive exposure, e.g., 40 rads, death occurs within
seconds or minutes and is believed to involve effects on the central nervous
system. The dose required for immediate killing is sufficient to denature pro-
tein and to cause wide-spread injury to membranes. With doses of the order of
104 rads, death occurs within several hours to a day, with signs of circulatory
collapse. Early circulatory disturbances and death may occur in some species,
e. g., rabbit and chicken, after even smaller doses. Renal failure can be an
additional factor in the 1-day lethality in.birds. Exposures of one or a few
thousand rads lead to death in a few days which is associated with wide-spread
denudation of intestinal epithelium. With doses of a few hundred rads, lethality
occurs some 2 to 3 weeks later and is referable to bone marrow damage. Granu-
locytopenia and, to a lesser extent, thrombocytopenia are leading factors in this
mode of death. The immediate survivors of an acute whole-body exposure do
not necessarily escape unscathed; there are subacute and chronic effects which
can lead to a shortening of the life span.

Of the several acutely lethal syndromes, those associated with ''intes-
tinal death'' and "marrow death' are of the greatest interest, since they require
only moderate doses of radiation. Lethality in these instances is a direct re-
flection of what Quastler and I referred to as the aplastic cytopenia syndrome,
a term which characterizes the acute radiation responses of cell-renewal sys-
tems in general. For the most part, my remarks will be oriented to radiation
effects on such systems after a total-body exposure to x rays. The aplastic
cytopenia syndromes provide an excellent example of the interplay of cellular
and mammalian radiobiology.

The intimate connection between radiation and processes of growth and
development was appreciated very early in the history of radiobiology. In 1906,
Bergonie and Tribondeau suggested that x ray sensitivity varied directly with the
rate of proliferation and the number of future divisions, and inversely with the
degree of morphological and functional differentiation. This formulation,
although not absolute (there are exceptions), is a useful generalization which
can be derived from an association of radiosensitivity with activity pattern.

Although radiation in the proper amount can depress any biological ac-

tivity, activities in progress are generally less susceptible than the prepara-
tions for such activities. This means that a biological system should be most
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sensitive at a time preceding the change from one activity pattern to another,
since during this period the new activity pattern must be implemented. This
rule applies both to the original causation of damage and to the unmasking of a
previously caused latent damage, and it applies to a variety of noxious agents
including radiation. Viewed in this light, it is not surprising that perturbations
of growth and development can be brought about most dramatically by exposure
to ionizing radiation. Both proliferation and differentiation involve sharp tran-
sitions in patterns of activity. The association of radiosensitivity with reor-
ganization is a useful concept. Although it does not tell us much about specific
mechanisms, it brings the problem into sharper focus by telling us where to
look further,

Cell production is notoriously susceptible to interference by radiation.
The interference may be very brief or quite prolonged. It may result from
(a) early necrobiosis, i.e., interphase death or cell killing without regard to
the mitotic process itself, (b) blockage of different transitions in the prolifera-
tive cell cycle, or (c) asymmetric mitoses, e.g., incomplete or unequal separa-
tion of chromosomes at anaphase.

Considerable attention has been given to analysis of radiation effects on
the proliferative cell cycle. Indeed, present concepts of the cell cycle are an
outgrowth of such studies. The early interest in effects on DNA metabolism led
to the development of autoradiographic techni%ues for study of DNA labeling in
individual cells, first with 52P and then with *2C and °H thymidine. The staging
of the cell cycle--i.e., Gy, S, Gp, and M--which was first described by Howard
and Pelc, provides a useful framework for analysis of basic parameters of pro-
liferation, chromosomal aberrations, and mitotic abnormalities generally, For
example, by marking the periods of chromosome replication, i.e., the S period,
it has been possible to analyze the types of aberrations in relation to the posi-
tion of a cell in its proliferative cycle. Thus, irradiation in G, leads to chromo-
some aberrations; irradiation in S or G, leads to chromatid aberrations. It has
also been learned that the sensitivity of a cell as measured by its reproductive
capacity can differ by a factor of 3 to 4 depending on the stage of the cycle at
which it is irradiated. In general, the periods just prior to DNA synthesis
(late G4) and mitosis (Gy) are the most sensitive. With comparatively low
radiation doses, cells will not initiate DNA synthesis or mitosis for a time, but
cells in synthesis or mitosis will continue at normal rates, This phenomenon is
dose-dependent; with large doses, ongoing activities of DNA synthesis and
mitosis will also be depressed.

The proliferation rate, i.e., the reciprocal of the cell cycle time, can
be an important factor in the development and repair of lesions. There are
several reasons for this. Cells may differ in radiosensitivity at different
stages of the cell cycle, i.e., G,, S, Gy, or M. Possible changes in stage dis-
tribution depending on whether the cell cycle is long or short could therefore
influence the overall sensitivity of the cell population. Variations in cell-cycle
times among normal mammalian cells are due largely to variation in the Gy
phase (this may not be so with tumor cells). Thus, the "differential count' of
the population in respect to cell cycle stage would shift toward the G, when the
proliferation rate is low, and G, on the whole is a less sensitive stage than,
for example, G,. There is anof"her consideration owing to the fact that some
forms of damage are manifest only after the cell resumes mitosis. The
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duration of the initial mitotic block is related to the cell cycle time. Mitoses
return earlier (and the cell cycle time is shorter) in tissues considered to be
more radiosensitive. Recovery of cells may also depend on the proliferation
rate.

There are many systems in the body in which cell production and loss
are in dynamic equilibrium. Such steady-state populations are easily perturbed
by irradiation and, in first approximation, the acute response can be reduced to
a simple basic scheme: impaired cell production, with little change in rate of
cell decay, leading to cell depletion; the degree of depletion will depend on the
degree to which production is impaired. In other words, radiation causes
aplastic cytopenia or, if a cell population vanishes completely, acytosis. This
should not suggest that radiation, in doses sufficient to interfere with cell pro-
duction, does not affect other aspects of a cell-renewal system. In some cases,
e.g., in the lymphoid system, effects on mature cells are important. Indeed,
in analyzing the response of a tissue to a perturbation such as irradiation, the
sensitivity of individual cells must be distinguished from that of the system as a
whole., In the blood lymphocytes, there is a biphasic time response: rapid de-
pletion during the first day followed by a much slower depletion. The initial
rapid phase is due mainly to direct killing of lymphocytes, and the slower sub-
sequent phase to the disturbed lymphopoiesis.

Although effects on individual cells can be significant, in the majority of
renewal systems it is the impairment of cell production that is of critical physi-
ologic importance. The evolution of the response that leads first to depletion,
and then to restoration, of the mature functional components is related to the
normal kinetics of the system. Within this framework, however, there are
complexities owing to the general fact that the kinetics of irradiated systems
can deviate in a number of ways from normal. The "first approximation model"
of aplastic cytopenia is complicated by the fact that radiation-damage prolifera-
tive cells may still be capable of some proliferative activity; moreover, such
cells can mature. A succession of abortive attempts at proliferation and subse-
quent maturation can give rise to abnormal mature cells which may deviate
from normal kinetics. Since the interplay between depletion and regeneration is
crucial for the system as a whole, minor proliferative activity and minor devia-
tions from normal kinetics can decide the fate of the system. The fate of the
organism in which the system is located will, of course, be determined by the
essentialness of the functional cell whose production has been impaired, The
death of an organism is hardly a simple mirror image of the death of its stem
cells. When a minimum number of functional cells--e. g., villus cells or
blood granulocytes--is needed for survival, what really matters is the number
of viable stem cells that remain in relation to the manner in which the develop-
mental pathway between stem cell and functional cell is structured and con-
trolled.

All steady-state populations can be structured into compartments or
classes with specific attributes of form, function, or location. The minimum
structure resulting from this separation is: proliferation —~——— maturation
function. The proliferation compartment can be subdivided further
into self-maintaining elements. In some irradiated systems, the periods of
proliferative deficiency and functional deficiency overlap. This happens in the
intestinal epithelium and bone marrow. In other systems, e.g., spermatogenic
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epithelium, there may be a distinct separation such that the functional deficit
occurs some time after repopulation of the proliferating elements has begun.,
These differences reflect differences in length of the developmental pathway,
which is known to increase from intestinal epithelium to bone marrow to
testes.

The rate of release of maturing elements from a renewal system is not
a simple matter of growth pressure. As a rule, onset of depletion of functional
cells after moderate irradiation depends on the time normally required for
completion of maturation of the postmitotic cells. A cytokinetic basis of this
latency period is clearly shown by the correspondence between the time needed
for onset of granulocytopenia and the time required for postmitotic granulocyte
maturation in various species. This relationship suggests that there is little,
if any, disturbance of the turnover kinetics of the functional, as well as of the
maturing, cells during the initial period after irradiation.

The correspondence between depletion rate and normal turnover rate of
functional cells may become complex with the passage of time. As the orga-
nism reacts to the injury and the system attempts to recover, the kinetics can
deviate from normal. For example, in the intestinal epithelium, there is a
discrepancy by a factor of two between the time when complete denudation is ex-
pected (no production--normal exit) and the time when it actually occurs. This
comes about mainly because radiation-damaged proliferative cells are still
capable of some proliferative activity and because such cells can mature into
normal and abnormal forms.

The depletion of functional cells from a steady-state population is in-
fluenced by a number of cytokinetic factors. The relative depletion is increased
if the potential for stem cell turnover and recruitment is small. This also oc-
curs if there is normally a long transit time, large number of divisions, or
small potential for amplification in the proliferation compartment. The transit
time in the maturation compartment enters the kinetic equation only by deter-
mining the time for onset of functional cell depletion, i.e., the latency period.
On the other hand, the transit time in the functional compartment is an impor-
tant factor in the relative magnitude of depletion, the latter being increased
when the transit time is short.

It is of interest that sensitivity to acute lethal action among the various
species seems to be related more to differences in rates of recovery than to
differences in the extent of initial injury. This may apply also to the relative
response of certain critical systems, e.g., intestinal epithelium and bone mar-~
row, in a given species. The phenomenon of early intracellular recovery is by
now well known. However, I am inclined to believe that the differences in re-
covery to which I have alluded are a reflection mainly of the nature of the system
and of the essentialness of the functional cell.

The restitution of a depleted cell population after irradiation poses some
important basic questions. A cell renewal system can recover only if a fraction
of the progenitor cells have retained their reproductive integrity. Under normal
conditions, progenitor or stem cells are induced to differentiate at a certain
rate. When the progenitor compartment is reduced in size, there must be a
compensatory increase in proliferation rate or a decrease in the rate of
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withdrawal of cells by maturation if the system is to recover. The latter is
known to occur in some systems and if the dose of radiation has been severe
enough, the focus of regeneration may show hyperplastic tendencies suggestive
of neoplasia. This hyperplastic phase may be fleeting, as in the intestine, or
persist for a considerable time, as in cartilage. In other systems, e.g., bone
marrow, the requirement for functional cells may be such that the pressure for
differentiation may take precedence for a time over the pressure for stem cell
reconstitution. Thus, it is necessary to think in terms of a pull as well as of a
push in the maintenance of a steady-state population.

Apropos of recovery, it is instructive to consider briefly some adaptive
patterns of response to a second exposure or to a sustained irradiation. Several
lines of evidence are indicative of a transient radioresistance in respect of acute
lethality and the response of systems such as the intestine and bone marrow af-
ter a single irradiation. With continuous irradiation, damage, instead of in-
creasing progressively, appears to reach a steady state, at least for a time.
This has been seen with indices such as blood counts, organ weights, renewal of
intestinal epithelium, and male fertility. The compensatory response may re-
flect an increased stem cell turnover or recruitment. An adaptive response is
not seen in the ovary, apparently because there are no stem cells from which
depleted cells can be replaced.
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RECENT STUDIES ON THE{ENETIC EFFECTS OF RADIATION IN I\/L’[CE\/
W. L. Russell

Biology Division, Oak Ridge National Laboratory
Oak Ridge, Tennessee

The genetic hazards of radiation have been estimated by many indi-
viduals and repeatedly by both national and international committees. For
example, the United Nations has published three extensive scientific reports
on the genetic effects of atomic radiation. 1-3 It therefore seemed sensible to
devote the space available here to a discussion of results of recent experiments,
with emphasis on current studies in my own laboratory.

My work has been concerned primarily with factors that affect mutation
frequency. Significant recent advances have been made in our knowledge of the
effect of radiation dose rate, the effect of the interval between irradiation and
conception, and the effect of low doses. All of these have a strong bearing on
the estimation of the genetic risks of radiation exposure.

In the experiments described here, mutation frequency was scored by
our standard specific locus method. 4

Dose Rate

When the first United Nations report on the biological effects of radiation
was prepared, it was generally believed that the radiation induction of point
mutations was independent of dose rate. This had been regarded as a basic
principle of radiation genetics for several years. Extensive work with
Drosophila spermatozoa had shown that the mutation frequency induced by a
given total dose of radiation is the same regardless of whether that dose is de-
livered in a few seconds oxr spread out over hours, days, or weeks.

Our first experiments on the effect of dose rate in the mouse showed the
contrary to be true for spermatogonia and oocytes (the reproductive cell stages
important in human hazards). 5 Spreading the dose out gave a marked reduction
in mutation frequency. All of our subsequent experiments have supported the
results of the original ones. 6 Further confirmation of an effect of dose rate on
mutation has come from independent work on mouse spermatogonia by Phillips,7
from studies on silkworms by Tazima, Kondo, and Sado, 8 and from experiments
by Baldwin? on the wasp Dahlbominus.

The extensive information on the mouse that has already been published
will be reviewed briefly here as a background for the presentation of the new
results.

Radiation-induced mutation frequency from x and vy rays in spermatogonia
was measured with dose rates ranging from approximately 90 R/min to 0,001
R/min. Mutation frequency at 9 R/min is significantly lower than that at
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90 R/min. At 0.8 R/min the mutation frequency is further reduced to between
one-third and one-quarter of that at 90 R/min. Reducing the dose rate to 0.009
R/min and even to 0.004 R/min gives no further reduction in mutation frequency.

In oocytes only three dose rates have been tested: 90, 0.8, and 0.009
R/min., The difference between the mutation frequencies at 90 R/min and 0.8
R/min is similar to that observed in spermatogonia, but, unlike spermatogonia,
the oocytes show a further reduction in mutation frequency to a very low value
when the dose rate is lowered to 0.009 R/min.

There are two new sets of data. One of these, which will be reported in
detail elsewhere, came from a repetition of the 0.001-R/min dose-rate experi-
ment on spermatogonia. This is a tedious experiment, the 600-R dose used re-
quiring an exposure time of more than a year, but it was important to obtain as
reliable a figure as possible at this low dose rate. The new results are in close
agreement with those obtained earlier, and therefore support the conclusion that
lowering the dose rate below 0.8 R/min gives no further reduction in mutation
frequency in spermatogonia,

The second new set of data is presented in Table 1. The experiment was
our first test of the effect of an x-ray dose rate higher than 90 R/min. The ob-
served mean mutation frequency per locus of 9,0X 107> is not significantly dif-
ferent from the frequency of 8.7X410-5 (40 mutations in 65548 offspring) obtained
from earlier experiments with the same x-ray dose of 300 R delivered at a dose
rate of 90 R/min. Thus, raising the dose rate above 90 R/min appears to give
no noticeable increase in mutation frequency in mouse spermatogonia.

Analysis of the cause of the dose-rate effect is important for the clues it
may provide to an understanding of the nature of the mutation process and for the
application of the mouse results to the estimation of genetic hazards in man.
Evidence is mounting in support of the view that the dose-rate effect, or at least
a large part of it, is due to repair of mutational or premutational damage. 10 At
the higher doses and dose rates the repair process is postulated to be saturated
or itself damaged by the radiation. If repair is the mechanism responsible for
the dose-rate effect, then the important question arises as to whether complete
repair might be possible at very low dose rates, such as those to which man is
exposed as a result of peacetime radioactive fallout.

There would, of course, be no possibility for complete repair if some of
the mutations were of a qualitatively irreparable type. An interesting piece of
information that bears on this problem has come out of the work on mice. In
spermatogonia, where the data are extensive enough for comparisons, it is found
that the distribution of mutations among the seven loci tested is not affected by
dose rate even thou%h the distribution itself is characterized by marked differ-
ences between loci. 10 In other words, the relative frequencies of mutations at
the seven loci are constant regardless of dose rate. This suggests that the mu-
tations that fail to be repaired at low dose rates are not qualitatively different
from those that are repaired. Of course, without further information, it could
still be argued that the unrepaired mutatiens and the repaired ones are qualita-
tively of different types, but then a further assumption would be required,
namely, that the ratio of the two types is the same at all loci. There is,
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however, the important additional observation that when the conditions (e. g.,

cell stage) are changed so that the proportions of qualitatively different types of
mutation (e.g., deficiencies versus nondeficiencies) are affected, then the rela-
tive frequencies of mutations among the seven loci are also affected. This would
seem to support the tentative conclusion reached above that, since change in dose
rate does not alter the relative frequencies of mutations among the loci, the un-
repaired mutations occurring at low dose rates may be qualitatively like the re-
paired ones, i.e., originally capable of repair,

If this conclusion is correct, then the way is theoretically open for the
occurrerice of complete repair at very low dose rates, There is nothing in the
experimental results on oocytes that argues against this possibility. The muta-
tion frequency drops progressively with reduction in dose rate, and at the lowest
dose rate tested (0.009 R/min) the mutation frequency, even with moderately
large total doses, is not significantly higher than the spontaneous rate in males.
(The spontaneous rate in females has not yet been accurately determined.) In
spermatogonia, on the other hand, the mutation frequency is still appreciable
at 0.8 R/min, and it is not reduced by further lowering of the dose rate as far as
0.001 R/min. Why is this so if all mutations are potentially reparable? One can,
of course, imagine several possible mechanisms that would account for an ir-
reducible minimum mutation frequency. To give just one example, one could
invoke the evidence obtained by Kimballll in Paramecium that mutational damage
is fixed when DNA replication occurs and that the probability of mutational
damage not being repaired is large when the time interval between irradiation
and DNA replication is short. Thus it could be postulated that in the dividing
spermatogonial population there mayalways be some cells so close to DNA
replication that if mutational damage occurs there may not be enough time for
repair,

In summary, it can be stated that, sofar as hazards are concerned, applica-
tion of the experimental results for spermatogonia seems to be uncomplicated.
The data at the very low dose rate of 0.001 R/min have been augmented and still
show no reduction in mutation frequency compared with that at 0.8 R/min.
Furthermore, since plausible hypotheses can be advanced to account for such a
result in spermatogonia, there is no reason for not believing thatthe minimum
mutation frequency has been reached in spermatogonia with the dose rates already
tested. The realistic conclusion suggested by the data is that, although mutation
frequency may be very low in females exposed to low dose rates, in males there
is evidence against a threshold dose rate, and the irreducible minimum mutation
frequency occurring even at lowest dose rates is an appreciable one, namely,
between one-third and one-quarter of the maximum frequency obtained at high
dose rates.

Effect of the Interval Between Irradiation and Conception

Extensive data on spermatogonia show no significant change in mutation
frequency with time after irradiation. In contrast, recently published results
on female mice exposed to fission neutrcons show that the interval between ir-
radiation and conception has a tremendous effect on mutation frequency.
Conceptions in the first seven weeks after irradiation with approximately 63 rads
yielded 59 specific locus mutations in 89 301 offspring. After that, no mutations
were found in a total of 120483 offspring.
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It was obviously important to find out whether the result was a pecu-
liarity of neutron irradiation or a general radiation effect. Experiments with
x rays were accordingly started, despite the handicap of having to work with a
dose no higher than 50 R. With higher doses the females become sterile too
soon after irradiation. This difficulty was greatly reduced in the neutron work
because the relative biological effectiveness for mutation induction was much
higher than that for effects on fertility. An additional handicap was discovered
during the x-ray experiment which was, however, of great importance in itself.
This was the finding that the mutation frequency in the early mating period was
lower than expected from the frequencies at higher doses on the assumption of
a straight-line relation between mutation frequency and dose. This will be dis-~
cussed in the next section.

The extensive data collected to overcome these difficulties are presented
in Table 2. They have finally reached the point where the mutation frequency in
the later period is significantly below that in the early period (P = 0.028). Thus,
the phenomenon appears to be general, and therefore of much greater importance
than if it had been solely a neutron effect.

The cause of the effect presumably lies in the nature of the oocyte follicle
stages involved. The early period is long enough for the conception of two litters.
The low mutation frequency in the later period must have come from oocytes that
were in less mature follicle stages at the time of irradiation. It is not yet known
whether the marked difference in mutation frequencies is due to a low mutational
sensitivity of oocytes in early follicle stages, to an efficient repair mechanism
in these stages, or to cell selection.

Whatever the cause, it is extremely effective. It was pointed outl?2 that
in the neutron data even the upper 99% confidence limit of the zero mutation
frequency in the later period is lower than the spontaneous rate in male mice.
Almost half as many offspring in this period have now been added by the x-ray
experiment, and still no mutations have been observed.

Application of this result to the estimation of genetic effects in women
should be made with great caution until more is known about the comparability
of the oocyte stages involved in the two species. Some information might be
obtained by analyzing the genetic data from human radiation exposures in terms
of the time interval between irradiation and conception.

Small Doses

In describing the new x-ray experiment on females, brief mention was
made of the fact that, in the early mating period, the mutation frequency in-
duced by 50 R of 90-R/min x rays was lower than expected on the basis of results
at higher doses. This finding has already been reported at an earlier stage in
the experiment. 13 The pooled data from several experiments on females ex-
posed to a single dose of 400 R of 90-R/min x rays gave 23 specific locus mu-
tations in 14 842 offspring from conceptions occurring in the first 7 weeks after
irradiation. On the assumption of a straight-line relation between mutation
frequency and dose, approximately 25 mutations would have been expected in
the 127 391 offspring now recorded in the early mating period in the 50-R
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experiment. Only 40 were actually observed. This is significantly lower than
the expected number (P = 0.014), Since the offspring in the 400-R experiments
came mostly from conceptions occurring within the first 3 weeks after irradia-
tion, a more rigorous comparison can be made by restricting both sets of data
to this period. In the 400-R experiments there were 21 mutations in the 14 591
offspring conceived in this period. In the same period in the 50-R experiment
there were 4 mutations in 67 391 offspring. Although this reduces the numbers
for comparison, the difference from the frequency expected on the basis of the
400-R results is still significant (P = 0,022).

This finding was not entirely unexpected. In the first publication in which
a repair mechanism was suggested as a possible cause for the dose-rate effect
on mutation, it was postulated® that repair might occur with small doses of acute
irradiation as well as with irradiation at low dose rates. A hypothetical curve
was drawn to illustrate this.® However, no attempt was made to speculate on the
dose level below which repair would be noticeably effective. The new results
indicate a substantial effect at 50 R in females.

This finding is obviously of great importance in the estimation of genetic
hazards, and an attempt has been made to check it in an experiment designed to
avoid the vast numbers of animals required to establish a reliable mutation fre-
quency with a dose aslow as 50 R. In this new experiment a total dose of 400 R
of 90-R/min x irradiation was given to female mice in eight fractions of 50 R
spaced 75 minutes apart. The rationale was that, since females exposed to a
continuous dose of 400 R of 0.8-R/min irradiation give a reduced mutation fre-
quency compared to that from 90-R/min irradiation, perhaps 50-R fractions of
90-R/min irradiation distributed over the same total time of exposure as that
required in the 0.8-R/min irradiation might also give a low mutation frequency.

The results obtained for conceptions occurring within the first 3 weeks
after irradiation are shown in Table 3. The data were restricted to the 3-week
interval for comparison with the data from single 400-R exposures which were
similarly restricted. The observed number of mutations, 13, is significantly
(P = 0.005) below the approximately 34 that would have been expected on the
basis of the frequency obtained from single 400-R exposures (21 mutations in
14 591 offspring).

Thus the fractionation experiment confirms the finding from the 50-R
single-dose experiment that small doses of high-dose-rate irradiation give
fewer mutations than would be expected on the basis of a straight-line relation
with the mutation frequency from large doses at the same dose rate.

In estimating human genetic hazards it would now appear-that the risk

from small doses of acute irradiation may, in females at least, be lower than
had been estimated on the basis of large doses,
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Table 4. Mutation frequency in mouse spermatogonia
exposed to a dose of 300 R of 1000-R/min x irradiation.

Number of Number of Mean number
offspring mutations of mutations
at 7 loci per locus
38207 24 9.0X107°

Table 2. Mutation frequency in female mice exposed
to a dose of 50 R of 90-R/min x irradiation.

Interval between Number of
irradiation and Number of mutations
conception offspring at 7 loci
Up to 7 weeks 127 3941 10

More than 7 weeks 54 621

Table 3. Mutation frequency in conceptions occurring in the
first 3 weeks after irradiation of female mice with 90~R/min

X rays.
Number of
Total Number of mutations
dose Fractionation offspring at 7 loci
400 R 8X50 R at
75-min intervals 23 387 13

86



10.

11.

12.

13.

III. 1
References

United Nations Scientific Committee on the Effects of Atomic Radiation.
Report to the General Assembly. Official Records: Thirteenth Session,
Supplement No. 17 (A/3838), United Nations, New York, 1958.

United Nations Scientific Committee on the Effects of Atomic Radiation.
Report to the General Assembly. Official Records: Seventeenth Session,
Supplement No. 16 (A/5216), United Nations, New York, 1962.

Report of the United Nations Scientific Committee on the Effects of Atomic
Radiation. General Assembly. Official Records: Twenty-first Session,
Supplement No. 14 (A/6314), United Nations, New York, 1966.

W. L. Russell, X-Rav-Induced Mutations in Mice, Cold Spring Harbor
Symposium on Quantative Biology, 16: 327 (1951),

W. L. Russell, L. B. Russell, and E. M. Kelly, Radiation Dose Rate and
Mutation Frequency, Science, 128: 1546 (1958).

W. L. Russell, The Effect of Radiation Dose Rate and Fractionation on
Mutation in Mice, in Repair from Genetic Radiation Damage, Ed. Sobels,
pp. 205-247, 231-235, Pergamon Press, Oxford, 1963.

R. J. S. Phillips, A Comparison of Mutation Induced by Acute x and
Chronic Gamma Irradiation in Mice, Brit. J. Radiology, 34: 261 (1961).

Y. Tazima, S. Kondo, and T. Sado, Two Types of Dose-Rate Dependence
of Radiation-Induced Mutation Rates in Spermatogonia and Oogonia of the
Silkworm, Genetics, 46: 1335 (1961).

W. F. Baldwin, Visible Mutation Frequencies in Dahlbominus Oogonia
Produced by Acute x Rays and Chronic y Radiation, Mutation Res., 2:
55 (1965).

W. L. Russell, The Nature of the Dose~Rate Effect of Radiation on
Mutation in Mice (Conference on Mechanisms of the Dose Rate Effect at
the Genetic and Cellular Levels, Oiso, Japan, November 1964), Suppl.,
Jap. J. Genetics, 40: 128 (1965).

R. F. Kimball, The Relation of Repair to Differential Radiosensitivity
in the Production of Mutations in Paramecium, Repair from Genetic
Radiation Damage, Ed. Sobels, pp. 167-178, Pergamon Press, Oxford,
1963.

W. L. Russell, Effect of the Interval Between Irradiation and Conception
on Mutation Frequency in Female Mice, Proc. Natl. Acad. Sci. U. S.,
54: 41552 (1965).

W. L. Russell and Elizabeth M. Kelly, Mutation Frequency in Female
Mice Exposed to Small x-Ray Dose at High Dose Rate, Genetics, 52:
471 (1965).

87



II1-2

\/DATA FROM VARIOUS OCCUPATIONAL GROUPS
Howard Parker

Lawrence Radiation Laboratory
University of California
Berkeley, California

Despite the word "data' in its title, I must warn that my talk will be a
hard one for you to draw definite conclusions from. It will be particularly dif-
ficult for me to approach the subject systematically, since I do not want to repeat
descriptions of a number of radiation accident cases that have already been
covered in excellent fashion by talks earlier in the week. However, I will be
content if I can leave you with certain general impressions. I want to describe
the radiation protection problems, particularly with accelerators, as they are
seen by an occupational physician for Lawrence Radiation Laboratory in Berkeley,
one of the AEC prime contractors.

From the cases that I see and know about, I have the impression that the
larger accelerators must, with present safeguards, be very safe machines. We
know that the principal population risk throughout the world from external radia-
tion results from the use of x-ray machines. We also know that the bulk of low-
level radiation exposure of an occupational sort is due to industrial radiography
and occupational exposures to medical x rays.

From histories that I have heard, it seems evident that in the early days
of the modern accelerators there was some tendency to line such machines up by
eye, and in other ways to disregard the risks, in contrast to our present
practice. In a number of the important accelerator accidents it appears that
the victim had some good, though not sufficient, reason to think that the machine
was off at the time the accidental exposure took place. The complicated nature
of the larger machines, and the long distances that there sometimes are between
the operator and the point of delivery of the radiation, have contributed to the
confused circumstances that have caused some of the accidents.

As was pointed out by Dr., Lushbaugh in his talk, there are some 75
accident cases that we can study, collected from USAEC and other sources in
this country during approximately the last 20 years. From them we can learn
profitable lessons about radiation accidents. It should be noted that relatively
few of these cases are the result of accelerator-produced radiation.

One knows, of course, that there are from time to time some lesser
episodes of radiation exposure from which the physician and health physicist
might be able to learn, and I think it was on that basis that Dr. Wallace asked
me to informally present to you our experience and impressions.

I am going to try to put the radiation accidents and other datathat can be
obtained from occupational groups in perspective against the broader viewpoint

88 -



IIL. 2

of occupational health in general at Lawrence Radiation Laboratory. What
risks does one actually accept in corming to work at LRL here in Berkeley? To
dramatize rather than exhaustively cover this point, I am going to read to you
some of the "serious injuries™ that occcurred from October through December,
1966, as listed in the Laboratory Safety News:

""A machine operator received a contusion to his finger when a co-worker
started a machine while the injured had his hands in it.... A custodian received
a contusion and a fracture of his finger when a windblown door shut on his
finger....A biochemist fractured her arm when she slipped in a corridor....
A laborer cut his finger seriously on the rough edges of a tamper....A laborer
developed a painful left upper arm after using a jackhammer and dragging a
hose....An electrician received a laceration of his forearm whenhe fell and
struck his arm on a step....An electrician severely lacerated his finger while
trying to keep a manhole cover from falling....An electrician received a pain-
ful left knee, preventing him from walking, after crawling inside the magnet
platform in the Bevatron....A machinist struck a chip with his finger and re-
ceived a severe laceration....A machinist struck and lacerated his right hand
on a tool bit....An assembly machinist sustained a serious laceration to his
right hand when he bumped it against a tool bit. ... A machinist sliced his finger
on a brass bar., "

Well, I read to you about half of the items in this particular issue of the Safety
News. It seems quite typical of our experience with accelerators that the only
item concerning one of them in this 3-month period was the one about the elec-
trician who injured himself crawling inside the magnet platform of the Bevatron.
This, of course, did not involve radiation, but on a week~to-week, month-to-
month basis you must realize that we do not see medical problems related to
radiation from the accelerators.

Liet me list briefly some statistics on visits to our department: There
were 14 100 visits to the Medical Facility in Fiscal year 1966, Of these, 8011
were for first aid. Of them 831 were industrial first visits and 806 were re-
visits, totalling 1637 visits related to occupational illness or injury out of the
slightly more than 8 000 first aid visits. During this same time 2319 visits
were for routine physical examination., I want to emphasize that in this partic-
ular period none of the visits listed was for a radiation exposure or radiation
injury of significance.

In order to show our experience over a longer time span, and from
another point of view, I would like to now summarize the accident history of
LRL - Berkeley as it appears to the University's insurance carrier for indus-
trial accidents and illnesses. During this same fiscal year, 1966, the insurer
dealt with 80 cases.

Thirty-seven of them were so-called lost-time injuries, and 13 have
necessitated temporary disability payments. There were approximately $7 900
in temporary disability payments during the fiscal year. And, actually, three
of these are cases held over from previous years, as it is necessary to do in
this insurance work and three of them account for $4 790 of the total. These
cases consist of two back injuries, one in lifting and one from a fall, and one
injury of a hip from a fall suffered by a clerical worker. The remaining $3 100
was spread among 13 cases. Based on that experience, the insurer can at this
time project his probable cost for medical care, hospitalization, payments on
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permanent and temporary disability, and the various administrative costs. It
will all add up to between $10 000 and $45 000 in that particular fiscal year.
The advance premium paid by the Laboratory was approximately $58 000 during
that fiscal year, and eventually a fraction of it will be refunded.

I have reviewed some of these figures to sketch for you the nature of
occupational health in an organization like ours. There are other statistics
that might be helpful, butthese have caught my eye in recent months. The big
point is that none of these costs has to do with radiation injuries or exposure
to beryllium, an associated problem.

Now let us look for a moment at total LRL experience from 1940 to date,
27 years. Here I am moving from Berkeley LRL experience to that of LRL as
a whole, in Berkeley and Livermore, and I will be discussing only the radiation
cases. The insurer reports he has had to deal with some 20 cases., Six of them
involved litigation, and all six were closed on the basis of no proof. They were
radiation injury claims made by various people against the University. There
were 14 cases that were not litigated, and the insurer accepted liability for
radiation injury in 13 of them during these 27 years. Seven of them were at
Livermore, and six here in Berkeley. We have about 3 500 people working here
in Berkeley currently, and Livermore has about 5500 employees. Both labora-
tories have, of course, grown very much in those 27 years. I haven't tried to
base this presentation on total man-years for you, but those are our present
employee population figures, and they have been fairly stable at that level for
the last few years. So, as I mentioned, the insurer accepted some liability
in 13 of these cases of radiation accident. I looked through them to see if they
had anything to do with accelerators, your particular interest, and I was able to
find five that do. There was one case of an exposure to what is estimated to
be 44 rem in an accelerator at Livermore. You can find that case in the AEC
Summary of Operational Accidents in 1964. There was a case here in Berkeley
of a man exposed to about 5 rem of moderately energetic § radiations to one of
his eyes from an accelerator. He has no observable injury, but is listed by the
insurer because it is necessary to pay for examination by an ophthalmologist
from time to time. There was one case of radiation cataract in Livermore,
which I unfortunately cannot tell you more about at this time. Therewas an
x-ray burn of the hand that has taken place fairly recently at Livermore, The
fifth case is a case of leukemia in a researcher who worked here for many years
in Berkeley, and who had substantial exposure to both accelerator-produced
radiation with the 60-inch cyclotron, various radioisotopes, and x rays. In this
case a death benefit was paid by the insurer. That, briefly, summarizes the
.kind of experience LRI has had.

Many of you are familiar with the summaries that the Division of Opera-
tional Safety of the USAEC prepares from time to time about their operational
accidents, including radiation exposure. There is much to be learned from their
experience because of the greater number of man-years accumulated in it, and
I am going to briefly present here today some pertinent material from their 1965
report. ! The report covers 22 years of experience and lists a number of things
deserving of study that I can only briefly touch on here. First they point out
that the death rate of the AEC and its contractor personnel, as compared with
the United States in general, runs about one-half to one-third during these years.
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They list the causes of fatalities in AEC programs and, of course, they list
separately the construction workers, those in plant and in laboratory opera-

tions or in direct governmental activities. In the construction area, of the

251 deaths during these 23 years, 71 are due to falls or falling objects, 38 to
motor vehicles, and 20 electric shock. Actually the distribution of causes in
plant and laboratory operation is rather similar to the construction figures.

In all categories only three radiation deaths are listed. (Perhaps one should

add in the other three people from the SL1 accident, who were irradiated, but
who are listed under death due to explosion.) The publication lists approximately
15800 lost-time injuries in this 22-year period. Thirty-six radiation injuries
are listed. So 1/2 of 1% of the injuries in the AEC experience are due to radia-
tion. It also lists such things as time lost from radiation injuries, also a very
tiny amount of the total. It lists some interesting things about property damage
which underline some of the points I am making here today. For example, if

you look at fire loss you see that these losses are quite substantial in comparison
with any loss due to radiation accident. If you then look at the radiation accidents
listed, to see which have to do with accelerators, you find very little useful in-
formation. They are primarily criticality accidents. In one section of the
publication there is a list of 24 known criticality accidents.

Then they list all their fatalities, as well as the radiation exposures
over 15 rems. There is also a small chart here of radiation exposure broken
down according to the size of the rem dose recorded on the personnel film
badge. When you are thinking about long-term effects of radiation, you might
be more interested in that than in the accident statistics. From 0 to 1 rem
they list a total of 922 000 exposures, from 1 to 5 rem only 50 000, and then
from 5 to 10 rem, 413 000; from 10 to 15 rem it is 110 cases, and above 15 rem,
42 such situations are listed. This material is well-known now, but I think it
helps to review it for you in this context.

People often say '"here you have this long experience in a laboratory
like LRL and surely there must be some statistics on leukemia incidence that
have come from it; something of that kind would be useful information for all of
us.' Well, it appears there are not actually enough people working for the
entire AEC and its contractors during these 22 years to give a really adequate
picture of leukemia incidence or help to elucidate the problem of radiation-
induced leukemia. Dr. Mancuso has begun a pilot study for the Atomic Energy
Commission to study the morbidity and mortality experience of AEC contractor
personnel. I personally think this will be largely nonproductive scientifically,
and there are many people who agree. However, it may nonetheless be of con-
siderable value to be able to say from such data, for example, that, with a
high degree of probability, the leukemia incidence in the AEC and its contrac-
tors was not tripled. The statistical information that you can gather from ex-
amination of your employees does not so far seem to be very helpful in com-
parison with the other epidemiological and experimental studies we've talked
about earlier this week.

George Barr, who is working with us now, has done some thesis work,
looking atabout 100 people who have the highest radiation exposures in this
Laboratory (incidentally, a sizable fraction of those are people who worked with
the 60-inch cyclotron or radiation generators of that kind, who have actually
worked fairly close to permissible levels for some years.) He is not able to

e

91



III. 2

show a definite decline due to radiation (that is, correlated with dosimetric
information) in such things as total white blood count or total lymphocytes.
There is some kind of a decline in these figures, but the radiation effect and
the age effect and probably some other things are mixed, so it is almost im-
possible to make any determination of the effect of radiation. He does feel
that he may have turned up a definite age effect in studying the population in a
vertical way through the years. That is, an age effect on such things as total
white blood count--they slowly decrease. This effect is very slight. Indeed,
it may be a time effect related to something about the Laboratory's program
rather than aging of the employees.

It appears that when karyotype analysis can be done widely on radiation
workers, it will be a very sensitive test, and perhaps helpful in making radia-
tion protection decisions; this is not yet the case, however. Since Dr. Norman
will be talking to you on that subject, I will certainly not try to go further into
its implications now.

Well then, from the point of view of long-term results, what kind of
information does presently come from occupational exposure? From a histor-
ical point of view the original information did come from occupational exposure.
The broad base of our experience in those early years was occupational exposure
and the dangers were very clear. Books have been writien about the so-called
""martyrs to science through the Roentgen rays.'" The tendency to repeat all
this with accelerators seems to have so far been minimal, so the idea of being
a martyr to science in this way seems to have gone out of style in the late 30's
and 40's and is fine testimony to increasing awareness during those years of
what constitutes adequate occupational health practice. There is, of course,
information from radium dial painters which is helpful when dealing with per-
missible levels of radioactivity. Most of you are probably familiar with the
story., These data are still being improved and refined. There is some in-
formation from miners, but if you look through the UNSCEAR reports you see
that quantitative information from miners is very sparse. It seems to be enough
to be able to say that it is probably the radon and its daughters that are the
principal troublemakers, and not the various other things that can happen to
you in the mines. It is very hard to get quantitative data about lung cancer from
this type of exposure.

One type of occupational exposure that is still providing interesting in-
formation is that described in the studies on leukemia incidence and life span
of radiologists in the United States. There is a definite increase in leukemia
incidence and a definite shortening of life span of radiologists. This has not
been confirmed in British radiologists, a difference which may be real. In the
Archives of Environmental Health, October, 1966, Dr. Shields Warren summa-
rizes his recent studies on the radiologists.2 The thing that is especially in-
teresting now is that the life-span-shortening effect on U, S. radiologists seems
to be disappearing.

When he plots the average age at death in 5-year periods from 1930
through 1965, it can be seen that although the average age at death of the U. S,
male population is rising slightly during this period, the age at death of radio-
logists is lower but increasing more steeply, and is indistinguishable from the
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rest of the population in the final 5-year period. This appears to lend weight
to the earlier conclusion that radiologists did die younger, and suggests in
addition that they are probably no longer doing so.

Biblicgraphy
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SOMEéIOLOGICAL END POINTS OF DOSIMETRIC VALUE/
DERIVED FROM CLINICAL DATA

ot
\\,.w

C. C. Lushbaugh, M. D,

Medical Division
Oak Ridge Institute of Nuclear Studies, Inc.
Oak Ridge, Tennessee

Since the discovery of radioactivity late in the 19th Century, man
has become increasingly aware of the potential for this type of energy to
cause biologic damage. This aspect of ionizing radiation was not anticipated
at first., One year after the discovery of x rays, reports of their harmiful
effects began to appear in medical journals, Becquerel and Pierre Curie
produced radiation dermatitis and ulcers on themselves in one of the first
experiments with radiation in man in 1901 .1 Gastrointestinal distress (now
called the prodromal response} occurred first in an x-ray technician in 1898,
and Walsh reported” that the man unwittingly cured himself by wearing a
lead apron while another man who at the same time had headaches while
working alongside a Crookes tube was unable to prevent them by using a
block of wood as a shield! Radiobiology has come a long way since then
and we have explanations for some of these historical clinical events, but
most are still not completely understood and some not at all. .

Nonetheless, the vast amount of clinical data that has been accumulat-
ed in the last 70 years is rife with information that defines the radiosensitiv-
ity of man in practical terms mutually understandably by physician and
physicist. These observations are used by the one group to avoid irreparable
damage to the whole patient receiving radiotherapy for cancer, and by the
other to avoid acute or chronic occupational exposures that could lead to
premature death by acceleration of aging and other degenerative processes.

This large clinical experience has been used extensively to provide
a firm basis for our occupational radiation health program that has proven
so remarkably successful since exploitation of atomic forces was begun.
It has also been useful in retrospect in interpreting biologic damage in
atomic disasters--intentional, accidental, or incidental. In our time this
biologic dosimetric information has been put to the test in about 14 accidents,
involving more than 50 individuals. Few recent observations have changed
the radiobiological concepts founded on past clinical observations, although
many have helped establish more precise dose-response relations than have
previously been known to man. All of the studies show that, without doubt,
all mammals including man react in a similar fashion to radiation exposure,
differing apparently only in relation to amount of exposure,
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Unfortunately, accidents by definition are not designed, but occur in
spite of the best precautions, Since they occur only when they are not
anticipated, they usually occur when the film badge is in the victim's locker,
the gamma alarms and interlocks are not working, or the victims have
ignored warning signs. As a result dosimetry immediately after an accident
is either nonexistent or so poor that no physician can base his plan of therapy
upon it. 4 Instead, his treatment of the victim is reactive to the sequence
and progress of anatomical and physiological events and in this sense these
events have become '"biolcgical dosimeters,"

Most biologic radiation effects at the morphologic or anatomical
level can be used as dosimetric end points, because most of them require
direct exposure and few result from the exposure of some other organ.
The outstanding exceptions to this statement are, of course, (a) the changes
in numbers of circulating blood cells, since these reflect total (or average)
lymphocytic and bone marrow damage, and the consequences of radiation-
induced failure to replenish the constant loss of blood cells; (b) the symptoms
and signs of the gastrointestinal prodromal responses that appear to reflect
irradiation of a diffusely distributed autonomic nervous system, and (c)
radiation death, which we all know reflects many different lesions that are
determined by whether the whole body or a particular part of the body was
exposed, by the radiation dose given, and by the rate or number of fractions
of the total exposure. So, what do I mean when I say that biologic responses
can be used as dosimeters? I mean even considering all these variables,
complicated as they are by unpredictable variations in the radiosensitivity
of individuals, a physician can make a meaningful, accurate dose analysis
from the course of clinically observable events and the changes that occur
in radiation-exposed tissues.

Historically, this ability to appraise dose was found true first for the
skin and its component parts. The production of erythema was so constant
a postirradiation event that in the absence of physical dosimetry and of any
international agreement on the definition of a physical unit the radiologist
coined his own unit--the S. E. D. or skin erythema dose. It is now well
known that the slow appearance of erythema within 4 weeks after exposure
to a single radiation dose indicates that 400 to 750 rads was deposited in the
skin. In half the cases the dose will have been less than 575 rads. Most
radiologists consider an S. E. D.™ 600 rads, A more rapid appearance
of erythema followed by blisters, moist desquamation, and ulceration
follows doses between 1600 and 2000 rads. In half the patients, skin exposed
to 2000 rads or less will heal in 4 to 6 weeks with only moist dressings for
treatment--defining the so-called skin tolerance dose for man (TDgy ~ 2000
rads). This effect is dependent on the area of skin irradiated only if the
area is less than 400 cm®. It is also dependent on the energy and quality
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of the radiation and upon the dose rate and number of fractions in which the
dose is given. The knowledge that man can repair radiation damage was
also learned first from studying the skin responses clinically after fractionated
exposures, Strandquist showed in a now classical study5 that the size of
the skin-tolerated dose was increased as a power of the number of daily
dosage fractions administered, according to the formula

0.32

TD50 = 2000 t (days).

The hands of a technician who handled filters contaminated by an unknown
amount of fission products are shown in Fig. 1. This appearance of blisters,
within a week after erythema that occurred almost immediately after about
2 hours of exposure, was followed by ulceration that required years of
plastic surgery for repair, The dose here is unknown, but was obviously
much greater than the TDgg of 2000 rads, and is estimated to have been
between 20 000 and 30 000 rads, Figure 2 shows the right hand of a man
who was manipulating a part of a fissionable assembly when it reached
criticality. The ulcerated blisters, edema, and lifeless appearance is
now known to reflect a dose far in excess of 50 000 rads. I hope Dr. Sagan
will tell us later about a similar lesion that occurred recently in a man who
made the mistake of adjusting a target while it was being exposed to accel-
erated particles. The two most recent victims of fatal reactor accidents,
who received whole-body average doses in excess of 4400 and 8800 rads
respectively, each showed intense erythema within 15 minutes of exposure.
They both also had intensely scarlet-appearing conjunctivae "welder's
eyeballs' a sign of radiation exposure of the eyes after exposures equivalent
to or greater than 10 000 R.

Among the oddities of medical practice that I am afraid are stiil
being practiced is the exposure of the scalps of children suffering from
"ringworm' to 300 R of 80- to 100kVp x rays. Because the fungus grows
in the hair follicle and because 300 R stops skin mitosis, hair growth stops
and epilation then occurs, The disease is cured (providing the child's
hat is also destroyed and reinfection is not allowed). So, temporary loss
of hair is another biologic dosimeter that says the dose in the skin at the
level of the hair follicle was about 300 rads. The permanence of the
baldness is a direct measure of an excessive epilating dose and an embar-
rassment to the radiotherapist or dermatologist.

Permanent baldness cannot always be avoided when a deep-seated
tumor is treated. Before leaving the skin as a radiation dosimeter, 1
would like to mention that an atrophic skin lesion thaught to be due to
radiation damage can be considered as such only if the small smooth-muscle
bundles that erect the hair during fright have been spared. These microscopic
muscles, like the muscle in our hearts and extremities, are resistant to
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radiation doses even in excess of 20 000 rads. If surgical biopsy fails to
demonstrate their selective survival, ionizing radiation was not involved
in producing the dermal lesion. '

Let us go on now to the prodromal responses as dosage indicators.
By prodromal we mean medically a prognostically useful group of symptoms
that protends the severity of things to come. In human radiobiology today,
"prodromal response' is used instead of the old term '"radiation sickness"
because this term has been used loosely to mean almost anything that happens
after radiation exposure and no longer has the original meaning of the German
"Strahlenkater' which means, as far as I can determine, ''radiation hangover,"
Who would not define a '""hangover' as a combination of anbrexia, nausea,
vomiting, diarrhea, and fatigue? This combination of symptoms and signs
also defines the human prodromal response to clinically significant amounts
of radiation exposure.

Because the threat of radiation exposure in space also carries with
it the threat of the occurrence of the prodromal response in a weightless,
artificial environment where aspirated vamitus could be fatal, an attempt
has been made recently to establish as precisely as possible the population
distribution for the probability for this type of response to increment
radiation dosages. 8

To establish this biologic response as a predictable human radiation
dosimetry system, we have had more than 35 collaborators who have con-
tributed more than 1600 case studies where total-body irradiation was used
as a means of treating disseminated malignant diseases. 9 By studying the
clinical charts of 800 patients who have received single total-body exposures,
we have found dose-response relations for the various symptoms of the
prodromal response.

In the paper that follows, concerning an important segment of these
patients, the differences between total-and partial-body irradiation will be
emphasized. In the study reported here, only total-body irradiation of
patients treated for widely desseminated malignant disease is considered.

Figure 3 shows that with radiation exposures in excess of 300 R,
the a{rerage time to emesis is about 144 minutes. In this distribution of
response the highest doses caused the earliest responses. In more recent
studies we have found that total-body irradiation with exposures of less than
300 R have a remarkably constant 120-minute latent period, and that if
vomiting occurs it is most likely to occur within an 8-hour period after
exposure., Vomiting in less than 2 hours indicates an exposure in excess
of 300 R, or a midline dose greater than 200 rads. Figure 4 shows that
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the incidence of emesis in a previous study of 163 patients exposed to
various amounts of radiation (expressed as the average dose in the upper
abdominal compartment) indicated that the effective dose (EDgg) for this
symptom was close to 200 rads.? The other line lying within the 95 percent
fiducial limits of the slope variance of these data is the probit regression
line for the incidence of vomiting in respect to dose for normal men acciden-
tally exposedto total-body irradiation in nuclear accidents. The EDj5g is
about the same. The increased slope of their dose-response line implies

a decreased variance in responsiveness, as would be interested in healthy
men.

So far we have determined the single dose-response relationships
for five prodromal responses as shown in the table.

In addition, we have attempted to test the hypothesis first stated by
Warren in 1948, 10 after study of the Hiroshima and Nagasaki experiences,
that the lethal radiation dose (LDgg) for man is approximately 450 R (300
rads). Obviously to use these clinical data in this way it must be remembered
that all of these patients had a large, unknown probability because of their
diseases that they might die unexpectedly and soon in spite of therapy. The
statement that a dose-response relationship for human radiation death has
been developed from these data requires, therefore, that the investigators
have a firmly entrenched faith in the magic of statistics. 1f, however,
deaths between 10 and 60 days after radiation exposure are assumed to be
both "naturally' and radiation-induced, then the results can be used to test
whether Warren's lethal dose estimate of 450 R (300 rads) for normal man is
too low. The results shown in the table and Fig. 5 indicate that his estimate
is remarkably close to that made by probit analysis of the patient!s data
here in which a significant but unknown incidence of non-radiologic deaths
occurred. Even though nonrealistic for healthy man, these data define the
most sensitive or worst situation for man and make him appear more radio-
sensitive than he really is. Such a death probability line could, however,
be used as the upper probability bound for clinically serious hematopoietic
damage. The lowest bound in this hematopoietic death syndrome would be
the dose-response probability for loss of appetite (anorexia), the most
innocuous symptom of the prodromal symptom complex. The resulting
dose-response probability "envelope' is shown along with confidence limits
in Fig. 6.

As with the skin, dose protraction of fractionation will increase the
total dose necessary to produce these end points and will displace the entire
dose-response "envelope', as in Fig., 7. A decrease in its slope would
indicate that greater increments in fractionated doses than of instantaneous
single doses would be required to obtain the same proportion of responses
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in the populace. A study of fractionated total-body doses of about 700
patients, exposed over about 30 years of radiologic practice, led Drs.
Focht, Nickson, and Langham11 to conclude recently that dose fractionation
permits radiation repair, and requires total dose for lethal effect to be
increased as a power function just as in the case of necrotizing skin dose.
This relationship is shown in Fig. 8. Only the experience of one normal
man affords us an approximate confirmation of this model: a Mexican man
who inadvertently was exposed about 8 hours each day for 116 days in the
pow famous Mexican cobalt-60 accident and survived exposure to about 1000
rads {minimal estimate). 12 His fit to the LDgg curve, where his survival
chances at the time his exposures were stopped were less than 50:50, may
be fortuitous, but his hospital course was that of a severe aplastic anemia.
From all of this and from what you heard yesterday from Dr. Bond concerning
the radiation death syndromes, the time of death of an irradiated normal
person is also a measure of his dose. This temporal relation for the
various syndromes has not been developed so well for man as for other
animals, but is loosely accepted as shown in Fig. 9.

Doses up to 600 rads cause death if untreated within a 20-to 60-day time
period; more than 600 but less than 2000 rads cause death between 7 and 20
days; more than 2000 but less than 10 000 rads within 36 to 72 hours, and
greater doses within one day. All of these dose-related lethal syndromes
have typical histopathologic lesions or combination of them that can be
documented surgically or at autopsy. Most of these are so well known that
they need not be mentioned. Among many others, I would like to show you
two that intrigue me:

(a) the death of the acid-secreting cell of the stomach that occurs after
exposure to about 800 R (Fig. 10); and

(b) the development of a myocarditis and meningitis (Fig. 11) that occurs
in man at doses of about 4000 rads and greater in a recently described
human vascular death syndrome.

However, among all the morphologically based response-versus-dose
relations none is considered more quantitative than the temporal changes
in the peripheral lymphocyte count, as shown in Fig. 12. The change in
absolute lymphocyte count during the first 48 hours has many times the
prognostic value of the first film badge reading. It has a much greater
veracity than the first sodium-24 estimate, which in the past has been off
by a factor of 10 because of failure to exclude residual radiochloride counts
or because of errors in arithmetic. This reliability is the result of the
invariable way that lymphocyte death begins at about 50 rads and is virtually
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complete at about 1000 rads after a single prompt dose-a dose beyond which
no man has survived without injection of foreign marrow grafts.

At 1000 rads the temporal sequence of events occurs in the peripheral
blood as shown in Fig. 13, The degree of change is progressively propor-
tional to dose, as shown in Fig. 14, and led to the generalization for biological
dosimetry, shown in Fig. 12, that in essence shows that the lower the
lymphocyte count at 48 hours the worse the prognosis, and that the complete
disappearance of lymphocytes within 48 hours of exposure indicates a hopeless
prognosis. In the two most recent accident victims thig prognosis was borne
out by their deaths within 33 and 49 hours respectively.

I have not been able in this rapid review to spend much time on any
one facet of the problem, and have had to pass lightly over the biological
dosimetric information of the various death syndromes and their basis in
tissue damage, hoping that Dr. Bond and others would have indoctrinated
you in these areas. I passed over completely discussion of the germinal
epithelium, spermato-genesis, cataractogenesis, carcinogenesis, and
leukemogenesis. But lest you forget, allow me to remind you that early
radiologists found it convenient to test their machines by taking a daily x ray
picture of their left hands, and thereby discovered that the skin erythemic
dose has no relation to the epidermal carcinogenic dose; but daily minute
doses to the skin that do not cause erythema can be extremely carcinogenic
and quite fatal.
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Probit analysis of effective doses for gastrointestinal and systematic
clinical responses to total-body irradiation in man (using arithmetic dose).

Clinical Equation
Response P = a (dose) + b ED50 t S. E. (m)
Probit Units Epigastric dose _i\{[}dléggea
(a) (b) (rads) (R)
Anorexia’ 0.017  3.609 82 + 32 124
Nauseab 0.008 3.837 138 + 20 209
Vomiting® 0.008  3.588 173 + 18 262
Fatigue® 0.004 4,428 136 + 36 206
Diarrhea® 0.008 3,441 194 + 19 294
Death® 0.006  3.347 281 + 44 425

As if all doses were from cesium-137 y rays, so 66 absorbed tissue rads

= 100 R measured in air at theoretical midline without the patient present.
Incidence of response through 2 days.
Incidence of response through 42 days.

Incidence of response through 60 days.
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Fig. 1,

Erythema and blistering from accidental exposure of the hands
18 days after beta radiation in excess of 20 000 rem from fission
products (Ref. 13).
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Fig. 2. Ulcerations about 2 weeks after exposure to radiations from
fissionable material in an inadvertent criticality excursion. The
details of this accident were described by Hempelmann et al (Ref. 14).
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PROPOSED EFFECT CONJECTURED EFFECTS OF
OF PROMPT DOSE DOSE PROTRACTION

(> 1 RAD/MIN) (> | RAD « IO RADS/DAY)

v
A.INCREASED VARIANCE .~ //
IN RESPONSE ?

B. DOSE-RESPONSE
DISPLACEMENT ?

|

IR SO NN AN AN SRS SO S S S S
0 I00 200 300 400 500 600 700 800 900 1000

DOSE (RADS)
L1 PR R SR NN S N | [ | ! [T I |
o) 300 600 + 900 1200 1500
EXPOSURE (ROENTGENS) AEC/NASA-ORINS
Fig. 7. The conjectured effects of dose protraction or fractionation upon the

dose-response probability envelope for the hematopoietic syndrome.,
In (A) the e¢nvelope is shifted chiefly because low-dose rate and
fractionation magnify the variance in radioresistance by allowing
repair. In (B) the entire envelope shifts due to threshold of
Irreparable damage being reached in the bone marrow or bther
organs as might be expected with high-LET particles. The large

0 denotes the position of the Warren LDg, estimate. The first X
indicates the possible shift in LDgq after 1 week of dose protraction,
and the second X locates the LDsg displaces by 52 weeks of inter-
mittent exposures as estimated by the LASL model (Fig. 8).
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LASL MODEL OF HUMAN LETHALITY FOR FRACTIONATED
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Fig. 5A.
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GASTROINTESTINAL
DEATH

HEMATOPOIETIC
e SDEATH
THERAPY ~

124681 20 30 40 50




(198

Photomicrographs of two well-known histologic dosimeters: (A)
normal human gastric gland contrasted with that (B) of a man who
received greater than 800 rads to the stomach, causing parietal

cell necrosis; (C) a colonic gland crypt and (D) a jejunal gland crypt,
showing mitotic arrest at doses greater than 400 rads (Ref. 17).
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Fig. 11. Photomicrographs of human myocardium, showing in A and B
the normal appearance and in (C) the severe edema of the
myocardial fibers and in (D) the interstitial exudation of leukocytes
that occurs in the heart of human radiation accident victims exposed
to greater than 4000 rads average whole-body dose (Ref. 17).
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/@EEE_QI_&QE TOTAL- AND PARTIAL-BODY
THERAPEUTIC IRRADIATION IN MAN

Eugene L, Saenger

College of Medicine
University of Cincinnati
Cincinnati, Ohio

It is thought-provoking to consider the reasons for presenting experiences
derived from therapeutic total- and partial-body radiation in man to the problems
of accelerator radiation. The experience of radiobiologists concerned almost
exclusively with human beings is derived from extensive work with sparse radiation.
In these circumstances we can draw on knowledge of total, partial, and regional
radiation given for a variety of diseases and on an extensive literature in experi-
mental radiobiology carried out in animals. In the use of accelerators experience
with both human beings and animals has necessarily been far more limited. In
this latter circumstance, radiation effects have been studied in small animals and
in various cultures of tissues and organisms, and--to an even more limited degree~-
in regional radiation therapy in humans.

In this communication, some findings resulting from total- and partial-body
exposure of human beings are presented and implications for workers in accelera-
tors are discussed,

The program at the University of Cincinnati was initiated in 1960 to study
the effects of radiation on patients who received total~ and partial-body irradiation
for cancer. It is our belief that these studies concerning radiation effects in the
human being can yield valuable information in these subjects, even though the
characteristics of cancer must be kept in mind in the evaluation of the data.

The major objectives of this investigation are to study
{a) therapeutic effects on the clinical course,

(b) hematological changes,
(c) protective effect of autologous bone marrow,
(d) psychological and psychiatric changes,

(e) effects of total- vs partial-body radiation.
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Design of Study

Each patient serves as his own control, utilizing a preirradiation period
of 1 to 2 weeks., During this time several sham irradiations are given to permit
accurate dosimetry and to obtain cooperation of the patient. There is no discus-
sion with the patient of possible subjective reactions which might be attributable
to radiation. However, patients are appraised of the risks of therapy.

Patients with metastatic or incurable neoplasms are given total- or partial-
body radiation for palliation of their disease. Patients for detailed studies are
selected from the above group if they satisfy the following criteria:

(2) presence of ""solid" tumors (patients with lymphoma are excluded);
(b) relatively good nutritional status (ability to maintain weight);

(c) normal renal function;

(d) stable hemogram in the control period. 3

Absorbed midline tissue doses of 50 to 200 rad of total-body radiation (TBR)
and 100 to 300 rad of partial-body radiation (PBR) were given, using a cobalt-60
teletherapy unit and dose rates of 3 to 6 R/min. The distance from the source to
patient midline is 282 cm. Half the planned dose is given to each lateral aspect.
The relative depth-dose distribution for the lateral fields is shown in Fig. 1. The
beam area for the 50% isodose curve at the patient midline is a square of about
73X 74 cm (Fig. 2). The patient is placed in a sitting position with legs raised and
head tilted slightly forward. For partial-body radiation, the teletherapy collimator
is used to restrict the beam. The isodose curves (Fig. 3) and relative dose distribu-
tions for upper and lower body radiation? (Figs. 4 and 5) show that for the upper
body about 40% of the body volume is included and for the lower body about 60% is
included.

Clinical Findings

Forty patients have received total-body radiation. Three patients received
upper-body radiation and ten received lower-body radiation,

The relation to dose of the frequency and severity of prodromal symptoms
of anorexia, nausea, and vomiting are of particular interest. No prodromata were
found below 100 rad. In 14 patients receiving 100 rad, only four patients showed
prodromal symptoms. At doses of 150 and 200 rad, two-thirds of the patients
showed these symptoms (Table 1). Table 2 shows the probability of development
of prodromata for the midline dose in rads and for integral doses in megagram
rads.
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Many of these patients had previously received extensive courses of regional
radiation therapy and systemic chemotherapy. In the early part of this study it
seemed that patients who had received such earlier treatment had a higher incidence
of prodromata; yet, as the study progressed, this trend did not continue. Hence
individuals who have received extensive previous therapy have not shown an
increased incidence of prodromata.

For the three patients who received upper-body radiation with doses of
100 to 200 rad, none showed prodromata. Of the ten patients receiving lower-body
radiation, five showed prodromal symptoms (Table 3).

Symptoms during the stage of manifest illness were minimal. In many
individuals it was difficult to distinguish symptoms of radiation from those attribu-
table to the neoplasm.

A number of standard psychological tests were utilized according to the
design of the study; certain new psychiatric tests have been developed to attempt
evaluation of performance decrement following radiation. 2 It has been difficult to
evaluate these studies, in part because of the low educational levels and intelli-
gence quotients of these patients. Psychic depression seemed to parallel changes
in physical state. Anxiety was high prior to sham or actual treatment and decreased
subsequently.

Mortality

The effect of radiation on lethality in this group of selected patients has
been difficult to interpret. Several models can be considered. Lushbaugh et al. 3
assume that any patient dying in less than 60 days has died of radiation. The
difficult aspect of this problem is to determine the effect of cancer on mortality
and also the possible effects of radiation on the course of the neoplasm. Other
hypotheses can be that the cancer process itself leads to early death and also that
total- or partial-body radiation in some way tends to defer the time of death.

In the TBR patients the median survival time of 37 patients was 200 days.
Eleven patients died within 40 days. Two patients receiving 50 and 150 rads each
died respectively on the 9th and 10th days. They were eliminated from the calcula-
tion since, at those doses, radiation death is too early. Three patients, given
25, 100, and 100 rad, are alive at this time surviving 1074 days, 514 days, and
2099 days (as of March 1, 1967), One patient was lost to follow-up.

When the mean and median days to death of 36 patients were calculated
(Table 4), a2 progressive decrease in survival was found, as would be expected
were radiation the principal factor, except for the 200-rad group. In this group
the mean and median survival times show a marked increase. Thus if the hypoth-
esis of death under 60 days due to radiation is accepted, one must also accept the
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hypothesis that in properly selected patients, this type of radiation may prolong
life. Similar calculations of mortality following partial-body radiation show a
progressive increase in survival with increase in dose.

It is possible that the higher radiation doses were given to patients whose
clinical condition seemed better to the therapist. Once the patient was selected
for this type of treatment, the determination of the dose to be administered was
made by the radiation therapist. Omne difficulty in this type of study is that there
are no survival figures available for comparable groups of patients who have been
treated by other methods, as any selection method would introduce biases in either
direction. It would be possible to select controls who were either much sicker or
less sick than these patients. It would also be difficult to obtain concurrent patients
with neoplasms similar in extent and pathological type. Hence the type of data
given in Table 4 seems to be about as reliable as one can obtain.

If, however, one follows the absolute lymphocyte count, one observes a
marked and persistent lymphopenia ranging from 800 to 200, often remaining low
for 40 to 60 days. In two of the partial-body cases, the lymphocytes did not begin
to fall for 48 to 72 hours after exposure, and it would have been difficult to detect
radiation in this manner. (These cases received 100 and 200 rad respectively to
the lower body,)

If one compares the hematological changes in partial-body radiation with
those in total-body radiation, one is struck by the paucity of change in total white
count, platelets, and hematocrit, particularly since four of the eight patients
receiving 200, 300, and 300 rad had prodromal symptoms. We have not yet
established the partial-body radiation dose which produces the degree of change
seen at 100 to 150 rad of total-body radiation in the human being. Nor has the
amount of marrow being irradiated in the human being been similarly evaluated.

It is quite likely that the degree of hematological depression is more a function of
the volume of marrow irradiated for a given dose than of dose alone. The incidence
of prodromal symptoms seemed dose-dependent for both total- and partial-body
irradiation. On the contrary, depression of granulocytes and platelets was minimal
or absent in partial-body irradiation. Even lymphocyte depression seemed to be
less marked for comparable doses in partial-body irradiation.

Michelson et al, %5 have irradiated beagles and compared lethality of
partial- and total-body radiation. The dividing point for upper- and lower-body
radiation was the xiphoid. The LDgg/¢q for total-body irradiation was 310 rad;
for upper-body irradiation it was 2150 rad, and for lower-body irradiation 900 rad.
If one compares the fall in white blood cell counts in dogs receiving doses at the
LD50/60 level, one finds in the totally irradiated dog (receiving 225 to 300 rad)
that the WBC fell to 20% of the pretreatment level in 7 to 25 days, after which time
recovery began. In the dogs in whom treatment was given to the upper body (1700
to 1850 rad), the WBC fell to 30% of the initial value for 5 to 10 days, followed by
recovery. In dogs receiving treatment to the lower body (700 to 875 rad) the WBC

wr levels fell to 35% af about the 15th day and then recovery began. It is of course
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impossible to give radiation doses to humans of the same order of magnitude as
used in these animals. It is possible that there would be differences in the effects
of upper~- vs lower-body irradiation in humans had more patients been studied;
additional comparisons will have to await further studies.

Discussion

The reason for presentation of these observations to this meeting is to
point out that carefully controlled clinical observations on human beings can continue
to expand our understanding of acute radiation injury, in addition to yielding informa-
tion on the palliative effect of this form of treatment.

There have been a number of other studies similar to ours. 6,7 In all of
these studies there are important limitations. It has not been possible to study
certain aspects of the radiation event. The effect of dose rate under carefully
controlled circumstances is not known. For example, our radiation has been given
over about 30 to 60 minutes. What clinical effects would be different if the dose
rates were much higher? In respect to symptoms, signs, psychological behavior,
or laboratory findings, would the results differ if 200 rad were administered in
1 minute or less? At present, our thoughts are inferential. Recently I participated
in a discussion of a mass of experimental data involving about nine species of
animals exposed under a great variety of conditions. It was difficult to obtain
opinions regarding species differences, and even more of a problem to extrapolate
pertinent information to the human being. My opinion is not presented from the
viewpoint of a theoretical radiobiologist but as a clinician whose responsibility is
to care for colleagues who are injured by radiation.

Dosimetry, relative biological effectiveness, and degrees of injury can be
estimated for exposures at an occnpational level. At the level of clinical injury we
lack information. To illustrate this point, one need only recall the interesting
studies of supervoltage therapy by Milton Friedman, which provided tissue tolerance
for supervoltage and neutron therapy, and studies by the late R. S, Stone, which
provided human data for late effects of neutron irradiation. Yet, with increased
understanding, supervoltage therapy has become a life-saving contribution to many
cancer patients. At present, neutron therapy is being re-evaluated.

As in all great advances in physics, the family of accelerators is developing
primarily because of interest to physicists. Gradually certain biomedical problems
and interests develop--usually years after the advances in physics and engineering.
With the esoteric particles and their complicated interactions, the biological
investigations lag behind those interests which certain of us have at a clinical level.
With the exception of certain human studies utilizing very-small-field irradiation
and relatively low energies, little work appropriate to the type of studies described
here is being planned or carried out. A distinguished physicist once told me that
with our present biological knowledge, it is entirely possible to foretell all effects
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in humans from any of these newer radiations. This viewpoint may be questioned
only after several episodes of human injury have been recorded.

Thus serious consideration needs to be given now to providing increased
opportunity for clinical investigation of many of these radiations, both for their
possible clinical benefits in cancer patients and for concomitant evaluation of their
deleterious effects. It is doubtful that a principal problem is one of exchange of
information between physicist and biologist, or even of getting time on existing
machines for biclogical experiments. As we have seen from relative biological
effectiveness and linear energy transfer, it matters little whether we provide 50
or 100 inches of shielding or whether the quality factor is 2, 10, or 20 for occupa-
tional exposure. These are the easy problems.

The difficult problems are diagnosis, therapy, and prognosis of acutely
and seriously injured man. The need is for more accelerators with large fields
and pertinent radiations which can be applied therapeutically to add pertinent
clinical understanding for acute human overexposure!
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Table 1. Frequency of prodromal symp‘comsa following total-body
irradiation (Cincinnati data).

Midline Frequency
dose
(rads)
50 0/8
100 4/14
150 8/12
200 4/6

a. Nausea, vomiting, etc.

b. Patients with syndrome /total patients in group.
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Table 2. Stimulus (prodromal symptomsa) at which proportion P
would be expected to respond (Cincinnati data).

P Midline Integral
dose dose
_— (rads) (Mg-rads)
0,10 58 1.4
0.20 86 4.3
0.30 107 6.4
0,40 125 8.1
0.50 141 9.7
0.60 157 11.4
0.70 ’ 175 13.1
0.80 195 15.2
0.90 224 18.1
0.99 292 24.9

a. Nausea, vomiting, etc.
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Table 3. Incidence of prodromal symptomsa following partial-body
irradiation (Cincinnati data).

Midline Frequency
dose

(rads)

100 0/3
150 1/2
200 2/6
300 2/2

a. Nausea, vomiting, etc,

b. Patients with syndrome /total patients in group.
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Table 4. Elapsed time to death following total- and partial-body

radiation.
Midline Days from irradiation to death
dose
(rads) N Mean Median
Total-body —_—
50 6 242 96
100 12 257 198
150 12 197 64
200 6 348 246

Partial-body

100 3 72 38
150 2 101 --
200 6 138 133
300 2 212 --
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\/DATA FROM ANIMAL EXPERIMENTS P

J. F, Fowler PRV
A
Postgraduate Medical School h
Hammersmith Hospital
London, W, 12.

1. Introduction

I shall attempt to deal only with somatic damage in animals, and that
only in the organs with which I am familiar, Dr. Oakberg has dealt with genetic
and gonadal aspects, and Dr. Sullivan with intestinal and gonadal injury. My
experience is mostly concerned with the fast neutron beam from the M. R.C,
Cyclotron at Hammersmith Hospital; in addition we have carried out experiments
jointly with Dr. Barendsen, both on the neutron beam and on beams of deuterons
and o particles of six different well-defined LETs,

The spread of LET in a fast neutron beam is wide (Fig. 1) and "mean
LETs" cannot be satisfactorily specified either to obtain RBE values or to cal-
culate other effects such as the oxygen enhancement ratio (see below, also
Ref, 6).

This paper presents some results from the skin of pigs, mice, and rats
irradiated with cyclotron neutrons, and will discuss the relevance of these to

more fundamental cell ~survival studies.

2. The Distinction Between RBE and QF

An RBE value is the result of one set of experiments on a given biological
system, Quality Factor, on the other hand, is an arbitrary series of dose ratios
of the same dimensions as RBE values, but chosen by the ICRP17 to represent a
series of reasonable values, solely for the purpose of radiation protection pre-
cautions., QFs are specified for given values of LET. They apply only to such
low doses as are appropriate to personnel monitoring, There are two main
problems about QF, One is that LET is difficult to specify, since all radiation
fields contain a mixture of LETs, and there is no satisfactory way of obtaining
a useful mean value. Neither track average nor dose average is adequate for
calculating both oxygen enhancement ratio and RBE in mammalian cells, 11t
is likely that methods will be necessary which take account of distributions of
local energy density at the submicroscopic level, ere are methods of meas-
uring distributions of LET in mixed radiation fields;*" also techniques by which
each component of LET is multiplied by the ICRP value of QF before summing
to give a single figure in "rem." This last method is convenient, especially for
summing doses in very-low-dose monitoring, but the information is blurred,
and should appreciable doses be recorded further analysis would be necessary.
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The second problem about QF is that it is, by definition, no guide what-
ever to the possible clinical outcome of any significant overexposure, It would
be grossly misleading to use the QF of 20 in the event an appreciable dose were
received accidentally by the whole body--i. e., by the haemopoietic system--or
locally by the skin.

Figure 2a shows the variation of RBE with LET summarised by Alper1
for plant, mammalian, and enzyme systems, Figure 2b shows more detailed
experimental values for LDgp--30 days in mice plotted against LET, together
with the ranges of LET of several types of radiation. The LDgq/30q is pre-
sumed to be correlated with depletion of leucocytes following cellular depopula-
tion of bone marrow,

Figure 3 shows more recent data on RBEs for somatic damage. The
lower dotted lines are the RBEs for proliferative survival of human kidney T
cells in tissue culture obtained from Barendsen's experiments with track seg-
ments of charged particles. 4,3 The peak in RBE occurs at about the same LET
as for the LDgg in mice. The increase of the peak RBE with decreasing level
of damage--i.e., with decreasing dose, specifically dose per cell cycle--is
clearly shown. Some RBEs for thymus weight loss in the rat” fall into the same
range of RBE and dose, although the choice of mean LET for Bateman's neutrons
was difficult to make. The significant result is that Neary, Munson, and Mole
found RBEs of about 10 in mice exposed to dose rates of the order of 1 rad per
day of fission neutrons or x ra.ys.2 These RBEs are higher than those for cell
killing by larger doses, and the curve relating QF and LET goes through the
chronic irradiation values. QF then remains high, although the RBEs for so-
matic damage decrease at higher LETs, where the length of single-particle
track becomes less than the diameter of a nucleus.

3. Principles of Dependence of RBE upon LET

a. RBE depends upon the "LET distribution, " or, better, upon the distri-
bution of local energy density at the submicroscopic level. There is no satis-
factory "mean value'" of LET,

b. RBE depends upon the size of individual dose necessary to produce the
given end point. This is due to a greater curvature in the x-ray dose response
curves than in those for higher LET radiation (Fig. 4). In cell survival, this
means a smaller relative amount of intracellular recovery from sublethal injury
(see below).

c. RBE depends upon dose rate. This is obvious when the time of irradia-
tion rises above about an hour, so that intracellular recovery occurs before all
the dose is given, and similarly when the dose per cell cycle becomes small,
as in continuous irradiation. There are also some unexplained findings in dose-
rate dependence of 4-day death in mice, presumed due to killing of the cells
populating the crypts and villi in the intestinal mucosa. Hornsey et al, found a
30% increase in LDg/4q When the dose rate was 6000 Ead/min instead of 100
rad/min. 5 Sondhaus ét al. reported a similar effect. 23 Marcus and Sticinsky1
and Fritz—Niggli14 have reported increased efficiency in killing drosophila eggs
at high dose rates. Marcus' experiments involved spacing dose fractions apart
by seconds or by milliseconds. More experimental work is required here.
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d. RBE depends upon the cellular sensitivity of cells in an organ, i.e.,
upon Dg and extrapolation number, which in turn may depend upon the phase of
cell in the cell cycle, i.e., upon whether the cell is "resting in Gy" or in some
equivalent state; and upon whether the cells have been partially synchronized by
previous irradiation or by any other means,

e. RBE may also depend upon the kinetics of the cells in an organ, This
dependence may be in subtle ways connected with synchrony perhaps, since the
gross proliferative rate of a cell population does not appear to be different after
x rays or after high-LET radiation, Figure 5 illustrates this lack of difference
for mouse skin irradiated with 250-kV x rays or by cyclotron neutrons with a
modal energy of 6 MeV and a maximum energy of 18 MeV, Further, Westra
and Barendsen“! have found no difference in cell colony size distribution for the
kidney cells after irradiation by x rays or polonium o particles. These obser-
vations are consistent with our earlier results on the skin of swine. In an
intact animal, the variation of RBE with LET may take the form that a different
organ becomes predominant as a cause of death as the LET or dose is changed.

4, Evidence for Less Intracellular Recovery of
Sublethal Tnjury After High-LLET Radiation

Experiments with split doses on the skin of mice, pigs, and rats have
shown that the amount of recovery which takes place in 24 hours--this includes
the intracellular repair of sublethal injury, which is complete within a few hours,
followed by progression of the partially synchronized cell population through the
metabolic cycle, togéther with a certain amount of repopulation~-is between
half and two-thirds of that after x rays or 15-MeV electrons,

Figure 6 illustrates such experiments; the single-dose response curve
is shown on the left, the split-dose response curve with a 24-hour interval be-
tween two equal fractions is shown on the right. If Dy is the single dose re-
quired to produce the same average skin reaction (over 8 to 30 days--see Fig. 5)
as the dose D, given as two fractions 24 hours apart, then D, - D, gives the
24-hour "recovery.' Table 1 summarises the results, and shows that the re-
covery after cyclotron neutron irradiation is approximately half of that after x
rays or electrons, in mouse skin., The lower half of the table gives results for
pig skin, where six individual fractions of about 180 rads of neutrons or 600
rads of 8-MV x rays were found to give the same skin reaction as single doses
of 800 or 2000 rads respectively. Again, the short-term ''recovery' averaged
over the five 3- or 4-day intervals is for the neutrons half as great as that for
x rays, In rat skin, for five fractions in 4 days the average recovery in the
24-hour intervals is smaller, being about one third instead of one half.

In both the two-dose and six-dose fractionations, a proportion of the
"recovery' is due to synchrony induced by the first dose and to some cellular
repopulation, The proportions of these are not known, but synchrony even
after a large first dose such as in the two-dose experiments is unlikely to in-
crease (D - Dy), 4 by as much as the value of Dy,. 28 The relative magnitudes
of synchrony proéuced by x rays or fast neutrons are not known, and constitute
a field where study is needed. It is possible that the two-fraction experiments
demonstrate more synchrony and the six-fraction experiments more repopula-
tion, so that the ratio of one half found in both cases for the recovery after fast
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neutrons compared with x rays may be a coincidence. If so, the amount of
"recovery' which corresponds to the ''shoulder' of the cell survival curve may
be somewhat less than one half, as suggested by the results on rat skin, It is,
however, a practical value for considerations of radiotherapy using fast neutron
beams,

Hornsey et al. found, 16 in split-dose experiments on 4-day death of
mice, much less recovery after cyclotron neutrons than after x rays. Their
values of D, - D, were 0 to 30 rads of neutrons and about 400 rads of x rays.
The results were consistent with no recovery at all from the fast neutron irra-
diation, for an interval of 6 hours, during which most of the recovery in skin
has already occurred. This shows that different organs show different degrees
of short-term recovery, and we know little about such differences as yet.

5. Variation of RBE With Size of Single Dose
in Mouse and Rat Skin, and in Rat Tumors

It has previously been pointed out that for skin reactions in pigs, the
RBE decreased as the size of individual doses increased (Sec., 3b; Ref. 7).
Table 2 summarises these results, Figure 7 shows this trend for the lower
levels of damage, but at higher doses the hypoxic component of skin tissue con-
trols the response, and the x-ray dose-response curve flattens out. This leads
to higher RBEs at higher single doses--in some cases very much higher RBEs,
This is to be expected if a proportion of the tissues is hypoxic, but would not
be seen for rather small individual fractions.

Figure 8 shows an entirely similar result for the skin of rats' feet. 9
The RBE decreases to a minimum value of 1.48 just before the '"breakaway"
level at which the hypoxic response begins to predominate. Figure 9 shows
that in a tumor in the same rats, where a greater proportion of hypoxic cells
is present {>1%), the same effect is even more marked, The tumor is Dr,
Thomlinson's RIBg, an anaplastic fast-growing transplantable fibrosarcoma. 24,25
The end point measured is the delay which the irradiation causes in the time to
grow to 25 mm diameter.

Figure 10 compares the results {at top) with schematic cell survival
curve expectations, and shows that they are in good agreement,

6. Comparison of the Effects of Fast Neutrons and
x Rays on Skin and Tumors in Rats

Field, Thomlinson, and Jones have carried out a careful study of the
relative skin and tumor responses in rats as described above, for one, two,
and five fractions. They are seeking the best combination of high tumor re-
sponse and low skin damage, as a guide to application of cyclotron neutrons in
radiotherapy. 5,10, 12, 13,19 The results mentioned above, together with similar
results for the two- and five-fraction schedules (with 24-hour intervals) allow
a rather complete picture to be presented, with two provisos. One is that only
these two tissues in the rat are compared; other pairs of tumor and normal tis-
sue may give different results, The second is that experiments are required
for larger numbers of fractions, especially to determine whether multifraction-
ation with x rays can give better results than any number of neutron fractions,
large or small,
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Bearing these provisos in mind, we see in Fig. 11 a plot of tumor
response {ordinates) vs skin damage (abscissa). The most advantageous results
in radiotherapy are of course for maximum tumor response and minimum tumor
injury, i.e., results in the upper left corner of the graph. Figure 10 shows that
two or five fractions of x rays are better than a single dose; that one or five
fractions of fast neutrons are better than the x rays; and that two fractions of
neutrons give the best tumor response for a given degree of skin injury. The
fact that the two-fraction curves are relatively high both for x rays and for neu-
trons may indicate some induced synchrony,

These results can only be taken to apply to the skin of rats' feet and to
the fast-growing fibrosarcoma RIBg. These results are, as far as they go,
encouraging for fast-neutron therapy, but different pairs of normal tissues and
tumors may give different results. Other exposures, such as might be received
in accidental overdoses, would have to be evaluated on the basis of a knowledge
of the effect of x rays or fast-neutron doses of the appropriate magnitude on the
irradiated organs,
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Table 1. Recovery in skin,

24-Hour recovery in mouse skin

{Denekamp et al., Ref. 8)

Radiation Single Dose D2 - D1 (rads) (D2 - D1) X RBE
Cyclotron 1100 - 1700 135 ~ 190 230 - 325
neutrons
250-kV x rays 2000 - 3000 420 - 540 420 - 540
15-MeV 2500 - 3500 480 - 680 380 - 540
electrons

Short-term recovery in pig skin

(from 6 fractions in 17 days--Bewley et al., Ref. 7)

D, -D

6 1
D, (D¢ -Di)/5 ———— X RBE
Cyclotron 800 60 150
neutrons
8-MV x rays 2000 300 300

Short-term recovery in rat skin (from 5 fractions

in 4 days--Field, Thomlinson, and Jones, Ref. 9)

Dy - Dy
Dy (Dg - D,)/4 ——z— X RBE
Cyclotron 1000 60 120
neutrons
250-kV x rays 2000 400 400
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Table 2, Variation of single-dose RBE in skin with size of dose.

Skin of rats' feet (Ref. 9)

Neutron dose x-Ray dose x Rays/neutrons
ratio
600 1260 2.10
900 1440 1.60
1200 | 1770 1.48
1500 2540 1.70
1800 3770 2.10

Skin of mice's feet (Ref. 8)

Neutron dose RBE relative to RBE relative to

{(rads) X rays 15-MeV electrons
800 -—- 1.62 - 2.34

1000 1.35 - 1.57 1.56 - 2.0
1200 1.5 - 1.7 1.67 - 2.57
1400 1.6 - 1.7 1.7 - 2.9
1500 1.9 -2.3 -
1700 2.2 -2.4 -
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Split-dose experiment on mouse skin with cyclotron neutron irradia-

Right-hand curve, two equal doses

The displacement of this second curve gives

the total "recovery" (D, - Dy) occurring in 24 hours after a first dose of
1000 to 2000 rads of fast neutrons (Ref, 8).

139



N
T

b
—

AVERAGE SKIN REACTION

0'20

-1

DOSE K-RADS 4

Fig. 7. Single-dose response curves for skin reactions (8 to 30 days) in
mouse feet, for neutrons, 250-kV x rays, and 15-MeV electrons. The
increase of RBE above x-ray or electron doses of about 2000 rads is
attributed to hypoxia of the skin (Ref, 8).
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Fig., 8. Single-dose response curves for skin reactions in rat feet after fast
neutron or 250 kV x-irradiation (Ref. 9),
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Fig. 9. Delay in growth of RIBg rat fibrosarcoma to 25 mm diameter (differ -
ence from unirradiated tumors) versus single dose of fast neutrons or
250-kV x rays.
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REcmT‘{TUDIEs AMONG PERSONS EXPOSED/TO RADIATION
FROM MILITARY OR INDUSTRIAL SOURCES: A REVIEW
LEONARD A. SAGAN, M, D.
DIVISION OF BIOLOGY AND MEDICINE ,
U. S. ATOMIC ENERGY COMMISSION g

The largest group of persons exposed to large amounts of radiation have received
such exposures for therapeutic purposes. The smaller group of non-clinically
exposed persons, however, provides information not otherwise available. Radia-
tion effects examined in persons therapeutically irradiated are subject to bias
because of patient selection, possible effects of other therapeutic modalities
and of the underlying disease itself. Accidents to healthy humans provide
information not handicapped by these confounding variables. The following
review summarizes recent studies among persons exposed externally either in
industrial accidents or from military sources. The acute radiation syndrome
among accidentally exposed persons has recently been summarized.l

Sources of information:
1. Industrial exposures. (Table 1)

2. Marshall Island exposures. On March 1, 1954, due to an unexpected shift
of winds, sixty-four persons on Rongelap Island, 105 miles from the Bikini
Test Site, were accidentally exposed to fallout irradiation.l4 The mean
dose to the population was estimated to be 175 rads whole-body gamma
radiation plus contamination of the skin sufficient to result in beta burns
and slight internal absorption of radioactive materials through inhalation
and ingestion. These persons, in addition to Marshallese who were away
from the island at the time but who subsequently returned and serve as
controls, have been examined at yearly intervals since.

3. In the same episode as cited above, 23 Japanese fishermen were irradiated
aboard the fishing boat, Lucky Dragon.l5 Estimates of the doses for the
individual crew members range from 170 to TOO rads. One of the heavily
irradiated men subsequently died although the relationship of his death to
previous radiation exposure is not clear. These survivors have also been
examined at regular intervals.

4, Hiroshima and Nagasaki survivors of the atomic bomb. Under auspices of the
National Academy of Sciences, a selected sample of Japanese survivors of
the two bombings of Hiroshima and Nagasaki together with controls have been
carefully studied for late effects of radiation exposure at the Atomic Bomb
Casualty Commission (ABCC). Rediation dose for each individual, including
a consideration of shielding, has been calculated, but remains tentative.

143"



10.

11.

12.

13.

Iv.6

TABLE 1

AGCIDENTAL EXPOSURE TO IONIZING RADIATION IN INDUSTRY

Location
Los Alamos
Los Alamos
Argonne
U.S.S.R.
Oak Ridge
Vinca
Los Alamos
Lockport
Wisconsin
Hanford
Mexico
Illinois

Belgium

Date
1945
1946

1952

1958
1958
1958
1960
1961
1962
1962
1965

1965
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Reference
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5. Residents of southwestern Utah. Residents of Utah were exposed to fallout
from the Nevads Test series ending in 1962. Although considerable uncer-
tainty exists, one estimate of mean exposure to the thyroid gland og
children living in the area from radioiodine (195 2-6) is 50 rads.l® Others
have speculated that certain individuals may have received far more.

Leukemia

Because the leukemogenic effect of radiation, being rather weak, can only be
detected in large populations, one would not anticipate statistical evidence

of this effect in a population less than several thousand in size. Therefore,
of the various populations under consideration here, only the ABCC population
is of sufficient size and character to allow study of radiation leukemogenesis.
Within the past year, a summarX of leukemia studies at the Atomic Bomb Casualty
Commission has been published.l? Several conclusions can be drawn from this
work that are of interest:

l. In addition to the first incidence peak that occurred in about 1952, there
was a second peak in 1958.

2. Whereas the first peak consisted about equally of cases of chronic and
acute leukemia, the second peak was predominantly of acute leukemia.

3. There were five times as many persons less than thirty years of age at
the time of bombing who developed acute leukemia during the first peak
whereas during the second peak acute cases among younger and older persons
were about equal.

k., Chronic leukemia was found most commonly among those very young at the time
of bombing during both peak periods.

In conclusion, the relationship between radiation and subsequent leukemogenesis
is a complex one and involves many variables, all of which are not understood;
for instance, the abgve noted studies are at considerable variance with the
data of Court—Brown} who noted a peak incidence of leukemia at 3-5 years
following irradiation in contrast with a peak among Japanese survivors at 8
years. -The explanation for this difference is not clear.

Although hematologic effect during the acute response to whole-body irradiation
has long been recognized, more subtle cytogenetic changes have only recently
been recognized as techniques have become available for thelr demonstration.
Cytogenetic studies in several populations have demonstrated persistent chromo-
somal anomaslies. These several studies are summarized in Table 2. At the
present time all of these persons seem to be otherwise well and there seems to
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TABLE 2

CYTOGENETIC CHANGES IN ACCIDENTALLY EXPOSED PERSONS

Fraction of Persons
Population Exposed Demonstrating Control Reference
Exchange-Type Anomalies

1. Japanese Fishermen 1954 7/11 0/11 15
2. Atomic Bomb Casualty Commission 1945 33/94 1/94 19
3. 0Oak Ridge Employees 1958 6/6 - 20
L, Marshallese 1954 16/43 0/8 21
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be no clear-cut relationship between dose and degree of abnormality, nor is
there any understanding of a relationship between karyotypic changes and
leukemias, if any. Dr. Goh of Oak Ridge Institute of Nuclear Studies has
described, in addition to exchange-type chromosomal changes, an abnormally
formed chromosome of the G group which resembles the Philadelphia chromosome

of chronic myelogenous leukemia.20 These abnormal forms have been found in

all six of the exposed Oak Ridge workers who have so far been examined. Whether
or not these forms are identical to the Philadelphia chromosome or what rela-
tionship they may bear to it is not known.

Thyroid

Although thyroid disease had been described in clinically irradiated popula-
tions22 there were no reports of thyroid pathology in nonclinically irradiated
populations until 1963, .since which time three different studies have generated
new information on the effects of both X irradiation and radioiodine on the
thyroid gland.

In 1963, reporting a summary of clinical examinations of survivors in both
Hiroshima and Nagasaki, Socolow23 noted histologic’ demonstration of thyroid
carcinoma in seven subjects under 20 years of age and in 12 subjects over 20
years of age, incidence rates about equal. These were detected through clinical
examination and biopsy and were largely asymptomatic lesions.

A second study of thyroid carcinoma among survivors was carried out in the ABCC
autopsy population by Zeldis.?* The thyroid gland in 1253 consecutive autopsies
was examined. Although thyroid carcinoma showed a dose dependency, none of the
lesions had contributed to mortality.

These ABCC studies noted above are quite consistent with clinical experiences

in which thyroid carcinogenesis has been noted with x-ray exposures above 100
rads.?2 On the other hand, information regarding the relative neoplastic effect
of radiociodine has not been available until recently., Animal studies would
indicate far less neoplastic potential from radioiodine than with x ray.25
Therefore, the following two studies are of particular interest.

Within the past year, a report of findings of thyroid pathology among Marshallese
who were exposed to whole-body external radiation as well as that from absorbed
radioiodine has been published.26 Of the 19 children accidentally irradiated
with estimated thyroid dose of 700 to 1400 rads, plus an additional 175 rads
whole-body radiation, 68 percent have now developed thyroid nodules and an
additional two children were found to have hypothyroidism.27

Among those above age 10 at the time of exposure, 3 of 44 or about 9 percent

developed thyroid nodules-one of which was found to be malignant., Estimated
dose to the adult thyroid was 300 rads.

147



Iv.6

Another population presumably exposed to radioiodine from fallout which has been
recently studied is the 2000 children living in the area of Utah northeast of
the Nevada test site. Although no publications of this data are yet available,
preliminary analyses of the data do not indicate the presence of radiation-
related lesions.28 4 single case of previously unsuspected hypothyroidism was
uncovered.29

Hypothyroidism has also been found among two of the Marshallese children26 and
one of the persons accidentally irradiated30 at Los Alamos in 1946 was subse-

quently found to be myxedematous in 1956. All of these ceses have appeared at
about 10 years post-irradiation; however, a causal relationship remains highly
speculative. Nevertheless, these clinical findings together with some recent

experimental studies in dogs3l in which thyroid atrophy followed only moderate
doses of x irradiation justify attention.

Early Aging

Although a great deal of information has been collected demonstrating accelerated
aging among various animal populations,30 this effect has not yet been persuasively
demonstrated among humens, either through physiologic measurements3l or through
mortelity studies.32 A recent publication does indicate increased hexosamine:
collagen ratios among tissues of survivors as compared with control§33 but the
significance of this finding remains to be elucidated.

Fertility

Recently published studies of spermatogenesis following accidental radiation
bear on radiation effects on the gonads.

Survivors of the Hiroshima bombing demonstrated depressed sperm counts,,3h
particularly within 0.9 mile, where only 13% of men tested had sperm counts

above 40,000/cm? compared to 60% beyond that distance. This effect was transient
and was manifest only during the immediate post-attack period.

Of the 23 Japanese fishermen accidentally radiated on the Lucky Dragon on

March 1, 1954, with estimated whole-body radiation of 170-700 R, all became
relatively aspermic, sperm counts returning to normal levels in about two years.
No children were born to the wives of the group during 1954 or all of 1955;
however, several normal children were born subsequently.

These data are in agreement with experimental human datald which indicate
aspermia universally with exposures above 100 rads with duration of suppression
related to degree of exposure. Doses of 15 R will produce a moderate
oligospermia.
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Morphologic evidence of testicular atrophy following an acute radiation insult
has been long known3® but only recently have chronic changes been described.
Jordan et al,examining autopsy material among atomic bomb survivors, have found
a highly significant excess of tubular sclerosis and vascular hyalinization in
testicular tissues. These differences became even more significant when the
study sample was limited to exposed survivors with estimated exposures of more
than 300 rads.

Studies of live births to survivors of both cities shows no relationship to
distance from the hypocenter at time of bomb. Birth rates for the small
number of exposed women of Rongelap have been greater than those of the
Marshallese as a whole,

It would appear, then, that reproductive capacity is unimpaired among irradiated
females although a temporary infertility following exposure is not excluded.

Growth and Development

The first suggestion of growth retardation among irradiated children was
published by Reynolds in 1954, His study of atomic bomb survivors was
hampered, however, by the problem of matching controls for nutritional and
other socilo-economic factors. More recent study 0 of exposed Marshallese
children substantiates such an effect, particularly among younger boys, but
not among girls. Following publication of those findings, two of the most
severely retarded boys were found to be hypothyroid24 and two other children
have what appears to be incipient hypothyroidism, thus supplying a possible
mechanism for at least some of the growth retardatien. Subsequent to therapy,
both hypothyroid boys have shown a growth spurt.

Cataracts

Although there can be no question that radiation produces cataracts, dose-
response relationships here have been extremely difficult to establish.
Changing clinical procedures, inter-observer variation, and lack of a clear
definition of radiation cataract makes interpretation of data difficult if
not impossible,

Several studies from ABCC have produced contradictory results, although in
each case radiation cataracts were detected.4l Visual impairment was rare.
The most recent and extensive study has not yet been published. Cataracts
have also been reported among the Marshallese, and the Los Alamos criticality
victims. Woods™?2 report of a study of 13 cyclotron workers estimated that 80
rads of fast neutrons is a cataractogenic dose producing visual impairment,

Discussion and Summary: Although a clear understanding of human radiation
effects must await an understanding of the mechanism of action of radiation
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at a cellular and subcellular level, studies of persons exposed to radiation
through industrial and military sources will continue to shed light on sequaelae
of radiation exposure. It is therefore important that records of such persons
so exposed and the degree of exposure be maintained. Studies of the subsequent
health of these persons will provide information not otherwise available on
acute radiation effects among healthy persons.

Animal studies and human studies suggest problem areas that lend themselves
to investigation among these human populations. They are as follows:

1,

Dose - response relationships. Although this may be the most critical
problem facing investigators of human radiation effects, the difficulty
of assembling sufficiently large populations with low-level exposure and
suitable controls may be insurmountable.

Synergistic effect of other environmental hazards with radiation in the
induction of late effects.

Dose - rate effects. Although it is well known that the acute radiation
syndrome is highly dose-rate-dependent, it is not known whether or not
late effects are also dose-rate-dependent to the same degree; recent
evidence with respect to repair mechanisms would suggest that it is.

Accelerated aging. Although accelerated aging is widely accepted to

be an effect of radiation, at least as interpreted from animal studies,
neither the nature of aging nor the mechanisms of radiation effects are
understood. The matter has widespread biologic significance and requires
resolution.

Relative biologic effectiveness of particular radiation.
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\AOSIMETRY AND RBE AT THE ENDS OF PROTON TRAJECTORIES

P. Bonét-Maury, T. Kahn, A. Wembersies, R. Choquest,
A. Bernet, J. de Sagey, and L, Cieur

Institut du Radium
Laboratoire Joliot-Curie
Orsay (S. &0.), France

We have shown1 that the dosimetry and the biological effects of protons of
140 to 600 MeV are practically the same as those of y rays, provided that we use
the first part of the proton beam, where the LET is about 0.5 keV/u and varies
only slightly across the dosimeter or across the animal, This work has confirmed
the experiments of Tobies et al.Z that high-energy particles have virtually the
same biological effect as 200-keV x rays. This is proved by the experimental
observation that, with both these types of radiation the RBE for LDg to mice is
close to unity. There is general agreement today among the majority of authors
that an RBE of about 1 # 0, 2 should be ascribed to most of the path of high-energy
protons. When the energy does not exceed a few hundred MeV, the nuclear reactions
{(cascades and evaporation) caused by inelastic collision do not play an important
part in the production of biological effects, With irradiation in air, secondary
radiation such as a particles, neutrons, and protons contributes little (a few
percent) to the absorbed dose.3 Thus we have found, in experiments performed
in collaboration with Baarli at CERN, that 592-MeV protons have the same effect
on C57/BL6 mice behind a 1-cm aluminum absorber as with no absorber. Second-
ary radiation may become significant as the energy of the primary radiation
increases, since this increases the frequency of the nuclear interactions. Thus,
irradiating mammals with 2. 2-GeV protons, Legeay et a,l.4 found that secondary
radiation is responsible for more than 25% of the total effect. Secondary radia-
tion has also been found significant by the same authors and Baarli at CERN in
experiments in which mice were irradiated with 600-MeV protons.

However, the above remarks do not apply if the dosimeter or the animal
is irradiated with the terminal part of the proton track, i.e., the Bragg region,
where the absorbed dose and the LET are greatly increased. This property of the
end of the trajectory of high-energy beams was first exploited by the Berkeley
group, who used narrow beams of well-defined geometry in cancer therapy and
for neurosurgery. The present authors have studied effects of the ends of the
trajectories of broad proton beams in connection with the hazards near accelera-
tors and in space flight, as well as with fundamental radiobiology. The flux, the
LET, and the absorbed dose of such proton beams are significantly different over
the last few centimeters of the trajectory, and so, therefore, are the biological

o effects. More specifically, the following changes are observed: (a) the flux
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decreases, at first slowly (region of nuclear reactions) and then rapidly {region of
increasing ionization); (b) the mean LET of a proton steadily increases, at first
slowly and then rapidly; and (c) the absorbed dose follows the usual Bragg curve,
with a peak as seen in Fig. 1. In the region of the Bragg peak and toward the

end of the track, the LET increases to about 15 and 25 keV/u, respectively

(Table 1). Near the end of the proton's range the LET increase is counterbalanced
by a drastic drop in the proton flux and in the absorbed dose (as seen in Fig. 2),
making it difficult to predict the biological effect in this terminal region. To
check this experimentally, we measured the absorbed dose and the RBE in the
region of the Bragg peak by exposing various parts of the animals to protons at
the ends of their trajectories.

Experimental Arrangement

A proton beam was led through an evacuated tube from the synchrocyclotron
without being focused. After leaving the tube through an aluminum window, and
passing through a 6 -mm-thick lead screen and a 4.5-m-thick air layer, the beam
was broad and homogeneous, as shown in Figs. 3 and 4. The isodose curves were
approximately circular, as seen in Fig. 5, and the initial energy of 152 MeV had
been reduced to about 140 MeV. The dosimeters and the animals were placed
behind Lucite walls in such a way that the Bragg peak fell at the selected depth in
the animal. The surface dose was measured with various small air-ionization
chambers (Baldwin-Farmer, Victoreen, and Philips) or with film glass, and LiF
dosimeters. These results are compared in Fig. 6. The comparison also
includes the ferrous sulfate dosimeter, with which we found G = 15.8=+0, 3 for
150-MeV protons.

Determination of the Absorbed Dose

The absorbed dose in the region of the Bragg peak was determined with
thin dosimeters, namely Kodak C B and dental dosifilms (about 1 mm thick),
LiF (2.5 mm), French glass (3.9 mm), and Japanese glass (4 mm), as seen in
Figs., 7 through 11. These dosimeters were calibrated with 60co v radiation
and the readings were expressed in rads.

(a) Dosifilms

Fifty such films are arranged in a stack with an aggregate thickness of
about 5 cm, behind a Lucite screen, in such a way as to incorporate the Bragg
p€ak. The Lucite screen was composed of 1-cm-thick sheets with films placed
between them, so as to determine the curve of the absorbed dose for the whole"
track (see Fig. 12). C B films were fitted with water-tight cases, and the same
experiment was done with water instead of Lucite.
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Table 1. Linear energy transfer (LET) and relative biological effectiveness
(RBE) as a function of the residual range in mm of water, The LET is seen
to rise monotonically through the Bragg peak.

Bragg

Residual Peak

Range, 30 20 10 8 6 4 2 ~0

mm

LET ‘

keV/p 1. 4 1.6 3 4,5 7 10 14 25
RBE
(ICRP) 1 1to2 2toh
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(b) Glass dosimeters and LiF

These dosimeters were placed in Lucite blocks fitted with holes and suitable
covers. The holes were so arranged that each dosimeter fell in a different range.
The dosimeters were offset by 5 mm, but additional holes for LiF dosimeters
reduced this distance to 2 mm in the vicinity of the Bragg peak, as seen in Fig. 13.
These devices permitted determination of the response curve of each dosimeter
along the entire proton trajectory, and notably around the Bragg peak. From
these curves one could establish the distribution of the various absorbed doses
from broad beams in soft tissues, since the reaction of Lucite with respect to
high-energy particles is very similar, if not identical, to the reaction of soft
tissues.

It has thus been found that the dosimeters all together indicate a Bragg-
type curve, with a maximum and with an abrupt decline toward the end of the
proton range. The measured values agree with the theoretical values as a function
of energy. However, the shapes of the curves differ from those of the theoretical
curves, and the experimental values are as yet insufficient to fix the exact heights
of the peaks, except for the C B film, whose curve is practically the same as the
theoretical curve and has the same peak height.

The complete absence of a response beyond the proton range shows the
absence of diffused secondary radiation downstream from the Bragg peak. More-
over, the response curve for the C B film shows the absence of diffused radiation,
which could flatten the peak. There is a surprising difference between French and
Japanese glass and film dosimeters: whereas French glass and particularly C B
film dosimeters give well-defined peaks, the Japanese glass and dental-film
dosimeters indicate curves with virtually no peaks. No satisfactory explanation
of this phenomenon has yet been proposed.

Though only preliminary, these results show that the absorbed-dose
curves are not modified around the Bragg peak by an increase in the LET or by
secondary radiation. The curve recorded with C B film coincides perfectly with
the theoretical curve with a peak height of about 4 times the level of the entrance-
surface dose. However, the region of the Bragg peak must be investigated further.

Determination of RBE

The experimental RBE values around the Bragg peak were determined by
observing the lethal effect of a proton beam on a thin layer of bacterial culture.
A suspension of E, coli in physiological serum having a concentration of 10
microorganisms per ml was placed in flat Lucite cells. The overall thickness of
the cells was 5 mm, and the 1-ml suspension formed in them a 2-mm layer. The
cells were placed along the proton beam, with Lucite screens between them in the
first part of the path. The radiation dose received by some of the Lucite cells was
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determined by replacing them with identical cells filled with ferrous sulfate
solution and irradiating them under the same conditions.

The survival rate after irradiation with an entrance dose of 25 000 rad
was estimated by counting in Petri dishes. The curve for the absorbed dose
vs the lethal effect on this E. coli strain was determined with 60¢co Yy rays, so
that one could correlate with each survival rate a y dose having the same effect.
Figure 14 shows the resulting proton doses along the track. The experimental
curve is seen to virtually coincide with the expected Bragg curve, and has the
same peak height (4 times the surface dose).

It has thus been found that the increase in the LET near the Bragg peak
does not appreciably affect the RBE of protons, which retains its value of 1,
observed at the beginning of the track for lethal effect on a bacterial culture.
For bacterial populations, however, the RBE probably increases only slowly with
the LET, and may even decrease.

Guppies

Corresponding experiments are being carried out with more complex
organisms, namely guppies, which, because of their sturdiness and small size,
lend themselves to this work. The thickness of these aquarium fish is less than
2 mm at 1 month and 4 to 5 mam when adult. The radiosensitivity of these fish to
Y rays needs to be studied, since the effects are different from those in mice.
The temperature factor, for example, is very important in the determination of
the radiosensitivity.

Experiments on Mice

Male C57BL6 mice were placed in Lucite tubes or blocks, and these were
placed parallel or perpendicular to the beam axis in such a way that the section of
the beam corresponding to the Bragg peak passed through various parts of the
mice (abdomen, side, head, and hindquarters). See Figs. 15 through 22, which
summarize these experiments. The irradiated mice were then kept under the
same conditions as the controls, and were examined periodically for local skin
and general effects, specifically mortality in 30 days, average life span, leuco-
penia (the leukocyte level on the third day), shrinkage of testicles by the 30th day,
skin lesions, and 'bleaching" of hair. Observations of the carcinogenic effect
are in progress,

The integral absorbed doses for some parts of the animals were determined
with the aid of tubes of the same size as the mice, filled with a solution of ferrous
sulfate. When the Bragg peak fell inside the tube, ratios beween the integral and
the surface dose were 1.95, 1.7, and 2.2. Checking was done by attaching film,
glass, and LiF dosimeters to the animals. "
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Local Effects

The increase in the dose in the region of the Bragg peak is clearly mani-
fested by enhanced bleaching and well-defined areas of epilation and radionecrosis
(sublethal doses =600 rad) (see Figs. 18, 19, 21, and 23). By contrast, general
irradiation in the initial parts of proton beams leads to uniform bleaching without
epilation and radionecrosis (see Fig. 17). It may be added that protons cause
bleaching sooner than the same surface dose of 60¢co Y rays.

General Effects

Irradiation of the entire animal with protons in the initial parts of the beam
was compared with the irradiation of only certain parts of the animal with the
section of the proton beam that incorporates the Bragg peak. This comparison
showed that the dose increase in the region of the Bragg peak more than compen-
sates for halving the irradiated volume of the animal. This is why general irradia-
tion with 600 rad is not lethal, whereas irradiation of only the anterior part of mice
with the same dose in such a way that the Bragg peak lies in the abdomen leads to
75% mortality and a lifespan of 14 days, and lateral irradiation with 530 rad (with
the Bragg peak region lying lengthwise through the center of the body) leads to
100% mortality and a lifespan of 6.5 days, as summarized in Fig., 22, The
maximum effect is therefore obtained when the Bragg peak lies at the center of
the mouse,

The weight decrease of the testicles (critical organs) caused by partial
irradiation varies according to whether or not the testicles lie in the beam. If
they do not, the damage appears to be less than with general irradiation. The
testicles showed an appreciable decrease in weight even when they were not
directly irradiated. The testicles were never placed in the Bragg region.

Leukopenia arising from partial irradiation of the abdomen is more
serious than that caused by general irradiation. Leukopenia offers an interesting
quantitative indication of the biological effect, since a constant linear relationship
has now been found between the number of leukocytes on the third day and the
logarithm of the absorbed dose of protons, photons, and deuterons.

The observations described above prove that partial irradiation with the
Bragg region of a beam involves a greater hazard than general irradiation with
the same surface dose if the terminal part of the beam falls in the abdominal
region, where most of the radiosensitive tissues are situated.

The dose of whole-body irradiation that produces the same biological
effect as a given dose of partial irradiation can be found from the dose-effect
relationship based on mortality, life span, and leukopenia. It is interesting to
note that the doses thus calculated are higher than the surface dose, but less
than twice the latter, i.e., of the order of the integral doses found with a ferrous
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sulfate dosimeter. It should be mentioned, however, that the position of the
Bragg peak inside the animals was fixed only roughly, and a more accurate
location in the region of the most highly radiosensitive tissues may lead to more
pronounced effects,

Conclusions

Mice and E. coli cultures were irradiated with monoenergetic unidirectional
protons at the ends of their trajectories, and the results suggest that the increase
in the biological effects at the Bragg peak is explained qualitatively and quantita-
tively by the increase in the absorbed dose in this region. The increase in the
LET at ends of trajectories seems to play an insignificant part, and the RBE seems
to retain a value close to 1 even in the terminal part of proton beams.
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Fig. 1. The mean LET, absorbed dose, and particle fluence as a function of

the depth in water for 140-MeV protons. The region of nuclear reactions
seen at higher energies in the first part of the proton track is relatively
unimportant at 140 MeV., The absorbed dose and mean LET follow each other
closely as the particle fluence decreases at the end of the track.
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Fig. 2. The absorbed dose and LET as a function of the residual range in

water, shown in greater detail than in Fig. 1. The very rapid change in
both quantities in the first 0, 25 ¢m of residual range makes the evaluation
of the biological effect in this terminal region difficult to predict,
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seen to be a close approximation to cylindrical symmetry.
were measured near the lead screen.
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experimental animals after the beam has spread out through 4.5 m of air,
The beam has passed through 6 mm of lead, 4.5 m of air, and 30 mm of
Lucite. The dose distribution has become much flatter than that shown in
Fig. 4.
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Fig. 6. A comparison of several dosimeters used to evaluate the surface dose.
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Fig. 7. The depth-dose response of CB film (about 0, 8 ram thick) in Lucite to
protons. The theoretical dose curve is shown as a light line.
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Fig. 8. The depth-dose response of Kodak dental film (4.3 mm thick) in Lucite
to protons. The theoretical dose curve is shown as a light line, It is seen
that this film does not show the peak so clearly as in Figs. 7, 9, and 40.
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Fig. 9. The depth-dose response of LiF dosimeters (cylinders 18 mm long,
5 mm in diameter, with long axis perpendicular to the beam) in Lucite to
protons., The theoretical dose curve is shown as a light line.
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Fig. 10. The depth-dose response of CEC glass rods (6 mm long, 3.7 mm in

diameter) with long axis perpendicular to the beam) in Lucite to protons., The
theoretical dose curve is shown as a light line.
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Fig. 11. The depth-dose response of Japanese glass (rectangles 9x9 mm by
5 mm in the beam direction) in Lucite to protons. The theoretical dose
curve is shown a# a light line. It is seen that this glass does not show the
Bragg peak so clearly as in Figs, 7, 9, and 10,
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Fig. 13. Lucite block containing holes to space both glass and LiF dosimeters
throughout the region of the Bragg peak.
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Fig, 15, Arrangement of the mouse-holding tubes and Lucite absorber screens
which allows the Bragg peak to fall at a preselected depth in the mouse.
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Fig. 16, Schematic arrangement and results of three different geometries of
irradiation with 460-MeV protons,
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Fig, 417. Mouse irradiated in the entrance plateau portion of the 460-MeV
proton beam. The grey hair which has grown out after the exposure is
seen to be fairly uniform over the animal,

Fig. 18, Mouse some time after irradiation with 460-MeV protons from the
side, The Bragg peak was located in a saggital plane somewhat to the left
of the midplane. Both sides of the same animal are shown,
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Fig. 19. Mouse irradiated with 460-MeV protons in such a way that the B agg
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Fig. 21.

Mouse after irradiation with 500-MeV protons from the head to the

midtorso, with the Bragg peak falling in the shaded region as shown in the

sketch,
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Fig, 22, Schematic arrangement and results of five different geometries of
irradiation with 600-MeV protons.
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Fig. 23. Mice exposed to 600-MeV protons in the last arrangement shown in
Fig. 22, where the gaggital location of the Bragg peak fell on the midplane.
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Rélative Biological Effectivencss of Gamma Rays, X-rays,
Protons, and Neutrons for Spermatogonial Killing*

E, F. Oakberg

Oak Ridge National Laboratory
INTRODUCTION

High sensitivity to radiation-induced cell death and ease of quantitation of
surviving cells make spermatogonia of the mouse a good radioblological test

system (Oakberg, 1957). With appropriate techniques, the effect of doses in
the range of 2 rads to 1000 rads can be studied. These attributes have led

to the present experiments on the comparison of the biological effectiveness
of different types of radiation.

Three types of spermatogonia can be recognized in the mousz (Oskberg, 1956a).
Type A spermatogonia are the stem cells of the seminiferous epithelium, and
through the process of stem cell renewal (Leblond and Clermont, 1952) maintain
their own numbers while glving rise to an unlimited number of differentiated
cells. Intermediate spermatogonia are derived from type A, and dlvide once

to form spermatogonia of type B. B spermatogonia divide once to form primary
spermatocytes (Oakberg, 1956a).

Intermediate and B spermatogonia are of homogeneous sensitivity, and when log-
survival is plotted against dose, give survival curves with & shoulder at
doses of 10 R or less, and a sbeeper, exponential decrease in survival at
higher doses. LD5o's in the range of 21-25 R of Cogpn germa rays have been
reported Tor these cells (Oakberg, 1957). Survival at 100 R is essentially
Zero.

Type A spermatogonia are of heterogeneous sensitivity, with survival comparable
to intermediate and B types at doses below 25 R. The survival curve then
flavtens markedly at doses of 50-1000 R,presumably because of a resistant com-
ponent in the population. Thus at doses of 25 R or less, dabta on survival of
type A spermetogonia can be combined with that of late type A and intermediate
spermatogonia to obtain larger numbers of cells and greater statistical
relisbility of estimates of radiation effects. The resistant component of the
A population can be used for doses in the range of 100 to 1000 R.

MATERTALS AND METHCDS

Male Fy hybrid mice from the cross of inbred 101l strain females with inbred C3H
males have been used exclusively. All animals were 12 weeks old at the time of
irradiation.

Mice were killed 72 hours after irradlation when doses were 200 R or less and
Tive days after irradiation for doses of over 200 R. Testes were fixed in

“"Research jointly sponsored by the National Aeronautics and Space
Administration, and by the U, S. Atomic Energy Commission under
contract with the Union Carbide Corporation.
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Zenker-formol, embedded in paraffin, sectioned at 5u, and stalned by the PAS
technique. One hundred tubule cross sections, distributed among the stages of
the cycle of the seminiferous epithelium on the basis of a previously determined
frequency distribution for control mice (Oakberg, 1956b) were scored for each
mouse. Apparently normal spermatogonia in all tubules, and pre-leptotene
spermatocytes in stage VII were counted. Data were expressed as experimental/
control ratios.

RESULTS

Survival.curves for 250 kv X-ray exposures made at the Lawrence Radiation
Laboratory and for 280 kv X-ray exposures mede at Massachusetts General Hospital
were not significantly different. Accordingly, the data were pooled to provide
a more reliable base of comparisons for the preliminary estimates of RBE given
in Table 1. Slopes were Titted to Log survival by the least squares method and
the ratlo of the slopes compared to obtain the RBE. At present, data are
restricted to late A and late A plus intermediate spermatogonia. Although the
actual vaelues vary from 0.76 for 130 and 730 Mev protons for late type A to
1.38 for Cogp gamma rays for late A plus intermediate spermatogonia, RBE's of
approximately 1 can be accepted for these radiations in estimation of hazards.

In an earlier study (Oakberg and Clark, 1961l), the relative effectiveness of
2.5 Mev and 1k.1 Mev neutrons to Cogp gorma rays vas compared. These data are
given in Table 2. Two sets of RBE's were computed, one for each cell type

over the entire dose range, and a second set for the combined survival of all
spermatogonial types at low doses. The RBE for both levels of neutron energies
is greater than 1, and probably about 2 when the comparison is based on all the
data. Restriction of the comparison tc low doses raised the point estimate o
8 for 1k.1 Mev and to 3 for 2.5 Mev neutrons. Since the confidence limits are
approximate, and they overlap, the RBE's for 2.5 and 1l4.l1 Mev energies probably
are not significantly different.

Recently, cell survival after irradiation with fission neutrons with an average
energy of 1-2 Mev has been measured (Figure 1). These data are for cells
irradiated end scored as type A spermatogonia, i.e., a different cell type from
those represented by the data of tables 1 and 2. C°6O gamma rays, 250 kv X-rays,
and 730 Mev protons gave equal survival. The neutron RBE, however, was based
only on the X-ray data. A value of 6.5 was obtained for neutron doses of 18-10L
rads, and of k.7 for doses of 172-258 rads.

DISCUSSICN AND SUMMARY

Statisitical analyses of the data are not complete, especially for cells irradiated
and scored as type A spermatogonia. On the basis of preliminary results presented
here, it is reasonable to accept an RBE of 1 for 250 kv X-rays, 280 kv X-rays, 130
Mev protons, 730 Mev protons, and C°6O gamma. rays for estimates of radiation
hazards.

Previously, we had attributed the lack of a difference in RBE between 1k.1 and
2.5 Mev neutrons to a "wasting" of energy with the more densely ionized track
of the 2.5 Mev neutrons (Oakberg and Clark, 1961). This explanation no longer
appears tenable in view of the RBE's of 6.5 and 4.7 for fission neutrons, with

an average energy of 1l-2 Mev. Obviously, there is no simple relationship
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betzeen LET and biological effect, as already pointed out by Smith and Rossi
(1966).

The phenomenon of higher neutron RBE's at low doses, as given in Table 2 and
Figure 1, has been observed previously. The logical explanation of this
phenomenon is that there is a region of less slope (shoulder) on the X~ and
garma, ray survivel curves; whereas the neutron dose curves are linear.
Accordingly, divergence of X or gamma ray and neutron curves will be greatest
at low doses. This presentation is obviously over-simplified, for a continuous
scale of RBE velues probably exists for each energy comparison. The RBE of
neutrons vs. X- and gamma rays therefore is quite arbitrary owing to the
comparison of & dose-effect curve which is curvilinear (X- and gemma rays)
with a linear dose-effect relationship (neutrons). Use of systems which give
linear effects with ionizing radiation is not the answer either, since
qualitative differences in biological effect usually occur.

In summary, X-rays, gemma rays, and 130 as well as 730 Mev protons all appear to
have an RBE of approximately 1. Neutron RBE's are a function of LET and dose,
being greater both with Llow doses and higher LET. No simple relationship
exists, however, between RBE and either dose or LET.
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Estimates of RBE's of Cogn gemme rays, T30 Mev pro?ons,
and 130 Mev protons to 250 and 280 xv X-rays based on
spermatogonial killing

I. Late A spermatogonia I7. Late A + Intermediate spermatogonia

Source RBE Source RBE
730 Mev Protons .T65 730 Mev Protons 973
130 Mev Protons 755 130 Mev Protons 1.013
60 Germa «T799 €0 Gamma 1.379
250-280 Kv X 1.000 250-280 Kv X 1.000
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Table 2

6
RBE of neutrons to Co ° 7 rays for spermatogonial killing

RBE
Neutron Cell type = o o
s Lower 95 % . Upper 95 %
energy irredisted confidgnce P(?lnt confidencé:
et estimate . s
1imit limit
Based on all doses
1k.1 Mev A 1.41 1.76 2.76
Late A 2.19 2.52 2.89
Late A + Intermediate 2.11 2.38 2.69
2.5 Mev A 1.26 1.89 3.32
Late A 1.22 1.85 2.53
Late A + Intermediate 0.73 1.10 1.k9
Restricted to low doses
*
14,1 Mev Pooled %.39 8.18 16.k2
' *
2.5 Mev Pooled 0.68 3.03 6.80

*
All three cell +types conbined for low dose ranges only: (1-23 rad for
Co60 7 rays, 0.5-5.0 rad for 1hk.l Mev neutrons, 0.25-T7.42 rad for 2.5

mev neutrons).

(From Oakberg, E. F., and E. Clark, Jd. Cell Comp. Physiol. Suppl. to
Vol. 58: 173-182, 196l1.)
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Figure 1 Survivel of type A spermatogonia of the mouse after garma-ray,
X-ray, T30 Mev proton, and fission neutron irradiation.
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INTESTINAL AKD GCNADAL INJURY AFTER EXPOSURE TO FISSION NEUTRONS

Maurice F. Suilivan

Biology Department
Battelle Memorial Institute
Pacific Northwest Laboratory

Richland, Washington

ABSTRACT

INTESTINAL AND GONADAL INJURY AFTER EXPOSURE TO FISSION NEUTRONS. It has
been well established that there are distinct differences in the predominant
sites of action by neutrons or X rays. The gastrointestinal tract and the
gonads are particularly vulnerable to the effects of fast neutrons. Rats were
exposed to doses between 150 and 310 rad of fission neutrons in the Hanford
Physical Constants Test Reactors. Intesginal injury was determined after
exposure by measuring the excretion of 1 I-labeled polyvinylpyrrolidone (pVP)
after intravencus injection. The leakage of PVP into the intestine was
proportional to the neutron dose and was decreased by pre-irradiation
treatment of the rats with cysteine (1.0 g/kg). An RBE of 3.0 was determined for
fissicn reutrons based on PVP data, which was about the same as the RBE determined
by mortality. The time of death indicated that hematopoietic injury was a major
cause of death frcm these exposures.

Mcet of the information on gonadal response after neutron irradiation has
been obtained with mice. The rats surviving this study on acute intestinal
injury were mated to obtain additional information on fecundity in that
specics. ALl males surviving the exposure were sterile three months after
exposure but the females produced litters one month after exposure at all dosage
levels. On subseguent matings males exposed to the lowest dose became fecund
and the females gave birth to litters that decreased in size with increasing
reutron doses. Testes of males at the higher doses were still atrophic at the
conclusion of the study.

These results demonstrate the sensitivity of both the intestine and the
genads to neuvtren irradiation and indicate the usefulness of specific indicators
for measuring injury from neutron irradiation.

INTRODUCTION

The conspicucus relative radiosensitivity of the gastrointestinal tract and
reproductive organs to fast neutron exposures is well known. Methods to quantitate
that distinctive effect would be particularly useful for establishing RBEs and
for use as indicators of injury in radiotherapy. The use of protein lea%agﬁ as
a measure of intestina% demage from X rays has now been well established 1-4) and
has alsc been found(5: ) useful for measuring damage from fast neutron exposures.

In the experiments reported here it was used to determine an RBE for intestinal
injury frem fission neutrens. It was also used to show that protection could be
afforded to the intestine by pre-treatment with cysteine or AET and & dose reduction
factor calculsted for these drugs on that basis. The effect of X rays and fission
neutrons on PVP excretion was also mimicked by nitrogen mustard and that effect
reduced by drug prophylaxis.
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Because of the scarcity of information about the effect of fission neutrons
on rat reproductive capacity the survivors of this acute study were mated. The
results indicate that there are distinct differences between the effects of X
or garma rays and those of neutrons on rat gonads.

MATERTALS AND METHODS

The fission neutrons used in these experiments were produced by irradiating
a uranium-235 foil vhich was wrapped around & lead cylinder (7.0 cm wall thickness)
with thermal neutrons from the Hanford Physical Constants Test Reactor. Rats
were exposed by the arrangement shown in Figure 1. The modal neutron energy was
800 kV and the maximum energy 2 Mev, as seen on the spectrum shown in Figure 2
along with a similar spectrum of the neutrons from & Los Alamos Godiva type
reactor. Dosimetry for the animel experiments employed sulphur activation and
silicon diodes for neutron measurements, and silver-activated phosphate glass
rods, 6 mm diameter (Toshiba), for gamme-ray measurements. These dosimeters
were taped to a Wwood probe and positioned beside each rat. Total body exposures
to X radiation was done in order to have a basis for neutron comparison by
rotating the rats in a lucite container on & turntable under & vertical beam.
Partial body irradiation was achieved under pentobarbital scdium anesthesia,
L0 mg/kg. The region of the body exposed included #ll the GI tract distal
to the squamous stomach and excluded only & few cm of the terminal colon, while
the remainder of the body was protected by 35-mm~thick lead shield. The physical
factors were 250 kVp, 30 mea, 0.25 mm Cu,and 1.0 mm AL =dded filtration.

The rats, obtained from Charles River Farms and weighing 200 gm, were given
KI in their drinking water to saturate their thyroid glemds after irradiation
and injected intravenously with 20 uCi/kg of l3iI-FVF at two days after exposure.
Free iodine was removed from the PVP prior to injection bv dialysis against an
Amberlite anion-exchange resin {I.R.£.-400 chloride’. The radioprotective drugs
cysteine, 1.0 g/kg, and AET, 2-(aminoethylisothiouronium} bromide hydrobromide, 150
mg/kg, were injected intraperitoneally 10 minutes prior to neutron or X-ray
exposure. The nitrogen mustard, methyl bis 2-{chloroethyl)} amine hydrochloride (HN2)
was injected intraperitoneally, 1.0 mg/kg. Protective agents were administered 30
minutes prior to injection of the nitrogen mustard.

Fecal collections of excreted FVP were made daily for five days and counted
for radicactivity with a single-channel gamma spectrometer.

Pertility was tested at 10 weeks after exposure of the males and three weeks
after irradiation of the females with fission neutrons,using the survivors of
the PVP study. Each male was caged with four females of the same age for 10 days
and irradiated females caged with both unirradiated females and & male in the same
one-to-four male/female ratio. The offspring were killed at 10 days after birth
and the mothers re-mated a week later. This procedure was followed through three
matings. If the reproductive capability of control animals became doubtful,
substitutions were made with normal animals of the same age. At three months
after the last mating (8 months following exposure), the males were killed,
their testes fixed in 10 percent formalin and stained with hematoxylin-eosin
for histological analysis.
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EXPERIMENTAL RESULTS

PVP Excretion after X-ray, Fission-Neutron, or Nitrogen Mustard Treatment. About
70 percent of the 131l activity from the injected PVP usually appeared in the
urine during the first day or two after injection.(2 Most of that passing into
the intestine was eliminated between three and six days after exposure, when
intestinal damage was most severe and when diarrhea was apparent. The quantity
appearing in the feces was proportional to the radiation dose over the range of
500 to 1500 R, Figure 3. At that higher radiation dose, however, survival time
was usually about 3.5 days. This necessitated the use of abdominal exposures,
which gave a survival time long enough for fecal collections representative of
the intestinal damage to be obtained.

The total quantity of PVP appearing in the feces from two to seven days
after injection of neutron-irradiated rats was also directly related to the
radiation dose over the range studied, Figure 4. Some of the animals at the
higher end of the range exhibited gross signs of intestinal radiation injury
and died before the collection was completed. Pre-treatment of the rats with
cysteine reduced PVP leakage markedly.

The data for PVP excretion were plotted against the radiation dose in rad
for whole-body exposure to both fission neutrons and 250-kV X rays, Figure 5.
By drawing ahorizontal line connecting the best straight lines at an arbitrary
point, 7.5 percent, and subtracting the gamma contamination dose from the X-.ray
dose, an RBE of about 3 was obtained. The gamma contamination was unfortunately
substantial, 50 percent of the neutron rad dose, but not sufficient by itself
to alter the quantity of PVP excreted. The RB¥5ﬁalculated by this method, which
is essentially that used by Turner and Fowler, varied slightly depending
upon the level of response chosen for the comparicson. By using an approximate
RBE of 3 to calculate the effective radiation dose from neutrons, the data in
Figures 3 and 4 can be compared and the dose reduction factor (DEF) of the
protective agents calculated from the results. These data are shown in Table 1
and indicate that the IRF for PVP leakage after cysteine prophylaxis of neutron-
irradiated rats is about 1.4 and about 2.0 for X rays.

Histologic damage to the mucosa and the time at which signs of intestinal
injury were obvious after treatment with the nitrogen mustard, HN2, was similar
to that seen after X irradiation. Although no mortality occurred after injection
of 1.0 mg/kg of HN2, the PVP leakage shown in Figure 6 exceeded that resulting
from lethal doses of X rays, 1000 and 1500 R. Pre-treatment with cysteine
substantially reduced the quantity of PVP lost into the intestine after HN2, but
AET was not as effective.

Reproductive Capacity of Neutron Irradiated Rats. The literature on related
studies done after X irradiation led us to believe that at these levels of
exposure male fertility should have recovered at 11 weeks after exposure.
Eleven males exposed to 130 or 160 rad of neutrons were, therefore, initially
mated with both neutron-irradiated and with normal females. None of them
were fertile, however, although fecundity had returned to two of four rats
exposed to 130 rads by the next mating, five weeks later. All of the eight
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TABIE 1. PVP Excretion Data.

Type Estimated dose No. PVP

of Combined* X ray  Neutron  Gamma  Protective  of Excretiont
Exposure (rem) -. (R) (rad) (rad) agent** Rats (% of dose)
Contx;ol - - - - - ' 14 5.7 + 0.7
X ray 500 500 - - - 6 4.8 +0.6
Reactor 525 - 150 75 - 6 3.7+0.4
Reactor 645 - 185 90 - 6 5.4 + 0.7
Reactor 135 - 210 105 - 6 8.3 + 1.k
X ray 750 750 - - - 6 7.0 + 1.0
Reactor 960 - 275 135 - 6 7.3+ 1.1
X ray 1000 1000 - - - 8 10.6 +0.9
Reactor 1085 - 310 155 - 3 4.2 + 3.5
Reactor 735 - 210 105 Cysteine 6 k.7 +0.3
Reactor 960 - 275 135 Cysteine 6 5.4 + 1.3
X ray 1000 1000 | - - Cysteine 6 5.1 + 0.9
X ray 1000 w000 - - AET 6 k.8 +1.0

* An RBE of 3 assumed for neutrons.
" Cysteine dose: 1000 mg/kg. AET dose: 150 mg/kg.
"+ Fecal excretion of PVP during five days postinjection with standard deviastion
of the mean.
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rats exposed to 160 or 210 rad survived the study but none recovered fecundity.
At sacrifice eight months after exposure spermatogenesis was completely absent
in three of four rats given 210 rad, and the testes of the other animal exhibited
only an occasional tubule showing spermatogenesis. The smaller arteriocles
exhibited a thickening of the walls and those most severely affected, a fibrinoid
necrosis. The testes of the four rats given 160 rad were also almost devoid of
spermatogenesis but fibrinoid necrosis was not evident in the blood vessels. At
130 rad damege was variable and the tubules ranged from ones which were markedly
aspermic %o those showing active spermstogenesis. The blood vessels were also
less severely involwved, showing only minimal hyaline changes.

Female fertility data are shown in Table 2, The average control litter size
for all three matings was 10.5. Some of the irradiated rats died during the
course of the experiment from delayed effects of the exposure. Neutron irradiation
did not cause infertility before the first mating at 3% weeks postirradiation, but
a dose-dependent decline in both fertility and in litter size became evident by
the second and third matings when only 9 of the 58 females tested bore young.

DISCUSSION

The marked sensitivity of both the intestine and the gonads to fast neutron
irradiation is & well documented observation,7:8 but the reason for this
specificity is not well understood. These effects are not markedly influenced
by the presence of oxygen, and prophylactic agents are relatively ineffective for
preventing death from over-exposure. Although this preferential effectliveness
for damaging the GI tract would seem to make neutrons superior to other,
less specific radiations for studying intestinal damege, relatively little of
our present information has been obtained from their use. This probably stems
from our inadequate methods of dosimetry and for measuring damage to specific
sites of injury.

The epithelium and capillaries of the gastrointestipal tract constitute one
of the most sensitive systems to acute radiation injury. ) Acute radiation

damage to, that 3rgan results in a loss of protein into th% lumﬁ of the
intestine(lo:ll that can be measured by various methods. 12-1. The group at
Hammersmith 5 recognized the potential value of using protein leakage to establish
RBEs for intestinal injury and assigned an RBE of 2.8 to cyclotron-generated
neutrons ig Mev) in comparison to 250-kV X-rays. Vatistas and Hornsey later
suggested ) that, although PVP excretion might be useful in radiotherapy,
morphologic damage to the intestine and funct%onsl damage resulting in PVP

leakage are not closely related. Dalla Palma 15) used it in radiotherapy but

did not get a dose-dependent response. The uncertainty of the se results that
question the validity of using protein leakage as a measure of intestinal
radiation %3mmynﬁy lie with the region of the intestine that is irradiated.

We fbund,( for example, in rats that unless the upper small intestine were
irradiated PVP excretion and mucosal damage were definitely not c%ogsly related.
This was consistent with autoradiographic data of Ullberg et al.\10J which

showed that 13lI-labeled albumin catabolism and excretion by, cats occurred in

the upper small bowel. Clinical data has also been reported(17:l suggesting

that the jejunum may be a major site for protein-losing enteropathy.
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TABLE 2. Female Rat Fertility After Neutron Irradiation.

Number ___No, Fertile/No. Tested
of Dose Mortality First Second Third
Ratst (rad) (%) Mating Mating Mating

Control
11 0 0 10/11
(10.8)*
16 0 0 13/16
(9.%)
16 0 0 13/16
(11.5)
Irradiated
6 150 0 1/3 3/6 2/6
(6) (6.3) (7)
6 185 17 2/3 1/6 0/5
(6) (1)
6 210 + cysteine 17 23 1/6 0/5
(8.5) (1)
6 210 33 1/3 o/k 1/4
(20) (2)
3 2ko 66 o/1 o/1 o/1
6 275 + cysteine 50 2/2 0/3 0/3
(5.5)
6 275 50 - 13 0/3 0/3
(4)
Total (neutron exposed) 9/18 5/29 3/27

* Average litter size
+ Number of rats initially mated
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The effect of the nitrogen mustards on the intestine is similar to that
caused by exposure to radiation,and damage can be reduced by pre-treatment with
thiol protective agents. Dose-reduction factors as high as 4.2 were obtained 19)
for some of these drugs, using cysteine as the protective drug and spleen weight
or mortality as an index of protection. It was suggested by these investigators
that the non-uniformity of the protective action of these drugs could be
advantageous for obtaining a localized therapeutic concentration. The results
of the present study indicate that a IRF could be established for proteciion
against HN2 on the basis of PVP excretion. They also suggest that this drug has
a greater effect on the intestinal epithelial function responsible for PVP
leakage than does either X or neutron radiations when comparisons are made on
a mortality basis.

Protection a%aigst fast neutrons by cysteine(eo) or by a combination of
protective agents\2l) has given IRF's of only about 1.1,using death as an

endpoint. Survival is, no doubt, the ultimate endpoint for measuring protection
against accidental exposure, but a measure of demage at a specific site, such as

PVP excretion, could be useful for measuring a therapeutic exposure dose in which
radiation effectiveness i1s restricted to certain localized areas by drug prophylaxis.
We were able to show that cysteine pre-treatment gave a DRF for the intestine of

1.4 for fission neutrons. The IBF for X rays afforded by either cysteine or

AET was approximately 2.C.

The RBE for testicular injury based on weight loss in mice from fission
neutrons has been f?gnd by Spalding et 2;.(22) to be as high as 6,5 while
Batchelor et al.(22) obtained a value of 4.6. Silini et al. (24) obtained
a value of &.9 by comparing cyclotron-generated 6-Mev neutrons with 8-Mev X rays.
No attempt has been made in the pr?se?t study to derive an RBE for damage to
the male gonads, but Pitcock stated 25) that permanent sterilization of rats
camnot be induced by acute sub-lethal irradiation. From the present study
one must conclude that this possibility does indeed exist for exposures to
160-210 rad of fission neutrons.

These result suggest that the RBE for sterilizstion of the testes by neutrons
may be similar to those obtained on the basis of testicular atrophy..

Female fertility exhibited a dose-dependent decrease which progressively
vworsened with time as evidenced by the number and size of the litters. Although
no quantitation was attempted there was an obvious increase in the incidence of
still-births and neonatal deaths among the offspring of the irradiated female,
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Bangquet Address

THE {ONTRIBUTION OF BIOLOGY TO STANDARDS OF RADIATION PROTECTION

Samuel M. Nabrit, Commaissioner e
U. S. Atomic Energy Commission NULNS

I am privileged to meet with you this evening and to participate in this
timely conference. As I took note of the interesting work being presented at this
meeting I could not help reflect on the considerable developments that have oc-
curred through the years. Although I have not actively practiced my profession of
biologist for some time, I certainly can recognize and feel a sense of apprecia-
tion toward those past and present who have contributed to the field of radiobiology.

It seems significant for us here to make the passing observation that at
the time of the great discovery of x rays by Wilhelm Roentgen in November 1895
and spontaneous radiation a year later in November 1896 by A. H. Becquerel,
there was a widespread notion in the world of science that all which was to be
discovered had been discovered. It remained only to polish off the findings to
another few decimal places!

To us today it may seem that an extremely presumptuous conclusion had
been reached in the closing years of the 19th century. We can avoid similar
complacency by looking back at some of the renowned discoveries and contribu-
tions made since the closing years of the 19th century. The procession of great
names includes the Curies, associated with the discovery of radioactivity through
isolation of radium and polonium, Thomson and the electron, Chadwick and his
discovery of the neutron, Anderson and the positron, and many others.

A particularly interesting observation following the initial use of x rays
was that of the biological effects of this form of radiation. Naturally the earliest
noticeable effects were on the most visible portion of the body--the skin. It seems
that in the United States a Dr. E. H. Grubbé& developed an x-ray dermatitis of the
hands. UHe was being treated by a fellow physician who noted the damage to skin
tissue and suggested the possible value of using the x rays for cancer therapy.

Dr. Grubbé responded to the suggestion and began to employ radiation experimen-
tally for therapeutic purposes. Apparently he is the first physician to have used
x rays for treatment of cancer of the breast.

With the introduction of fluoroscopic diagnostic techniques, radiologists
received even higher and more prolonged exposure to x rays. Generally speaking,
these early workers were hesitant to accept the idea that prolonged exposure dur-
ing fluoroscopic examinations could injure them, and as a consequence many were
indeed injured by this new discovery.

During the first few years x rays were used almost entirely empirically.
After 1900, serious attempts were made to relate the biological action to the
disease process in a scientific way. To accomplish this some idea of dose and
dose rate was needed. In short, methods of measurement were needed. Names
like Guido Holzknecht, Sabourand, Noire, Kienback, and Benoist are among the
pioneers in this field. Duane and Glasser developed small ion chambers suitable
for measuring x rays. This led, during the International Congress of Radiology
in Stockholm in 1929, to the suggestion for the first time of an international unit to
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define x-ray dose, but this was not adopted until the Fifth Congress in 1937,

The use of radium was not far behind that of x rays. As early as 1905
Robert Abbé and Francis Williams in the United States and MacKenzie Davidson
in England were using radium by surgically implanting radium-containing tubes
within tumors.

While important strides were being made on the disease therapy front,
other scientists were looking at some other important aspects of radiation. 1In
1927 my former Professor, Dr. Hermann Muller, a vigorous and imaginative
researcher, demonstrated to the world the important phenomenon of radiation-
induced mutations in the fruit fly, Drosophila. For this notable contribution to
science, Dr. Muller was awarded a Nobel Prize,

The fundamental explanation of biological action of radiation still eludes
us today. Biologists continue to seek a better understanding of the effect of
ionizing radiations on living systems. New techniques such as the ability to
grow cells in culture and induce division for chromosomal studies, and the many
advances in biochemical methods, have broadened our approaches to radiation
research. Applications of some of these approaches are being discussed at this
meeting.

Recently, increasing attention has been given to the concept of cellular
repair mechanisms. Dr. Setlow of the Biology Division, Oak Ridge National
Laboratory, has used ultraviolet irradiation of a bacterial system for such
studies. Ultraviolet light apparently damages the bacterial cell by altering
individual bases of deoxyribonucleic acid (DNA), the polymer which contains the
genetic information. His work has shown that certain types of injured bacteria
that are uv resistant can recognize the error and through specific enzymatic
activity eliminate the error from the DNA strands. One repair mechanism, the
dark repair process, involves the excision of the damaged DNA strand and the
synthesis of new DNA using the complementary strand as a template--thus re-
storing the normal sequence of bases in the DNA. The more uv-resistant the
bacteria, the more rapidly they are able to correct such errors. Research in
the Laboratory of Radiobiology at the San Francisco Medical Center is now at-
tempting to extend similar work to human cells. It has been observed that after
irradiation of these cultured human cells, synthesis of DNA occurs in a manner
completely different from that in the normal unirradiated cells. This postirra-
diation DNA synthesis may represent a type of repair to genetic material of the cell.

Considerable evidence of a mechanism for the repair of genetic material
has also been reported in mice by Dr. William Russell's group of the Oak Ridge
National ILaboratory. For example, when a period of time elapses before con-
ception following irradiation of the mother, fewer mutations are observed in the
offspring than if conception occurs immediately after irradiation. It has been
further shown by this group that apparent repair of '"'premutational' damage occurs
following 50 rad of acute exposure. That is, the ultimate effects of irradiation on
the frequency of induced mutations are less than would be expected if one assumes
the effects of 50 rad to be linearly proportional to the effects of higher doses up to
600 rad given in an acute exposure.

The problem in the past which continues to elicit the most interest today is
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the relationship between dose, dose rate, and biological effect. It is well known

that the Relative Biological Effect for a particular kind of radiation may be de-

pendent upon such factors as the specific biological effect under consideration,

the tissue irradiated, the radiation dose, and the rate at which it is delivered.

As you are aware, the Federal Radiation Council, of which I am pleased to be a

member, summarizes in its series of reports the knowledge of the biological

effects of ionizing radiation on animals and man pertinent to the problem of de-

fining radiation protection standards, since this is our ultimate interest. Dose-

effect information has been accrued through experimental evidence in animals and

observations in humans, as well as through assumptions and hypotheses. The

available data describing immediate effects which have been considered in the

development of radiation protection standards include:

1. Medical data on effects following the therapeutic use of external sources such
as x rays and of radionuclides such as radium, iodine-131, etc.,

2. Occupational data on exposure of radiologists, cyclotron workers, and workers
in nuclear industry as a result of certain accidents, and

3. DPopulation observations on atomic bomb survivors and on persons irradiated
by heavy fallout in the vicinity of the Marshall Islands.

Information concerning delayed effects has been inferred from animal
evidence, epidemiological-statistical observations, and a few medical and indus-
trial cases. Further data are needed to refine our knowledge of dose-effect rela-
tionships. However, as you are aware, certain stumbling blocks continue to
exist. Age-effect relationships extrapolated from animal data are limited because
of the maturation and senescence variables between man and animal. In the light
of these problems new techniques and methods are being sought.

Another interesting challenge to the radiobiologist and the health physicist
has been created with the advent of the high energy accelerator. Of the 240 ac-
celerators currently operating within the AEC program, 40 machines produce
particles with energies greater than 20 MeV--among them such giants as the
Bevatron, AGS, SLAC, ZGS, PPA, and CEA. The energy region above 20 MeV
is characterized for our purposes here as one in which substantial uncertainties
exist in dose estimation. The provisional estimates of the National Committee on
Radiation Protection and Measurement and the International Commission on
Radiological Protection for radiation above 20 MeV are based on mathematical
models used in conjunction with data on biological effects obtained at lower energy
regions. I believe it is essential to obtain more direct biological data in the
higher energy region to verify these extrapolations. Attention needs to be given
to the distribution of energy per unit volume on a microscopic scale as well as
energy dissipated per unit volume. In this connection the Atomic Energy Com-
mission in its biomedical research program is attempting to foster and strengthen
research efforts in the field of what might be called molecular biophysics as it
may relate to ionizing radiation effects. Further studies closely linking the dosi-
metry of accelerator beams of known type and energy with biological studies in
the same beams should be encouraged.

Interestingly enough, an integral part of the problem of more clearly de-
fining the direct biological effect to the human organism is the need to increase
our knowledge in fundamental dosimetry. Improved measurement techniques and
equipment which will permit identification of or differentiation between the var-
ious components of the dose, such as energy spectrum and type of radiation, are
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prerejuisites to the better understanding of the dose-effect relationship.

While the radiobiologist looks to the research health physicist for answers
in identifying the radiation environment, the health physicist is also looking to
the radiobiologist for biological parameters to be considered in the development
of instrumentation. Even if instrumentation existed which would readily describe
the accelerator radiation field in adequate detail (such as intensity and energy
distribution of each component) there would still remain perplexing problems of
interpretation. As you are aware, for gamma rays RBE values are missing
above 3 MeV, and for neutrons above 30 MeV only calculated values exist (which
have not been fully adopted).

Finally, as you are aware, there is a need for further development of
concepts which would be more useful in relating the physical parameters of the
radiation to biological effect. Areas of uncertainty exist in the application of the
Quality Factor as well as the fluence, kerma, first collision dose, and other
terms used to convert '"dose' to effect. At present the rad-to-rem conversion is
at best an approximation.

A resolution of these uncertainties and development of improved concepts
will depend to a large extent on progress made in radiobiological research and
instrumentation development.

In summary, we have come a long way in our knowledge of radiation and
its biological effects. But as one can see, there are still some knotty problems
which pose a challenge to radiation biologists, radiation physicists, and the
molecular biophysicist. Since the end point of all this work is effect on man,
work should continue in close collaboration with biologists to ask from living
systems whether parameters such as LET, spatial distribution, time rate, and
other factors are appropriate ones to describe radiation effects in tissue.

Our future horizons include the support and use of two new and unique
facilities. The first of these is the Omnitron accelerator, to be located at
Lawrence Radiation Laboratory, Berkeley, which will provide many unique
radiations for research in radiobiology, chemical biodynamics, medical research,
nuclear physics, and chemistry research. The accelerator, which was first
proposed by the Medical Physics Group at the Lawrence Radiation Laboratory,
will be capable of accelerating nuclei as heavy as argon to 400 or 500 MeV per
nucleon (18 BeV). The radiobiological studies of radiation effects at varying
depths in tissue planned for this machine include the production of a converging
beam which will allow precise focusing into cancerous tissue. It should be pos-
sible with this device to produce lesions, for example in brain tissue, through
broad areas of the brain at almost any desired depth and much more sharply.

It will also be possible to produce for the first time in a substantial way
the spectrum of space radiations and to study the effects of these on critical
tissues of the body that do not regenerate.

The second facility is called the Meson Physics Facility. The biomedical
specialists enthusiastically support construction of this facility at Los Alamos
Scientific Laboratory; it will provide, as a by-product and on a noninterfering
basis, an abundance of w~ mesons for treatment of cancer and for other biomedical
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investigations. Exploratory studies carried out jointly by Dr. Chaim Richman

of the Graduate Research Center of the Southwest, Dallas, Texas, and Dr., John
Lawrence and Dr. Cornelius A. Tobias of the Lawrence Radiation Laboratory
indicate that it is almost a certainty that »~ mesons, with their star formation in
deep-seated tumors and minimal dose to the skin and intervening normal tissues,
may offer a real advantage over presently available modes of treatment. The
work of both groups, at the Lawrence Radiation Laboratory and at the Los Alamos
Scientific Laboratory, using these important tools for investigation should yield
much information of fundamental importance to the advancement of radiobiology.

In addition to these, other machines, such as the 200 BeV accelerator,
will provide many unique radiations fom biologically oriented scientists to use in
their quest for new knowledge on the biological effects of radiation. Without a
doubt, the information will provide a much firmer basis for assessing the sig-
nificance of radiation protection standards.
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PHYSICAL, GEOMETRICAL, AND TEMPORAL FACTORS
DETERMINING BIOLOGICAL RESPONSE TO HEAVY CHARGED PARTICLES

Charles A, Sondhaus

California College of Medicine
University of California
Irvine, California

The biological response to any radiation depends not only on ''absorbed
dose, ' but also on its distribution within tissue in both space and time. In this
brief discussion, I would like to try to summarize what physical measurements
ought to be made with high-energy charged particles to specify the dose distribu-
tion, and why. In order to do this I want to concentrate on the basic phenomena
that take place when a beam of high-energy charged particles interacts with
matter,

To relate these phenomena to the problem of what one should measure,
we might start by recalling that in order to characterize an exposure completely
one must know something about five quantities, In most cases it is possible to
simplify or make assumptions about some of these, but when one is dealing with
high-energy particles whose interactions are less well known it is important to
know as much as possible. These five are (a) the accumulated absorbed dose;
{b) its time profile--i,e., the dose rate and how it has varied over a period of
time -- (c) the fraction or region of the body which has been exposed; (d) the
depth-dose distribution; and (e) the LET, energy density, or any other informa-
tion on a microscopic scale which characterizes the nature of the local energy
deposition. Obviously no one device can satisfy all these requirements,

It would be desirable, of course, to have as rmany dosimetric devices as
possible at different points on the body of a person who is likely to be exposed,
One generally can't do this, however; there is often only a dose taken in air in
the region to be occupied by the person, or that measured in a volume of tissue-
equivalent material. The latter alternative is particularly important for the
proton case, as will be discussed shortly,

A system of instruments could be designed to measure fluence, or pref-
erably fluence plus energy distribution, but in general even with a complete
description of both fluence and energy distribution the computation of dose is
quite complex, because it depends on so many local circumstances. Some of
these are the geometry of the exposure and its variation if a person changes
position near a shield or in the vicinity of a beam; the effects of angular inci-
dence and self-shielding; and in particular the fact that we really don't have
very accurate physical data on the interaction properties between high-energy
radiation and tissue. Historically, the roentgen unit was introduced for low-
energy y radiation just to remove the necessity for such calculations; it does
not represent fluence nor even the amount of energy being transferred to tissue,
but simply because of the difficulties in measuring those quantities,was defined
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only in terms of the ionization that the beam was producing in air. Later on,
when the constancy in the amount of energy required to ionize gas molecules by
photons of different energies was recognized, it was possible to associate the
energy absorbed from the beam by air with both fluence and energy absorbed in
tissue; the first one of these three quantities is now called exposure. In high-
energy charged-particle beams there is no analogous quantity defined; thus
difficulties at the start make it necessary to refer to absorbed dose as much
as possible,

One can therefore summarize as follows: the measurements a health
physicist needs to make must aid in describing (a) the microdose, which has
been discussed in detail during the last two days; {(b) what might be called the
macrodose distribution; and (c) the relationship of the field itself and of its
parameters of fluence and energy to the absorbed dose. All three of these areas
pPresent special problems in the case of high-energy charged particles.

First, let us briefly consider the essential properties of the interaction
of high-energy particles with matter and how they relate to the interpretation
of both macro- and microdose distributions and their consequent biological
effects, Depending on the type and energy of the incident radiation, a complex
spectrum of primary and secondary particles is produced; these particles in
turn produce very specific local energy density and dose distributions in the
tissues. The process begins with the two kinds of interactions that the primary
high-energy charged particles undergo when they pass through matter. The
first type is nonnuclear and electromagnetic; the energy of the particle is de-
creased as it traverses material by interactions with the orbital electrons of
the atoms in the tissue or shield. As a result the particle has a range which
depends on its initial energy, and the process, being random, is subject to
fluctuations. Dr, Maccabee is going to discuss the effect of these fluctuations
on very thin dosimeters, the Landau effect, a little later on. The results of
the first type of interaction are the familiar processes of ionization, excitation,
and heat transfer; each event represents a small energy loss, The process is
well described by the Bethe~Bloch formula, as Dr, Robertson has discussed,
This formula breaks down at low energies near the end of the path of the particle,
where its charge varies due to electron pickup; it also breaks down at the point
of maximum ionization, the Bragg peak, However, the phenomenon is well
enough understood to permit calculation of primary dose, The bulk of the energy
is actually deposited by this mechanism, either by the primary charged particle
itself or by the secondary heavy charged particles which it in turn produces
through nuclear interactions; the latter are the second type of interaction which
the particle undergoes. (Elastic nuclear scattering may also be grouped with
the first type of interaction not involving nuclear phenomena; not much energy is
lost, but it can be dosimetrically important in the way it influences the angular
distribution of the fluence.)

The second type of interaction is an inelastic collision of the heavy particle
with a nucleus of the absorbing material (for neutrons, of course, this is the only
kind of interaction that takes place). The higher the energy of the primary particle
the more nuclear collisions will occur before it reaches the end of its range, For
example, in a 150-MeV proton beam about 15% of the protons will have undergone
inelastic nuclear collisions before stopping, according to an estimate by Strauch,

198



V.1

These inelastic interactions produce a variety of secondary particles with dis-
tributions of velocity and energy. These secondary particles in turn interact
with both nuclei and atomic electrons in the material, producing the extranuclear
cascade, The cascade adds so much dose to that from the primary beam that

it is a prime consideration both in the design of shielding and in the dose dis-
tribution in tissue, The probability of this second type of interaction is meas-
ured by the attenuation or removal cross section; a great many measurements

of it have been made with both protons and neutrons for a variety of elements,

Figure 1 is a schematic indication of the three major types of inelastic
and near-elastic collisions that can take place. These are the elastic, the
quasi-elastic, and the multiple collisions, The nucleus and its energy levels
are also depicted in the figure. Because of the three kinds of interaction, a
particle spectrum of secondaries is produced as shown in Fig, 2; this is merely
a representative diagram (due to Strauch); not all these peaks are present in all
cases. Close to the incident energy (T;,.) is the elastic peak of secondary par-
ticles; it is followed closely by a series of peaks related to the shell structure
and energy levels in the nucleus. Further on, the peak denoted by T._ _-20is
due to excitation through a dipole state associated with photoproduction, Still
further on, at a somewhat lower energy, the quasi-elastic peak is observed; it
has a width which depends on the momentum distribution of the nucleons in the
target nucleus, Finally, a rising continuum of cascade particles extends down
either to 2 MeV (for a neutron interaction) or to the Coulomb barrier energy
for a proton interaction,

Figure 2 summarizes all possible features of the secondary particle
spectrum in a high-energy nuclear reaction, but the relative importance of
these peaks depends on the energy of the incident nucleon and on the atomic
number of the target nucleus, Whether any or all peaks were observed would
also depend on the energy resolution and the experimental setup. For purposes
of describing the angular distribution of the cascade particles and its influence
on dose, the processes can be summarized as follows: (a) the secondary par-
ticles due to near-elastic events peak rather strongly in the forward direction,
similarly to those resulting from elastic scattering, (b) the quasi-elastic events
produce an angular distribution which is similar to that from free nucleon-
nucleon collisions; {(c) the intranuclear cascade particles are generally emitted
in the forward direction, the more so the higher the energy; and, finally, (d)
the low-energy evaporation particles are emitted isotropically, all in the center-
of-mass system.

The experimental results obtained in a number of laboratories agree
quite well with the general features of this model, Figure 3, from an experi-
ment by Hess and Moyer here in Berkeley, is for 330-MeV protons incident on
a carbon target. This is a distribution of energy vs differential cross section
at the scattering angle of 40 deg. It resembles fairly closely the results of
some Russian work at Dubna at about the same time (1959), which show a similar
distribution: a quasi-elastic peak that dominates the secondary spectrum in
light elements, and for the heavier elements an intranuclear cascade becoming
more important, These spectra of secondary particles have also been obtained
for neutrons, and they too show near-elastic and quasi-elastic peaks in the same
way., Most of the measurements so far have been carried out at limited angles
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only, and a great increase in usefulness will occur when cross sections can be
obtained for a wider angular region. To summarize: a particle beam passing
through matter undergoes a gradual energy loss due to ionization and excitation,
and will also be attenuated and scattered by the nuclear interactions that result
in the production of these secondary particles, The secondaries have energies
ranging all the way from a few hundred keV to a large fraction of the primary
particle energy, and they may undergo further interactions that produce the
cascade. The highly excited nuclei that have been struck lose their energy by
evaporating off more nucleons and heavier particles of much lower energy. The
numbers and kinds of secondary particles depend on the composition and density
of the absorber, and the nature, energy, and charge of the incident particle.
Not only secondary protons and neutrons, but also electrons, x, and y rays are
all produced, and at proton energies above about 350 MeV the production of
mesons begins to occur,

Although we are here considering only the production of secondaries by
incident protons, the general features of cascade phenomena hold equally well
for other charged particles. Metropolis treated this phenomenon analytically
a few years ago. Figure 4 plots his calculation of the number of cascade pro-
tons emitted per incident proton for a variety of target materials. One sees
that although in the higher energy region the lower-A materials emit fewer
cascade particles, they actually have a higher production rate than the higher-A
materials below 500 MeV,

Figure 5 shows a typical energy spectrum of secondary particles, also
due to Metropolis; this was discussed by Wallace et al. at the 1962 Gatlinburg
Symposium, It shows how the distribution of the emitted proton energies runs
all the way down to small values, Several other authors have also treated the
evaporation phenomenon. Figure 6 shows the number of evaporation protons
per incident proton for different A, plotted against the energy of the incident
proton or neutron, One sees that the number of evaporation protons is fairly
constant at about a 1-to-1 ratio over a fair-sized energy range. The energy
spectrum of evaporation particles has usually been obtained by estimatir.z an
excitation energy for the nucleus and treating it as if it were a source of thermal
energy evaporating off the nucleons., The excitation energy is not very sensitive
to incident proton energy over several hundred MeV. Figure 7, using data from
Moyer, shows the total neutron production per proton striking a target as a
function of proton energy for four materials, the particle coming completely
to rest in the target. One can make similar estimates for neutrons, protons,
or heavier particles,

The passage of high-energy protons is different from that of lower-
energy ones, mainly because the high-energy ones survive far enough into the
absorber to have a reasonable number of these inelastic interactions take place,
The cascade which results dominates the problem of predicting dose distribu-
tions and certainly has a great influence on the uniformity of the dose patterns
that result. A knowledge of the cascade is thus essential to dealing with this
problem, both for shielding and for dosimetry, Figure 8 shows the typical
idealized intensity-depth curve which results from the nuclear cascade in mate-
rial; it is taken from Shen, who made experimental studies of the cascade at
the Brookhaven Cosmotron. The thickness of the material is on a linear scale,
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whereas the intensity or fluence is on a log scale., This intensity-depth curve
is usually called the transition curve. In this figure the function fde (x, T )
represents the detected component of the flux at some depth x in the absorber,
with T the total thickness of the absorber. The point x is moving through a
given absorber and does not represent adding absorber in front with nothing
behind, This quantity can also be considered as proportional to the energy de-
position, or the dose, or some other function of the fluence or component of
fluence. The dashed straight line f ., (x) represents intensity due to the pri-
maries alone; the detected component may or may not include this part. The
curve may be regarded as made up of four regions, following Shen: (a) the pre-
maximum, (b) the approach, (c) the equilibrium, and (d) the exit region., If the
finite absorber were infinitely extended in both directions up and down the beam,
then the intensity-depth curve would no longer have this shape, but would instead
be the stralght line f et(x, »), The deviation of the actual curve from this line
except in this equlllbrlum region can be thought of as being due just to the miss-
ing parts of the absorber on either side. The missing front part fails to supply
the forward-moving particles; they would fill the area between the curve and the
straight line in the approach and premaximum regions, In a similar way the
missing rear part fails to supply the backward-moving particles, or albedo,
which would fill the corresponding area in the exit region, This deviation in
shape from the straight line is called the transition effect; the first two regions
make up the entrance transition and the last one the exit transition. If, now,
instead of having an absorber of fixed thickness one were to use an absorber of
variable thickness and detect behind it, the dotted intensity-thickness curve
fged T) would result, The lower curve £3,{T) is derived from the upper one,
fget{%, T,), simply by subtracting the albedo flux all the way back through the
material at every depth except in the exit region, where it is already absent,

Four quantities are of particular interest: first, the location of the
transition maximum, X,,,5, sometimes called the optimmum depth; second, the
critical depth, where the value of fdet(xc) is the same as at the entrance {3 (0),
and %, is some finite distance in the absorber where the buildup has come down
again; third, the buildup factor, which is the ratio { et/f im at any depth x,
and fourth, the maximum-to-primary ratio f(x,, .. J/f(0). A quantity of particular
interest in both shielding and dosimetry is the cr1t1cal depth x.. For example,
for monoenergetic primaries any shield thinner than the critical depth would do
more harm than good, because the resultant fluence emerging from it would be
greater than the incident primary fluence., When one has a distribution of pri-
mary particle energies, then one has to add a series of such curves together
and weight each one by the intensity in each energy interval. In such a case
the maxima may smear out sufficiently to mask the transition effect and result
in a continuously decreasing depth-dose profile; its intensity will nevertheless
be higher everywhere than primary interactions alone would account for,

Figure 9 shows some results of a computer program at LRL developed
by Palmer Steward as part of the research efforts centering around irradiation
of mammals in a simulated space radiation field. The program was developed
to calculate depth dose in spheres of tissue for isotropically incident mono-
energetic protons of various energies., It is applicable to accelerator beams
as well, since it also generates dose rate versus depth in a slab of water due
to a normally incident, parallel beam. Figure 9, for the parallel beam case,
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shows the calculated dose rate in rads per hour per unit fluence of 104 protons
per square centimeter per second, for several different energies. Of course
these are idealized curves for single particles, and the height of the Bragg peak
is subject to all the qualifications discussed in previous papers. In any real
situation the finite number of particles, the straggling, and other effects would
bring this peak down. These corrections aren't too important in the isotropic
case, however, where one has particles entering from all directions, since for
4w geometry things tend to smear themselves out,

The spectra and the number of cascade and evaporation protons were
based on the Metropolis data mentioned earlier, and approximate analytic ex-
pressions for each contribution to dose rate were used, Only the first genera-
tion of secondaries was considered. Comparison of this code with some results
of experiment as well as with other calculations, notably those of the Oak Ridge
group, have shown that very little accuracy was sacrificed. At each depth the
dose rate deposited by protons in each of eight energy intervals was also summed
separately; no multiplication by QF or any other factor was carried out. Figure
10 shows some results of the Oak Ridge code based on the Monte Carlo method
first set up by Bertini. This calculation was made for a different material, and
it sums not only the contribution of primary protons but secondary and heavy
particles as well, but when one converts the fluence-to-dose ratio to the units
of Fig., 9 they are very close to each other for each of the energies in the Oak
Ridge code up to 400 MeV,

Figure 11 shows a comparison of the Oak Ridge code with experiment
for one case, one of the few results with which it has been possible to compare
the code experimentally. It happens to be for neutrons, from Shal'nov's work
in Russia., The experimental data are for 140-MeV neutrons incident in water.
The dose calculated for 100-MeV protons was compared with the experimental
data; though the energy was different, the agreement is still close enough to be
quite good. Figure 12 shows a comparison of the Berkeley code with experi-
mental data recently obtained by Tanner and Baily on the 730-MeV beam; Dr.
Baily has done considerably more work on this, which he will present in a later
paper. The agreement is seen to be very close; it should be noted that in con-
trast to Fig. 14, which was not normalized but was an absolute comparison, the
two curves in Fig. 42 have been normalized at a depth of 1 cm, In any case,
for a clean beam without any energy degradation or interactions beforehand one
sees clearly the steep buildup of dose, as the transition curve of Fig. 8 predicts.
It can be seen that the assumptions regarding the parameters of the different
kinds of intranuclear reactions have accounted for this transition fairly well,
The important point is that if one makes the dose measurement in the bearm and
then puts an animal in place of the dosimeter this buildup occurs. The transi-
tion effect provides at this energy an increase of more than 40% at maximum
dose over that from the primary beam alone at the surface; for lower energies
the same thing occurs to a lesser extent,

Figure 13 shows the extent of disagreement between the simple model
and some experimental data obtained with a beam that had been passed through
a carbon target of sufficient thickness to degrade the energy to 260 MeV by
multiple nonnuclear (Coulomb) reactions., Although the calculations led to an
extraordinarily high Bragg peak, the experimental data did not show this peak,
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but instead showed that secondaries~-either gammas or neutrons--appeared tc
cause the curve of dose taken with an extrapolation chamber to extend even
further than the range of the primaries themselves. The initial buildup is still
present, although somewhat reduced,

Isotropic fluence calculations were performed for a number of sphere
sizes, Figure 14 shows the general assumptions made: the beam entered an
element of surface in an arbitrary direction and the dose was summed in an
element inward along a radius from some point at the surface, Contributions
from the secondaries were taken into account by use of the so-called straight-
ahead approximation and the simplifications that were mentioned above,

Figure 15 shows that there are three modes of dose deposition, depending
on the volume of the tissue sphere and the energy of the incident particle. The
first dose pattern is that in which the primary proton has energies too low for it
to cross the sphere. In the second type of interaction the particles pass the
center of the sphere but come to rest before they get out of it, If one considers
the dose as a function of the radius it is usually found that the cross contribution
produces maxima with relatively higher dose at certain depths, depending, of
course, on both energy and the radius of the tissue sphere. These maxima
occur only for monoenergetic protons with no contamination by either neutrons
or y rays. In an irregularly shaped animal the principal significance of this
depth-dose pattern is its indication that large doses may occur in shells within
the volume being irradiated if some segment of the surface has the proper
curvature, The third radiation pattern due to high-energy protons going through
the sphere does not produce any areas of high dose; a fairly flat profile results.
This last case is the one usually encountered in the laboratory.

Figure 16 shows that for the 730-MeV beam about half the total dose in a
sphere of this radius is actually due to the secondary protons. At lower energies,
such as 250 MeV, there still is a substantial contribution from them. This pro-
duces the second pattern mentioned above, with a peak at an intermediate depth,
This peak is a smeared-out overlapping of Bragg peaks; Fig. 17 shows that
at 60 MeV the peak is quite obvious.

Table 1 shows a sample breakdown of the total dose and the dose rate at
different depths in several energy intervals for 60 MeV. In the low-energy
intervals, where the LET is highest, only a few percent of the total dose is pro-
duced. The greatest high-LET component of dose occurs at a depth of 2 cm,
just before the Bragg peak, where the overlapping of Bragg peaks causes the
buildup to start. By contrast, in the 730-MeV case shown in Table 2 the dose is
fairly evenly distributed in depth.

A calculation by Schaefer, shown in Fig. 18, illustrates the important
differences between the distribution of proton energies in a solar flare extending
to low energies, and that of fission-spectrum neutron recoil protons; also shown
is the LET of protons plotted against their kinetic energy. Figure 419, also
calculated by Schaefer, shows the difference between the LET distribution at the
end of a proton track and that at the end of an electron track.

To conclude this brief and admittedly incomplete discussion of physical

factors in high-energy charged-particle exposures, we point out several instances
where biological response or its interpretation has been influenced by them.
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Figure 20 shows two examples of animal exposures in which a proton or o-particle
beam was used to irradiate mice. The percent mortality is plotted as a function

of the time postirradiation; the curves represent data from several hundred mice.
For protons, the predominant mode is a peak of early ''gastrointestinal' death at

4 days for a dose producing 98% mortality, For 250-kVp x rays, a dose high
enough to produce this same degree of mortality produces a peak of '"hematopoietic!
death, mainly occurring at 141 days. Alpha particles appear to produce both peaks.
This distinct separation at 98% lethality is statistically significant, Figure 214
shows a dose-rate effect; decreasing the dose rate appeared to reduce the early
peak and shift mortality to the later mode,

In view of the calculations that we have just mentioned, neither the change
with dose rates shown in Fig. 21 nor the mortality distribution shift seen in Fig.
20 can be explained by LET differences. We believe that the explanation lies in
the difference in microdose distribution in the bone marrow cavity; x rays may
produce electron secondaries in small marrow cavities that can, as Spiers first
showed in 1949-50, produce 50%higher dose in marrow cavities of a few micra,
Apparently this situation has always been present, at least at the lower-energy
x-ray exposures, but does not prevail for the protons., As will be shown in a
later paper, the dose at an interface between materials with different Z may
differ, relative to the standard y-ray case, for protons.

Figure 22 shows the depth-dose pattern due to solar flare protons, which
is seen to be very steep. The important property of this distribution is the macro
nonuniformity, which is quite pronounced. This can also occur in the vicinity of
accelerators, Dr. Bond has covered this in the first paper. Figure 23 shows
Jackson's experiment, in which he compared a uniform depth-dose exposure with
a steeply varying exposure produced by a wedge filter. A cobalt source was used,
and rats were compressed into cylinders and rotated in front of the wedge to
produce the steep pattern of depth dose; the LDg value is shown.

Figure 24 is from a study of maximum depression in white blood cell
count in primates, made by Taketa et al. at NASA, Sunnyvale, in collaboration
with LRL. When the results for gamma-irradiated and proton-irradiated primates
are ploted as a function of the midline air dose, the protons appear to be
relatively more effective. Figure 25, in contrast, is in terms of the absorbed
dose at the midline of the animal (lithium fluoride dosimetry was used.,) The fact
that the gamma exposure was not entirely uniform but had the characteristic dip
in the midline, whereas the proton exposure, due to the buildup of secondaries,
was actually higher in the midline than at the edges, had the effect of reversing
the apparent ratio of effectiveness of these two radiations.

In conclusion, then, it seems clear from the foregoing that the interpreta-
tion of biological response to high-energy charged-particle exposure requires
both caution and a considerable increase in the exactness with which both gross
and microscopic dose distributions must be described. In fact, this may be its
greatest challenge to the radiological protection specialist.
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Table {. Total (primary plus secondary) proton depth dose data for 60-MeV protons incident
upon the 2.5-cm-radius sphere of tissue-equivalent material.
-6
. 10"° rad/hr
Dose rate per energy interval
Total 2
Depth d proton/cm “-sec
{cm) ose
rate Energy interval
(MeV)
0.02-1 1-2 2-5 5-10 10-20 20-40 40-80 80-w
0.2 711 6.84 7.06 21.6 36.0 70.5 150 419 0
1.0 907 13.4 13.7 41.7 70.0 143.0 364 261 0
1.7 1275 27.6 28.4 85.6 144.0 300.0 690 0 0
1.9 15149 37.2 38.3 115.0 194.0 406.0 728 0 0
2.0 1526 4,70 1.85 41.0 234.0 490.0 757 0 0
2.2 1374 1.50 1.71 5.50 7.40 492.0 866 0 0
2.5 1337 1.45 1.65 5.49 7.46 9.70 1310 0 0
Table 2. Total (primary plus secondary) proton depth dose data for 730-MeV protons incident
upon the 2.5-cm-~radius sphere of tissue -equivalent material.
10-6 rad/hr
Dose rate per energy interval
D Total 2
epth proton/cmé -sec
(cm) dose -
rate Energy interval
{ MeV)
0.02-1 1-2 2-5 5-10 10-20 20-40 40-80 80-w
0.2 161 0.44 0.47 1.74 3.22 4.75 3.90 2.98 144
0.5 165 0.52 0.55 1.98 3.57 5.26 4.53 3.62 144
1.0 167 0.55 0.58 2.08 3.73 5.57 5.03 4.20 145
2.0 169 0.58 0.61 2.16 3.87 5.81 5.42 4.71 146
2.5 169 0.58 0.61 2.47 3.93 5.82 5.46 4.75 146
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‘/IONIZATION FLUCTUATIONS IN CELLS AND THIN DOSIMETERS
H. D. Maccabee and M. R, Raju

Lawrence Radiation Laboratory
University of California
Berkeley, California

Abstract

Since fast charged particles lose energy in matter by a collision process
which is discrete and random, statistical fluctuations are expected in the energy
loss of such particles when traversing ''thin" absorbers, The theory of ioniza-
tion fluctuations has been developed by Bohr, Landau, Symon, Vavilov and
others, and has been verified by several experimenters, including Maccabee and
Raju. Cells and thin dosimeters acts as thin absorbers for many types of par-
ticulate radiation, and thus significant fluctuations in energy deposition are to be
expected. We discuss the application of the theory to these cases, and the effect
of energy-loss straggling on the Bragg peak of charged particle beams.

I. Introduction

When energetic charged particles pass through matter, they lose energy
predominantly by a series of inelastic collisions with the electrons of the mate-
rial, resulting in ionization and excitation of the atoms of the material, Since
the collisions are discrete and random, statistical fluctuations in ionization are
expected.

In first approximation, the prgbabﬂity of energy loss € in a single elec-
tronic collision is proportional to €~“, If this collision spectrum is summed
over all possible collision energy losses, we obtain an expression for the aver-
age linear rate of energy loss due to ionization and exc1tat1on,\, The standard
formula for this quantity (for particles heavier than electrons” ) is:

dE _  4metz’ Nz " 2mv? 2 C 6
ﬁ' _z - Z ’

>kNote on electrons: although many of the arguments presented here are valid
for electrons, we consider only heavy charged particles in the following treat-

- ., ment,
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where electron charge,

particle charge number,

number of atoms per cm™ of material,

atomic number of material,

electron mass,

particle velocity,

mean excitation potential of material® 13,5 Z(eV),

particle velocity + speed of light,

shell correction (negligible for protons >1 MeV),

= density correction (negligible for protons < 1 GeV).,

MO‘!NO'@H<§BNZN o]

This quantity is often called the stopping power S; if all the energy lost is '"im-
parted locally" to the medium, then S is identical with L, the linear energy
transfer (often denoted by LET), The product of the linear energy transfer and
the particle fluence & (the number of particles entering per unit area) yields the
energy imparted per unit volume, which may be multiplied by the density to give
the absorbed dose.

In a thin slab of matter (one in which the energy loss is small compared
with the total kinetic energy of the particle) we can assume that the average en-
ergy loss rate is approximately constant through the slab, and thus write for the
average total energy loss A in thickness x:

A= ($)E. 2)

The 6_2 dependence of the collision spectrum implies that collisions resulting

in a large energy transfer to an electron are relatively rare compared with
small-energy-transfer collisions. Although they are relatively infrequent, the
large -energy-transfer collisions account for a significant proportion of the total
energy loss, The relatively high energy electrons resulting from these rare
collisions are often called delta rays. In a thin absorber, the probable number
of large-energy-transfer collisions may be so small that the random statistical
variations in this number are relatively large, and result in significant fluctua-
tions in the energy lost in this mode; thus fluctuations occur about the average
total energy loss, A. These fluctuations are often called energy-loss straggling.

II. Theory

Since the fluctuations depend on the number of large-energy-loss colli-
sions, a dimensionless parameter which provides an estimate of this number
should be useful to characterize the distribution of total energy losses, Such a
parameter, « (kappa), was introduced by Vavilov in his exact theoretical treat-
ment of ionization fluctuations,

2 2
k = 0,150 (siz >(§9—) (3)

-thickness of absorber in g/cm2 = pX,
atomic weight of absorber,
and B are as defined above.

where s
A
Z

N DN

¥ s

As the absorber thickness increases and the particle velocity decreases, k in-
creases, corresponding to the increased number of particle-electron collisions
in the highest collision-energy interval, The case of k > 1 was treated in 1915
by Bohr, ¢ who found that the distribution of total energy losses is Gaussian, with
variance given by
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o% = 0.157 s22°/A [in (MeV)?], (4)

and the most probable energy loss equals the mean,

For thinner absorbers and higher particle velocities, x decreases and
fluctuations become much more severe, The case of k < 0,01 was treated in
1944 by Landau, who found a broad asymmetric distribution characterized by a
long high-energy-loss '"tail"! and a most probable energy loss which is consid-
erably less than the average, 3 The full width of the Landau distribution at half
maximum is given by

FWHM = 0,611 sZz2/A % (in MeV), (5)

and the most probable energy loss is

4 2 4
2me z NZ 4me "NZx 2
A = Zx |In =" - B+ 0.37] . (6)
P — [ 1%(1-2) ]

There are many cases corresponding to intermediate valueg of «, i.e,, 0,01

< k £ 1; these cases were treated approximately by Symon™ in 1948, and exactly
by Vavilov! in 1957, See Fig, 1. As might be expected, the energy-loss distri-
butions for these cases form a smooth transition between the narrow symmetric
Gaussian and the broad highly-skewed Landau distribution, The Vavilov theory
is general, and includes the Gaussian and Landau distribution as its special
cases, The numerical quadrature of Vavilov's rigorous but complicated solution
was performed by Seltzer and Bergerd in 1964, They provide a systematic and
comprehensive tabulation of the Vavilov distribution in terms of the parameters
k¥ and B“, and furnish tables relating k and 8~ to the absorber thickness and
particle energy.

III. Experiment

There is extensive experimental evidence for the validity of the Bohr and
Landau theory of energy-loss fluctuations, but until recently there have been few
data in confirmation of the more general Vavilov formulation, Maccabee and
Raju have used solid-state silicon semiconductor detectors to measure the
energy-loss distributions of protons up to 730 MeV and alpha particles up to 910
MeV in order to verify the quantitative theory of ionization fluctuations over vir-
tually the whole range of the significant parameter k (Ref, 6). Semiconductor
detectors have several advantages for this type of measurement: their density
(and thus their stopping power) is about a thousand times that of a gas, yielding
that many more energy-loss collisions per unit path length, Also the energy re-
quired to create a charge pair in silicon is 3.6 eV (approximately a tenth of the
value for gas), yielding ten times as many charge pairs, The result of these
properties is to improve the charge statistics and thus yield superior energy
resolution, In addition, the semiconductor detectors have relatively uniform
sensitive thicknesses, highly linear response, and short pulse duration, The
method of the experiment is to pass a parallel monoenergetic beam of heavy
charged particles (from an accelerator) through the detector and measure the
pulse-height spectrum with a multichannel analyzer. The system is calibrated
by using standard sources. 6 Since the pulse height is directly proportional to
the energy loss in the detector, the pulse-height distribution may be simply
processed to yield the energy-loss distribution, i,e,, a plot of relative prob-
ability versus energy loss,
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The results of a few of these experiments follow Zgure 2 shows the
energy-loss distribution of 45.3-MeV protons in 0,265 g/cm?# silicon (about 1mm)
with k = 2,23, The distribution is very close to a symmetric Gaussian with the
most probable energy loss only 0,7% less than the mean energy loss, and an rms
deviation (o) of 145 keV, in agreement with the Bohr theoretical prediction,

F1gure 3 shows the _energy-loss distribution of 910-MeV alpha particles
(He2+ ions) in 0,206 g/cm” silicon, with k = 0,318, This curve is a good ex-
ample of the intermediate values of K, in which the distribution is asymmetric,
with the beginnings of a high-energy-loss tail, and a most probable energy loss
which is significantly (6% ) less than the mean, For this curve, the value of the
full width at half maximum is 22% of the mean energy loss, in agreement with
the prediction of the Vavilov theory.

Figure 4 shows the energgr -loss distribution resulting from 730-MeV pro-
tons passing through 0.413 g/cm¢ silicon, with « = 0,021, This is a good ex-
ample of the lower range of «, where the Landau theory is valid: the curve is
highly asymmetric, with a long high-energy-loss tail, and a most probable energy
loss which is 18% less than the mean, The full width at half-maximum is 180
keV, in agreement with the Landau theory, In general, there is very good agree-
ment between the measured experimental energy-loss distributions and the
Vavilov theoretical predictions over virtually the whole significant range of «k
{(from w« = 2.23 to « = 0.003),

Measurements of this type hav;? been performed in gas detectors by
several groups. Gooding and Eisberg' found good agreement with the Symon
theory for 37-MeV protons in 1957, and Rosenzweig and Rossi® did a detailed
study of energy-loss straggling for 5.,8-MeV alpha particles in a variable-
thickness proportional counter in 1963, They found general agreement with the
Symon theory for k values from 0,11 to 3,56, provided that corrections were ap-
plied for the effects of electron binding and delta-ray escape from their detector.
Glass and Samsky have found agreement with the Vavilov theory of ionization
fluctuations for protons of energy as low as 1 MeV in a gas detector equivalent
to 0.5 micron of tissue., These results imply that the theory of ionization fluc-
tuations can be applied to absorbers as small as cells and their constituents,

There is a limitation on the Bohr-Landau-~Vavilov theory of ionization
fluctuation, however., The theory is formulated in terms of continuum statistics,
and thus depends on a large number of collisions occurring in at least the lowest
collision-energy interval. Thus if the absorber is so thin that the mean energy
loss is not much greater (say a factor of 20) than the mean excitation potential,
there are so few collisions altogether that continuum statistics are invalid, and
discrete Poisson statistics must be used. Examples of measurements for solids
in this energy-loss region are given by Rauth and Simpson10 for 20-keV elec-
trons and Morsell for 992-keV protons,

IV. Applications

It is generally accepted that one of the most important parameters for
characterizing radiation effects is the absorbed dose. As shown above, there
are wide fluctuations in the energy loss for many cases of charged particles
passing through thin absorbers, and thus we can expect fluctuations in the dose
delivered by each individual particle., The result of this phenomenon can per-
haps best be understood by considering another important parameter of radiation
effects, the local energy deposition, The effect of energy-loss straggling is
that, even for monoenergetic incident particles, the local energy transfer is not
single -valued, but spread over a spectrum, The theory of ionization fluctua-
tions can be used to predict the energy transfer spectrum, if corrections are

made for the energy that is not imparted locally, In fact, measurements of the
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type shown above are actually measurements of the energy transfer spectrum in
the detector.

There is a factor that mitigates the effect of energy-loss straggling to
some extent: The largest fluctuations are due to the few highest energy collisions,
which are just the collisions that produce the delta-rays that are most likely to
escape the volume in question. The net effect is to transfer events from the high-
energy-loss tail of the spectrum to the low-energy-loss end. One way of esti-
mating the effect of delta-ray escape is by computing the "restricted" stopping
power, i,e., the average energy-loss rate due to all collisions whose energy is
less than that of a secondary electron that can just escape the volume in question,
The approximate formula for the restricted stopping power was given by Bethe: 1

2
4 2 2mv’e

()

dE _ 2we z NZ n -8 ’ (7

2 2
€<eg mv I (1-52)

where €g is the energy of a delta-ray electron whose range is equfl to the di-
mension of the specimen, and it is assumed that €5 << (Zmv )/ (1-B%).

It is clear that biological cells act as '""thin'' absorbers for most forms of
particulate radiation, and that significant energy-loss fluctuations will occur in
many cases, For example, consider 10-MeV protons traversing slab-like cells
of 5-micron thickness. In this case dE/dx is 4,7 keV/micronaand thus the mean
energy loss in the cell will be ?bout224 eV, With p= 14g/cm and Z/A= 0.5,
parametér k = 0,150 s (Z/A) z°(1-p“/B*) = 0.15 (5X10~ )0.5(0.98/4.4><10‘4)z 0.08,
Thus the Vavilov distribution holds, and the most probable energy loss in the cell
will be only about 82% of the mean, and the full width of the energy-loss distribu-
tion at half maximum will be 8 keV,

Of course most cells are not slab shaped and most incident radiations are
neither monoenergetic nor parallel, Thus in order to estimate the true distribu-
tion of energy deposition in the cell, the energy-loss distribution must be
""folded in'" with the path-length distribution in the cell and the effects of the dis-
tribution of energies in the incident radiation,

Several experimental methods have been developed to measure the param-
eters of dose quantity and quality in masses comparable to that of the cell,
Notable among these thin dosimeters are the tissue-equivalent ionization cham-
bers and proportional counters in slab and cylindrical geometry, and the system
of spherical microdosimeters developed by Rossi and his colleagues, 13 Evena
cursory examination of the results of such experiments is sufficient to show that
ionization fluctuation is one of the primary factors determining the shape of the
measured distributions, and that fluctuation theory should be applied in the anal-
ysis of the data, It should be remembered, however, that relative biological ef-
fectiveness is probably only a slowly varying (e. g., logarithmic) function of spe-
cific ionization, and thus even fluctuations of energy loss by a factor of 3 about
the mean should not make a large difference in the results of a biological expo-
sure. If an energy threshold exists for a biological effect, however, -the effect
of fluctuations should be more severe,

Naturally, if there are fluctuations of the energy lost in a given small
thickness, one expects fluctuations in the total thickness traversed by particles
in losing all their energy, This phenomenon is called range straggling and is
the cumulative effect of energy-loss straggling over a large thickness of absorber,
Since there are a large number of collisions at all energies, the range distribu-
tion is approximately Gaussian:
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1 2 2
P(R) = —177 [-R-R"/20,7], (8)
(27) ZO'R P / R

where P(R) is the probability of range R, R is the mean range, and o 2 is the
variance, Berger and Seltzer 14 give a more thorough discussion of this subject
and multiple scattering, and tabulate o, which varies between 1 and 2% of the
mean range for protons of 300 to 2 MeV in light elements, The net effect of
range straggling and multiple scattering on a monoenergetic charged particle
beam is to broaden considerably the peak of the Bragg ionization curve, The phys-
ical explanation of this effect is that some of the particles are stopping (andthere-
fore ionizing heavily) while others still have enough kinetic energy to travel far-
ther, The consequences of this effect can be clearly seen in Fig, 5, which shows
the energy distribution of a 910-MeV alpha particle beam at the Bragg peak, and
the corresponding LET values, as measured by Raju, Note that the modal
energy at the peak is much higher than one might expect, This case, along with
our measurements on a 50~-MeV proton beam and measurements at the Harvard
cyclotron, indicate that one can use a general rule of thumb that the most prob-
able energy at the Bragg peak is about 10% of the initial kinetic energy.
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TWOAZARD-EVALUATION CRITERIA*- -
DOSE EQUIVALENT AND FRACTIONAL CELL LETHALITY

Stanley B. Curtis

N
Lawrence Radiation Laboratory \"

University of California, Berkeley, California

In a situation in which there is a potential hazard from radiation, it is
important for the health physicist to know what physical parameters to measure,
how to use the measurements to arrive at an evaluation of the hazard, and the
limitations imposed on the accuracy of the evaluation by any lack of necessary
biological and physical data. We consider here two methods of evaluation: the
first is a straightforward approach with the use of a dE/dx or LET spectrum
and the appropriate quality factor (QF) leading to a calculation of the dose
equivalent (DE); the second is the concept of FCL {fractional cell lethality)- -the
use of inactivation cross sections to arrive at the fractional number of cells
inactivated in an organ. The advantages and disadvantages of each approach
will be indicated. It should be mentioned at the outset that each has strong
limitations and may find fruitful application in very different situations.

QF and dE/dx Spectra

The standard method of evaluation is by means of a dE/dx or LET spec-
trum coupled with a QF or quality factor. This factor and its dependence on
dE/dx has been decided upon by the International Commission on Radiological
Protection! The QF agreed upon by the RBE Committee of the ICRP is supposed
to be a conservative extrapolation (i.e., an upper limit) of experimental RBE's
down to low doses and dose rates. The expression given™ is

QF=0.R+1,6X10_2L (1)

for QF < 20. Here L is the average dE/dx of the radiation in tissue in units
of MeV-CrnZ/g. We discuss how a more realistic QF might be used.

The LET or dE/dx spectrum provides the information on the distribution
of dE/dx in the absorbed dose. In what follows, it is assumed that &é-ray
corrections are small and that the locally absorbed energy loss per unit length
may be approximated by the total ionization loss, dE/dx, or LET,, as it is
sometimes called in the literature. We first form the differential dose element,
dD, in terms of the differential energy spectrum of particles at the point,
dN/d4E, and the dE/dx, L, of particles with energy E:

dN

dD = 7= L dE. (2)
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We now define a function, the dE/dx spectrum, F(L), such that
F(L)dL = dD. (3)

Equating the right side of Eq. 2 with the left side of Eq. 3 and solving for F(L)
gives an expression for the dE/dx distribution,

dN L
F(L) = 3 dL/aE"

(4)

Because of the wide range of L present in many situations, it is
convenient to plot such distributions as a function of log L. Thus, in order to
give equal distances along the abscissa equal weight, it is customary to redefine
the distribution as

F'(L) d(log L) = 4D. (5)

The corresponding function, F'(L), is given by

F'(L) = 2,303 qE dLjdE (6)
Examples of this function in various radiation environments are shown in
Figs. 1, 2, and 3. Figure 1 gives the normalized LET spectra for two solar
particle events behind two shielding thicknesses. 2 Figure la presents sharply
falling initial momentum spectra behind shielding of 5 g/cm? of water. Figure 1b
shows flatter spectra behind thinner shielding of 1 g/cm? of water. The
initial total fluence of protons relative to a particles and M particles (ions of
atomic number Z between 6 and 9) was held constant at values consistent
with experiment. The "spikes' in the spectra occur at the point where the
slope of the dE/dx-vs-E curve is zero (i.e., dL/dE = 0; see Eq. 6). This
causes F'(L) to diverge. The area under these spikes is small compared with
the rest of the area and so contributes little to the total dose.

Figure 2 gives the dE /dx spectrum for galactic cosmic rays at solar
minimum behind 0, 2 g/cm2 water shielding for the various components. 3 Note
the wide range of dE/dx represented. Here the 'spike' is at the low end of the
contribution from each class of particles. This is a result of the highly ener-~
getic character of the radiation. The spike occurs at the minimum ionizing
point of the dE/dx-vs-E curve.

Figure 3 is an example of a dE/dx spectrum from a negative pion beam
in the region where the pions stop and produce nuclear interactions.4 Here the
initial beam was assumed to contain 25% electrons and 10% muons. Such beams
are presently being used to explore possible radiotherapeutic applications, as is
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to be discussed later in this Symposium. 5 The contributions from the various
kinds of particles are indicated in the figure,

Dose Equivalent

Now the straightforward approach consists first of measuring the dE /dx
spectrum with a suitable instrument at the point of interest. Possibly the best
type of device developed so far is a Rossi-type ionization chamber. ™" In
addition, the dose rate should be measured, since the severity of biological
effects produced in many radiation environments depends on the dose rate.
Finally, the spectrum at the organs of most interest should be measured, since
in many cases there is a strong dependence of the spectrum upon depth within
the body. With the above data and the latest information from radiobiological
experiments on the dependence of RBE or what is here called specific QF on
dE/dx, for the organ and dose rate under consideration, the dose equivalent,
DE, or the equivalent x-ray dose, can be computed from

DE (in rem) = SF'(L) QF (L) d(log L). (7)

Here the QF acts as a weighting factor which weights the higher dE/dx compo-
nents more than those with lower dE/dx. We make the implicit assumption in
forming this integral that rem from different radiations are additive.

Such a program might be carried out in the following way. A plastic
dummy, constructed of tissue-equivalent material and perhaps even with the
bones in place, would be moved to the position where the radiation environment
was to be evaluated. A small easily movable proportional counter would be
inserted into the region of the dummy where the spectrum was to be measured.
The pulses received by the counter could be displayed on a pulse-height analyzer,
or the spectrum of pulse heights could be electronically differentiated, if
necessary, for subsequent analysis. 7 In addition, if the health physicist had at
his disposal a loose-leaf notebook, containing the latest up-to-date information
(or, if you wish, best guesses) on specific QF for the various organs of interest
and dose rates of importance as a function of dE/dx, he could choose an appro-
priate dependence of this weighting factor on dE/dx and calculate an approximate
equivalent x-ray dose (dose equivalent) in rem from Eq. 7.

Limitations
As in any simplified approach to a complex problem, difficulties arise
which, at present at least, are not easily surmountable. Several of the major

problems are discussed briefly here.
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1. Lack of organ localization

As discussed by Bond? at this conference, the marrow in the body is not
at a constant depth, and so a distribution factor must be applied in this case as
another factor in the evaluation, and the advantage of placing the detector at
various depths is to a large extent nullified. Because of the different penetrat-
ing power of different types of radiation, this factor evidently varies with the
kind of radiation as well as with its energy spectrum. Perhaps applicable
factors will be developed which may be adequate for the suspected types of
radiation environments to be found around accelerators (e.g., high-energy
particles or neutron fluxes). At any rate the lack of a unique position in the
body for the system or organ complicates the assessment of the appropriate
dE/dx spectrum. Of course if enough detectors were available and properly
placed, an 'average' spectrum might be obtained, so that a reasonably
accurate dose equivalent could be calculated.

2. Neutrons

As Barendsen has pointed out in this Symposium, 10 neutrons may pose
a special problem. At least for human kidney cells in tissue culture, biological
quantities such as RBE and oxygen-enhancement ratio (OER) cannot be predicted
theoretically by using the calculated dE/dx spectrum and RBE-vs-dE/dx or
OER-vs-dE/dx curves obtained experirnen’cally11 with various charged particles
having single -valued dE/dx (the so-called '"track segment' experiments).
Although the reasons for this discrepancy are not clear at present, a reason-
able qualitative explanation is that the very short carbon, nitrogen, and oxygen
recoils which occur in the neutron irradiation are more effective per unit dose
(i.e, have a higher RBE) than particles with the same dE/dx in the "track
segment'' experiments. At any rate, one must be careful in using RBE's
measured with charged particles to predict biological effects from neutrons.

3. The significance of dE/dx as a biologically meaningful parameter

As indicated, the measurement of a dE/dx spectrum is not always
sufficient to determine the biological effects that will occur. The dE/dx of a
particle in this approach is assumed to be a continuously varying quantity,
whereas in reality the particle loses energy intermittently in varying amounts
over small distances, and the dE/dx as calculated by the Bethe -Bloch formula
is only an average value over a sufficiently large number of collisions. As
shown by Maccabee in this Symposium, 13 large fluctuations can occur in the
energy loss over small distances. Sufficiently small volumes, such as occupied
by biologically important molecules or portions of cells, can receive an energy
deposition significantly larger than that calculated by multiplying the standard
dE/dx value by the track distance. The finite size of the important molecule
or volume is of great importance, and undoubtedly a parameter that is a function
of both the size of the biologically important volume and the amount of energy

233



V.3

actually deposited in that volume will emerge as the relevant parameter to
describe biological effects, as has been suggested by Rossi, 14 1 any case, it
is clear that the validity of dE/dx alone as a biologically important parameter
is limited. At present it should be considered a relevant parameter only
because it is the best we have. We should not be surprised if, in the future,

dE /dx distributions - -which are so well-defined and calculable (and even roughly
measurable) and therefore so pleasing to the physicist--fall into disuse as we
find out more about the mechanisms by which radiation damage manifests

itself in biological systems.

Fractional Cell Lethality and Inactivation Cross Sections

The second method of hazard evaluation is at present more speculative,
since few of the required data are available at present for its utilization. This
approach lends itself most readily to situations in which accumulated irreparable
damage may become important, such as in extended space flight outside the
shielding provided by the earth's magnetic field. In addition, the approach
employs the dE/dx distribution and so is open to the criticism discussed in
point 3 of the preceding section.

This approach does eliminate the necessity of dealing with RBE's or
QF's, however, and substitutes the concept of a cross section, which is actually
a probability. Thus the approach has an intrinsic appeal to the physicist. The
inactivation cross section, o, is the probability of inactivation of a cell per
incident particle per cm?2, in exact analogy to a nuclear interaction or scattering
cross section in nuclear physics. It is a function of the energy of the particle
and appears to be a universal function of dE/dx. The number of inactivations
per cell is then given by

N = A %g o(E)E. (8)

Cross sections have been measured for few biological systems. Figure 4
presents experimental data obtained by Todd15 on cross sections for human
kidney cells in culture of the type used by Barendsen. The biological end point
employed here was destruction of the colony-forming ability of the cells. The
experimental results are explained by assuming two types of damage mechanisms,
a single -hit irreversible mechanism described by ¢1 and a multihit reversible
mechanism described by ¢5. The survival curve for a particle irradiation by a
given energy is well described by the expression

Nezyry,

s=e N1 (1-e (9)

were S is the fractional survival, N is the number of particles incident per cmz,
and n can be interpreted as the number of hits necessary to inactivate the cell
by the multihit mechanism.,
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We now define the fractional cell lethality, 16 FCL, as
FCL =1-8, (10)

For low doses, it can be assumed that reparable damage is repaired
and the multihit mechanism is not important. When an energy spectrum is
involved we have

-Noy

FCL=1-e =1- e'SdN/dE o dE

(11)

where Noj is the number of inactivation hits by the irreversible mechanism.
From Eqgs. 2, 5, and 8 it is easy tc show that

Nop = SF'(L) 11—1(%) d(log L), (12)

Here we note that without the factor o)/L this integral would just be the dose.
The factor ¢;/L, then, becomes a weighting factor which takes the place of an
RBE or QF in the first approach. In Fig. 2, ¢}/L is plotted against L on an
arbitrary scale. The shape of this curve is strikingly similar to RBE-vs-dE/dx
curves for mamrmalian systems. Thus we have replaced the RBE factor or QF
with another factor involving the probability for inactivation. FCL can be
calculated from Egs. 11 and 12 whenever the dE/dx spectrum can be calculated
and the inactivation cross section is known. Unfortunately, few cross sections
for human cells are known, and none are known for the most critical organs of
the body.

After the fractional number of cells inactivated is estimated for a given
organ, the final step in a hazard evaluation is a determination of the degradation
of organ function due to the estimated FCL. That is, suppose it is known that
30% of the cells of an organ, say the eye, are inactivated. It must be determined
what this means in terms of loss of function of the eye. Much must be done in
this area before this approach is feasible as an accurate working means of
hazard evaluation.

Summary

Two approaches to the problem of radiation hazard evaluation have been
examined. The first uses the dE/dx distribution at the point of interest and the
best curve for RBE or QF vs dE/dx for the organ under consideration, with due
regard for the dose rate involved. A technique for carrying out an evaluation by
this means is described. Several important difficulties to this approach are
discussed. It appears that in some cases additional distribution factors must be
included to account for the nonlocalization of the organ or system under considera-
tion. Also, a separate neutron detector should probably be included because of
certain problems in the proper weighting of neutron dE/dx distributions. Finally,
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certain fundamental limitations on the validity of the dE/dx concept itself as a
biological parameter are discussed.

In the second approach, the fractional number of cells inactivated (FCL)
is calculated with the use of an inactivation cross section. Here the ratio ¢/L
replaces the RBE or QF. Few cross sections are known at present for mammalian
cells, however, and there is little known about the correlation of FCL with
organ malfunction. This approach may find some application in situations in
which irreparable damage from radiation is allowed to build up over a long
period of time, such as might occur on extended space flight.
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ABSTRACT

Measurements were made of the electron flux generated in effectively infinite
Al media by uniformly distributed sources of 1984y and %%Cu. Above 100 kev the shapes
of the flux spectra are determined by the integral primary beta spectrum. Between
100 kev and 5 kev the flux is constant. Between 5 kev and 100 ev the flux rises as 1/E
and below 100 ev rises as about 1/E3. On an absolute basis the experiment is in agree-
ment with the Spencer-Fano theory above 10 kev but exceeds the theory by as much as
a factor of 4 at 400 ev. The results were analyzed to obtain LET spectra as well as
K-shell and L-shell ionization, volume plasmon excitation, and electron-electron
interaction yields. The conclusions drawn from the analysis were that electrons
with energies less than 55 ev contribute as rauch to the flux in LET space as do
electrons with energies greater than 55 ev, that electrons are nearly mono-LET
particles, and that volume plasmon excitation accounts for nearly all of the energy
delivered to an aluminum medium by an electron slowing down in it.

I. INTRODUCTION

Previous experimental studies on electron flux spectra in metals have deter-
mined the electron flux as a function of energy in media of intermediate(!s2) and
high(3) atomic numbers. It was desirable to extend these measurements to a medium
or low atomic number to more nearly approximate tissue equivalence in order to make
the observations of more applicability to radiobiological problems. Unfortunately,
media of tissue-equivalent plastic were unsuitable because such materials can with-
stand neither the reactor irradiation used to activate the sources nor the subsequent
beta irradiation. Thus, alloys of ~99% Al and 1% of either Au or Cu were used
instead. In previous studies little effort has been devoted to determining how the
energy was absorbed or the relative importance of the various energy regions with
respect to radiation effects. This was due in part to the lack of cross sections and
stopping powers, either theoretical or experimental. The recent availability(4: 5)
of such fundamental data in Al led us to choose it as a slowing down medium over
other non-organic low-Z materials.

*Research sponsored by the U. S. Atomic Energy Commission under contract with
Union Carbide Corporation.
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A very brief discussion of the theory of electron slowing-down is given in section II.
The electron spectrometer and the source are described in section III. Data corrections
are discussed in section IV and the flux spectra are given in section V. Flux spectra are
analyzed to yield LET spectra in section VI. In section VII the K-shell and L-shell ioni-
zation, volume plasmon excitation, and electron-electron interaction yields are calculated
using our data and appropriate theoretical cross sections. Conclusions are given in section

VIIIL.

II. THEORY

A general theory of electron slowing~down has been presented by Spencer and Fano. 6)
They modified the continuous slowing~down approximation to include secondary electrons
produced by the few violent collisions experienced by the primary electrons and to include
the effects of bremsstrahlung. McGinnies(7) has tabulated the results of calculations

using the Spencer-Fano theory for monoenergetic sources in various media. A simplified
treatment of the Spencer-Fano theory has been given by Spencer and Attix(8) and reviewed

by Birkhoff. (9) A modification of the Spencer-Attix treatment which allows calculation
by successive generations has been given by Hamm, McConnell, Birkhoff, and Berger. (1

The theory which we have used to compare with experiment was obtained from the
McGinnies tabulation. The slowing-down spectra in aluminum for monoenergetic sources
was weighted with the 64Cu and 198Au beta spectra and the results were summed to ob-
tain spectra from these non-monoenergetic sources.

III. APPARATUS

The Keplertron, (11, 12,13) a spherical electrostatic-focusing spectrometer, shown

in Figure 1 was used to measure the electron flux. The Keplertron has an energy resolu-
tion of 6% and a transmission of 25%. Electrons leaving the source on the inner sphere
are focused by an inverse-square electric field between the two spheres and detected
using a Faraday cup and a vibrating-reed electrometer. The Keplertron operates over
the energy range from 1 ev to 65 kev. Energy selection is accomplished by varying the

outer sphere potential. The sources used for the measurements consisted of two parallel
coaxial discs about 1 ¢m in diameter and 0.3 cm apart. The thickness of each disc was

equal to the range of the electrons. Thus a plane between the discs represented a plane
in an infinite, homogeneous, isotropically irradiated medium. The edges and outer sides
of these sources were shielded to prevent the escape of electrons from these surfaces.

IV. DATA CORRECTIONS

The expreésion used to obtain the experimental flux, y, in units of electrons =m~%
ev-l per primary cm™3 from the Faraday cup current is

4

4 1 16 )
(o) 5 R(T)YB(T)B(T) () x {L(T) - (0)}, 1)

y(T + TB) =
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where T is the electron energy in ev with respect to the vacuum level and T_ = Ept
¢ where E, is the Fermi energy and ¢ is the work function. The quantity

(AAQ) represents the product of the effectwe source area and solid angle seen by
the Kep ertron and has a value of 0.402 cm? steradians. The exper1menta1 fluxes
were normalized by dividing by D, the disintegration rate cm =3 sec™. A correction
is made for the response of the spectrometer, operating at low energy, to the high-
energy electron components of the source. It has been shown experimentally that
electrons with energy greater than 40 kev produce a constant background current in
the Keplertron which is equal to the current I(0) at zero sphere potential. The
correction for electrons of these energies is the subtraction of the zero-potential
currents I(0) from the observed currents I(T).

The spurious background current due to electron components in the source
having less than 40 kilovolts was obtained as follows. Experimental studies of the
line profile shape of the Keplertron for monoenergetic electrons revealed a low-
energy tail extending from the line profile down to zero energy. This tail was
typically about 0. 15% of the peak current in the line profile. (13) Thus, as shown in
equation 2, the incremental spurious current at enexrgy T' is proportional to the
incremental true current at energy T, where T is greater than T',

our(T') =2 0015dL (T) T>T', (2)

The integral of this equation is shown as equation 3,

40 kev

(T')=.0015 [ ar,__ (T) (3)

spur T true' °,

Now the spurious current at T' is equivalent to the product of the spurious flux at
T' and the energy window of the spectrometer T'/16. Also the incremental true
current is equal to the flux at T multiplied by dT. If one makes these substitutions
as shown in equation 4,

T 40 kev
T 1g = - 0015 {” Y gruelTHT (4)
then the flux at enexgy T' is as shown in equation 5,
40 kev
. 024
GO E— £  Yirue(THT, (5)

The true flux is determined at every energy below 40 kilovolts by subtracting the
spurious flux from the observed flux. The ratio of the true to observed flux is
designated as R(T) and is a multiplicative factor, as shown in equation 1. It varied
from about unity near 10 ev and 40 kev to a minimum of 0. 8 between 50 ev and 1 kev.
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A correction B(T) was made for the energy barrier at the :surface( ﬁhich the
electrons must overcome when moving from the metal into the vacuum. This
correction ranges from 22 at 1 ev to 1.1 at 1.4 kev. The spectrometer detects only
negative electrons when a negative outer sphere potential is used. As a result, the
primary positrons from the decay of 64Cy are not detected but the negative secondary
electrons which they produce are. The factor P(T) is a correction(l) applied to the
64Cy data to raise the primary part of the experimental flux to the value it should
have if the Keplertron detected positrons as well as negatrons. At 60 kev P is equal
to 1.5 and below 100 ev is equal to unity. A final correction is made for the energy
window of the spectrometer. This window is proportional to the electron energy. To
obtain the current per unit energy, the observed current must be divided by the window
width, (T/ 16. A more complete discussion of these corrections may be found else~
where, (1)

V. ELECTRON FLUX DISTRIBUTIONS

Figures 2 and 3 show the experimental fluxes as a function of electron energy.
The spectra have a shape which can be broken down into four regions. Above 100 kev
the shape is determined by the integral primary beta spectrum. Below this energy
the primary spectrum declines due to the increase in the stopping power. However, the
decline is matched by an increase in the number of secondary electrons in such a way
that the flux is essentially constant down to about 5 kev. Between 5 kev and 100 ev
the flux rises approximately as 1/E and below 100 ev the flux rises more nearly as 1/E3.
Figures 2 and 3 also show the Spencer-Fano theory. Both the theory and experiment
are shown on an absolute basis. The experiment agrees very well with the theory above
about 10 kev but exceeds the theory by as much as a factor of 4 at 400 ev. It is not clear
why the theory fails to predict this large increase of low-energy secondaries. How-
ever, it should be noted that the theory is based on the Mdller free-electron-scattering
formula for the production of secondary electrons. As a result, it accounts neither
for the large energy losses resulting from inner-shell ionization nor the injection of
additional electrons due to the Auger cascade following inner-shell ionizations.

VI. LET DISTRIBUTIONS
A LET distribution of the electron flux was obtained using the relation
y(T)dT = F(L)dL . (6)
Equation 6 states that the flux of y of electrons between T and T + dT must equal the

flux F of electrons between LET values L and L + dL. This equation may be solved for
F(L) to obtain

ro -3 - (7)
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Values of d1,/dT were obtained from the stopping power (%, 5) for aluminum shown in
Figure 4. We have assumed that LET and stopping power are identical. While this
does result in some small error it does not effect the conclusions we draw from the
results. The dashed portion of the curve above 10 kev is the Bethe-Bloch theory.

The solid line is a theory derived by Ritchie(®) which includes the electron- ~plasmon
and electron-electron interactions in the conduction band, and electron-electron
interactions in the L-shell. The points around | kev are measurements made by
Garber, Nakai, and Birkhoff ) by comparison of the transmission of electrons
through thin films of various thicknesses. Figures 5 and 6 show the electron flux as
a function of LET. It is composed of two contributions - one from electrons with
energy greater than 55 ev (the energy at which the stopping power is maximum) and
another from electrons with energy less than 55 ev. Both energy regions make
roughly equal contributions to the flux and decrease from 10~7 electrons cm=2 LE’Irl
per pr1mary electron cm at 107 ev/cm to a high LET ta11 which has a value of about
2 x 1071 electrons cm™¢ LET™! per primary electron cm™>. The peak at 4.5 x 10° ev
is due to the shoulder on the theoretical stopping-power curve due to L-shell ionization
which appears at about 300 ev. These data verify the assumption that electrons are
essentially mono-LET particles since the low LET flux is about 3 orders of magnitude
above the high LET flux.

VII. EXCITATION AND IONIZATION YIELDS

The electron fluxes as a function of energy were used also to obtain the
number of interactions per cm -3 per primary electron cm” 3 for K-shell ionization,
L~-shell ionization, volume plasmon excitation, and electron-electron collisions.
The number N of interactions cm™3 per primary cm’ ~ is given by

max

N = y(T)x'1 (T)aT, (8)

_s

th

where y is the electron flux in units of electrons cm™3 ev_1 per primary electron
cm A~} is the inverse mean free path or macroscopic cross section in cm‘l, and
T is the threshold energy for the interaction. Equation 8 can be put into more
convenient form by multiplying and dividing by T to get

E
max

-1
N=| Ty(T)x = (T)d{@nT) . ' (9)
Eth

Further, if Ty(T)A ‘l(T) is plotted versus InT, (14) an area under this curve between
any two energies Ty and T is equal to the number of events occurring within the
energy range T, - T;. The inverse mean free paths used in the calculations are
shown in Figure 7 as the solid lines. Values of N given in Table 1 were determined
by graphical methods f£rom plots of Ty(T)A - 1(T) as a function of log (T) as shown in
Figures 8-10. A plot of Ty(T)A~ }(T) as a function of log T for electron-electron
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Table 1

. -3 . -3
Interactions cmm ~ per Primary Electron cm

ﬁ\\.
~ ... Electron Source
LN 4 1
Interaction T \\\ 6 Cu 98Au
K-Shell Ionization 2.6 4.0
L-Shell Jonization 266 324

Volume Plasmon Excitation 17,420 18,320
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interactions is shown in Figure 11. The excitation of a volume plasmon in aluminum
reguires 15 ev; thus the amount of energy expended in exciting volume plasmons was
260 kev for the 84Cu source and 275 kev for the 198 Ay source. These can be compared
with the average energies of the beta spectra which are 230 kev for 64cy and 315 kev
for 198ay.

VIII. CONCLUSIONS

In summary we have drawn five conclusions from our data. The electron flux
in energy space can be divided into four regions: a region in which the flux is deter-
ruined by the integral primary beta spectrum; a region in which the flux is roughly
constant; a region in which the flux goes as E-1; and a region in which the flux goes
as E73, Theory and experiment are in good agreement at high energies, but the
theory is much too low at lower energies. Electrons with energy below 55 ev con-
tribute as much to the flux in LET space as do electrons with energy greater than
55 ev. As is generally assumed, electrons are essentially mono-LET particles.
Finally, when an electron slows down in a metal, nearly all of the energy goes
ultimately into volume plasmon excitation.
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AvﬁiTHOD OF INFERRING QUALITY FACTORV/// “

A

USING THE BONNER SPECTROMETER* %

George R. Holeman S
.

Yale University

New Haven, Connecticut

Introduction

As the use of accelerators increases, it is becoming
increasingly more important to accurately determine the dose
equivalent due to the mixed, stray radiation around accelerators.
Mixed-radiation dosimetry is usually accomplished by one of two
methods. In the first method, attention is focused on the
radiation field itself and measurements made of the intensity
and energy distribution of the various radiation components.
This information is then used to obtain a description of the
absorbed dose rate due to the radiation environment or, for
example, to compute the dose equivalent to individuals. The
second method describes the radiation field in terms of its
interaction with matter; actually a sum over the complete
energy distribution of the field is obtained which results
in a measurement of the absorbed dose. For Health Physics and
legal purposes an evaluation of the radiation field in terms
of dose equivalent is desired. In order to obtain the dose
equivalent from the first method, the appropriate quality
factors are applied to the individual components, depending
upon the energy distribution. In the second approach the
composition and energy distribution are not knownj; therefore,
accurate quality factors cannot be applied., However, when the
composition and energy distribution are unknown, it has been
common practice to assign a conservative quality factor to the
radiation field to obtain the dose equivalent.! This paper is
a description of an approach which attempts to determine the
first-collision dose, dose equivalent, and quality factor for
a given field of mixed accelerator-produced radiation which is
predominantly neutrons.

A 10-in.-diameter polyethylene sphere containing a
lithium iodide crystal has a response approximating the inverse
of the dose-equivalent curve for neutrons from thermal energies
to at least 7 MeWl This detector, used together with a Bonner
or multisphere spectrometer? consisting of a bare detector,
cadmium-covered detector, 2, 3-, 54, 8; and 12-in. polyethylene
spheres, was used to infer the quality factor from data on
accelerator-produced neutron radiation. By calibrating the
single 10-in. spherically moderated detector with a PuBe neutron
source, the detector may be used to measure the dose equivalent
directly in mrem/hr. The computer program BON3 * written by
the Radiation Physics Division, HASL, USAEC, is capable of
unfolding the neutron spectra using the data from a multisphere
spectrometer. BON also provides the rads/(n/cm?) and the

* Work supported in part by the United States Atomic Energy
Commission and United States Public Health Service Grant,
3-TI-RH-70-01-A1,
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particle fluence (%) in n/cm?. Therefore, the first-
collision dose rate in rads/hr may be obtained and the
quality factor inferred. A recent radiation survey of the
Wright Nuclear Structure Laboratory at Yale* provided the
data used in this study’ During the survey 19.2-MeV protons
were impinging upon a water-cooled aluminum target.

Instrumentation and Method

The instrumentation used consisted of a 10-in.
spherically moderated detector and a multisphere spectro-
meter., The 10-in, spherically moderated detector consisted
of a ®Li I (Eu) crystal located at the center of a 10-in.-
diameter polyethylene sphere. The associated electronics
was biased to discriminate against gamma-ray background.
The neutron response of this instrument has been discussed
extensively by Hankins, 1-® The neutron response closely
approximates the inverse of the dose-equivalent curve and
is compared with it in Figure 1. From Figure 1, it can be
seen that for thermal neutrons the response is nearly that
of the dose-equivalent curve (% 4 percent), and for fast
neutrons the response is within $15 percent. Above 7 to
10 MeV the response of the detector drops rapidly and the
error increases rapidly until at 14 MeV the response is
about 50 percent of the dose equivalent. For accelerator-
produced neutrons below approximately 10 MeV the instrument
response is reported® to be within % 15 percent of the dose
equivalent,

A neutron spectrometer used to analyze stray
accelerator radiation should be capable of responding to
neutrons over a wide energy range depending upon the accel-
erator operating characteristics. Few neutron spectrometers
have the wide energy range that is desirable; however, the
multisphere spectrometer has this desirable, wide energy
range. The spectrometer used was the array described by
Burrus/ consisting of an unmoderated detector, one covered
with a 30-mil cadmium cover, and detectors inside 2-, 35 53 85
and 12-in. polyethylene spheres. The detector assembly was
composed of °Li I (Eu) crystal, placed at the center of the
various spheres. The spectrometer data was used to obtain
solutions to the homogeneous Fredholm equation of the first
kind. The equation to be solved is

b
g (x) = fa K (x,y) £ (y) dy, (1)

where g (x) represents the measurement from which the neutron
spectrum, f (y), is to be inferred and k (x,y) is the response
function.

* Operated under Contract AT-(30-1)-3223 with the United
States Atomic Energy Commission.
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The technique of obtaining solutions to equation 1
by the method of iterations, used in this paper, was originated
by Scofield® and Gold? Response matrices for the multisphere
spectrometer have been published by various authors. 3-7-10
However, the values we used for the response functions were
those used by 0O'Brien, which were taken in part from the calcu-
lations of Hansen and Sandmeier!! McGuire!? and Burrus’? The
response matrix used was 7 x 52 and ranges from 1 x 1072 to
1.6 x 108 eV, Figure 2 depicts some of the response functions
used in determining the matrix. BON,written by O'Brien,3
utilizing the above-mentioned 7 x 52 response matrix, takes
the seven pieces of data and solves for a log-log smoothed
neutron spectrum by an iterative method.

The single 10-in. spherical detector was calibrated
in mrem/hr by using a one-curie PuBe neutron source with a
source strength of 1.8 x 10® n/sec. The quality factors
included in this calibration were those recommended by the
NCRR!3 In a given neutron field, the dose equivalent was
measured with the calibrated 10-in. spherical dosimeter. At
the same time the array of seven detectors was exposed and
the neutron energy spectrum obtained. Using the appropriate
conversion factors the energy spectrum was converted to a first-
collision dose rate in rads/hr. Then from the following
relationship the neutron quality factor was inferred:

Jk(E)N(E)QF(E)dE

QF_ = (2)
n >
C/N(E)dE
where QF, = neutron quality factor,

k(E) = energy-dependent conversion factor,
particle fluence rate to first-
collision dose rate,

QF(E) = quality factor,

C = average conversion factor, particle
fluence rate to first-collision dose
rate,

JN(E)dE = integrated neutron spectrum in n/cm?

per time.

The quantity Sk(E)N(E)QF(E)JE was obtained from the calibrated
single 10-in. detector, the quantity C and fN(E)dE were obtained
by amalyzing the data obtained from the multisphere spectro-
meter.,
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Once the neutron quality factor was known then a
total or effective quality factor was calculated by the
following relationship:

DRn X QFn + DE

- Y
QFp = , (3)
DR
m
where QFT = the effective or total quality factor,
DR, = first-collision neutron dose rate in
mrad/hr,
QFn = neutron quality factor,
DEY = gamma dose equivalent rate in mrem/hr,
DR = dose rate of mixture in mrad/hr.

The quantity DEY used in equation 3 was obtained from the

exposure rate measured with a gamma-sensitive survey meter
and assuming a quality factor for gamma of one.

A similar technique has recently been reported by
Awschalom!?; however, he used a tissue-equivalent ionization
chamber in conjunction with a multisphere spectrometer to
obtain his absorbed and first-collision doses, and a different
method of inferring the quality factor.

Results

For calibration purposes the quality factor of a
one-curie PuBe neutron source was determined. The neutron
energy spectra and dose equivalent were measured both at
17 cm and at 91.4% cm. TFigure 3 is the neutron spectra
obtained at these locations and compares the spectra with
that of Stewartl!" There seems to be a reasonable agreement
between the multisphere and Stewart's spectra considering the
lack of detail of the log-log smoothed curve and the wide
energy range. Table 1 is a comparison between the previously
calculated quality factor of Distenfeld!® and those determined
by the multisphere technique.

Recently the Yale MP Tandem Van de Graaff accelerator
met and exceeded design specifications for beam intensity and
energy,!® and at that time a radiation survey was made to
establish the effectiveness of the shielding: During the
survey the accelerator was producing a 10-uA proton beam at
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Table 1

PuBe Quality Factor

Method Quality Factor
Calculated 7.55
Multisphere, 17 cm 7.3
Multisphere, 91.4 cm 8.5
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19.2 MeV which was allowed to strike a water-cooled aluminum
target. Some measurements were also made when the beam was
stopped in a tantalum-lined Faraday cup located in the
accelerator vault. Figures 4 and 5 show the locations where
measurements were made. Figures 6 and 7 depict the neutron
energy spectra obtained from the multisphere technique.

Table 2 is a listing of quality factors obtained where the
neutron energy spectra were utilized to calculate the inferred
quality factors.

Discussion

When determining the neutron energy spectra of
the PuBe neutron source, the main difficulties were over-
coming the problem of obtaining good geometry and minimizing
the effect of scatter. The distance 17 cm was chosen to be
the same as that of Stewart's, and the distance 91l.4% cm was
chosen as an attempt to overcome the effect of varying solid
angle subtended by the detector and various moderator arrange-
ments. When the two spectra (at 17 and 91.4 cm) are compared
with a normalized Stewart spectrum they both agree quite well
between 5 x 10° and 107 eV with the difference, varying from
a factor of 1 to approximately 7 for the 17-cm spectrum and
from 1 to approximately 6 for the 9l.4-cm spectrum.

The reason for the quality factor at location 1k
having a value as high as 15 is not clear. The high value
may be due to several reasons; however, the most likely seem
to be either machine instability at high voltage over pro-
longed periods due to lack of sufficient conditioning, or
the over-estimate of dose equivalent of the 10-in. spherical
dosimeter due to a preponderance of intermediate-energy
neutrons,

It is also of interest to note the different quality
factors for location 11, for the two conditions: beam strik-
ing target in target room 1 and beam being stopped in the
Faraday cup in the accelerator vault. The increase in quality
factor from 1 to 8 is due to the larger proportion of fast
neutrons reaching the monitoring location when the beam is
stopped in the accelerator vault.

The method described above for determining the
implied quality factor of neutrons seems to be a feasible
approach. Some of the advantages of this approach are:
(1) the quality factor information is a by-product of
obtaining dose equivalent and energy spectra at a given
location, (2) time-consuming calculations are performed
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Table 2

Inferred Quality Factors

Yale MP Tandem Accelerator

Location* Quaﬁiﬁzrﬁgctor Qualit§o§§itor
1 4.1
2 3.2 .
y 3.4 2.
5 9.8 .
6 2.1 1.
8-V 3.7 3.
11 1.0 1.0
11-V 8.9 7.1
12 6.5 5.2
1y 15.0

16 10.0 2.0

*See Figures 4 and 5 for locations.

The locations with a "-V" in the notation,
indicates that the beam was being stopped

in the Faraday cup located in the accelerator
vault.
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by computer, and (3) covers wide energy range from thermal
energies to 7 or 10 MeV and the energy range can be extended
with additional data points using larger spheres. Some of
the disadvantages are: (1) accuracy above 7 to 10 MeV is
questionable, (2) program errors involved are not too well
understood, (3) spectra void of detail and other methods
are definitely better when only fast neutrons between

0.5 and 10 MeV are present, (4) presently calibrated with
PuBe but additional calibration points should be obtained,
(5) long time needed for complete survey of accelerator
laboratory and changes in beam characteristics during this
time will affect survey results, and (6) fast computer
needed to analyze spectra.

From the data in Table 2 it appears that a quality
factor of 5 contains adequate safety for the radiation fields
outside the accelerator vault and target areas. Although
a quality factor of 10 is recommended for fields where the
neutron spectra are unknown, the shielding employed in the
Wright Nuclear Structure Laboratory appears to sufficiently
degrade the neutron energy to justify use of an average
quality factor of 5.
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AOSE ESTIMATION IN THE CONTEXT OF HEALTH PHYSICS
REGUILATIONS AND RESPONSIBILITIES

Walter S. Snyder

Oak Ridge National Laboratory
Oak Ridge, Tennessee

The definition of health physics or, alternatively, the question of the
proper role and function of the health physicist, seldom fails to arouse a lively
discussion whenever the topic is raised in a group of cognoscenti., Even among
those closely concerned with this discipline, the image of the health physicist
ranges from that of an individual who is concerned with taking routine measure-
ments and comparing them slavishly with numbers in a handbook to an Olympian
individual who untangles the almost inextricably complicated web of benefits and

. risks and, having balanced them, legislates the proper procedures for protect-
ing individuals and even the human race against the direst consequences, If an
official definition is needed, the founding fathers of the Health Physics Society
have provided one, * and it clearly indicates that, in their view, health physics
includes the scientific and professional aspects of radiation protection as well
as all levels of the technological disciplines involved in carrying out radiation
protection programs, I intend to discuss my subject from this broad point of
view; that is, to consider a health physics program as including professional
as well as technological aspects and to outline these broadly, but with special
attention to a radiation protection program for an accelerator facility. Thus,
while the day-to-day monitoring and advising that constitute so large a fraction
of the working effort in a health physics program will not be ignored, the pro-
fessional aspects also will be noticed., A profession is considered here to con-
sist of the practitioners of a technical discipline whose exercise involves a
large measure of judgment and in which the practitioner has an obligation to
act and make decisions even though all uncertainty is not resolved, and further
has the obligation to act in the interest of others not so technically competent
as himself in this discipline. I believe this statement is a reasonably accurate
general statement of the health physicists' responsibilities, and consequently I
view health physics as a profession in the sarne sense as medicine or law are
so considered.

The formal or quasi-legal aspects of a health physics program will be
considered first., These consist in establishing a program by which the recom-
mendations or requirements of various authoritative bodies are implemented so
far as possible, These requirements range from the recommendations of the
ICRP and NCRP, which are advisory in character, to the formal and legal re-
quirements of the FRC, of various state or local governments, or of manage-
ment. These recommendations and guides operate with varying degrees of
force in determining the health physics program, but those of the ICRP are
perhaps typical of the general nature of such guidance and it is essentially the
ICRP's recommendations which will be used here to illustrate my thesis.

These recommendations are rather general in nature, and give the health phys-
icist great latitude in planning and carrying out his program. Obviously, at
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the working level these general recommendations will be replaced with much
more detailed and specific procedures and rules which will vary greatly with
the type of facility and the operating program.

The ICRP uses dose equivalent (DE) as the basic concept by which radi-
ation exposure is evaluated., Table 1 contains the basic recommendations for
occupational exposure as formulated in Publication 9, 2 page 14.

Table 1. ICRP: Summary of dose limits for individuals.

Maximum
permussible doses
for adults exposed Dose limits for
in the course of members of the
Organ or tissue their work public
Gonads, red 5 rems 0.5 rem
bone -marrow in a year? in a year
Skin, bone, 30 rems 3 rems
thyroid in a year in a year
Hands and
forearms; 75 rems 7.5 rems
feet and ankles in a year in a year
Other single 15 rems 1.5 rems
organs in a year in a year

a. Subject to the limitations given in paragraphs 54 and
57, up to one-half of the annual dose limit, or one -half
of the annual permissible dose commitment, may be
accumulated in any period of a quarter of a year (see,
however, special recommendation for women of repro-
ductive capacity —paragraph 62).

b. 4.5 rems in a year to the thyroid of children up to
16 years of age.

These general criteria will be discussed now in slightly more detail, keeping
in mind the context of a health physics program for an accelerator operation,

The limits in Table 41 are to be averaged over a year, but the Commis-
sion also limits individual doses. Thus, for occupational exposure, it only
permits half the annual limit to be received in any one quarter except in very
special circumstances, It discourages permitting two such exposures to occur
in a short period of time. Under these special conditions which are defined as
Planned Special Exposures, doses up to twice the annual limit may be given,
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but this is further limited by requiring that the total occupational dose to gonads
or red bone marrow accumulated by the individual in his entire career not ex-
ceed the formula 5(N - 18), where N is his age in years, This provides for
substantially the same flexibility as was permitted previously. The Commission
also considers that doses of up to five times the annual limits may be received
in very exceptional cases, but that these should not occur more than once to any
individual, It is not the intention here to attempt to give in detail the circum-
stances under which such exposures are permitted, Rather, the intent is only

to indicate that there is considerable flexibility possible within the recommenda-
tions and to refer the reader to the text for details,

In general, doses are to be averaged over the organ or tissue of interest,
Conventionally, the red bone marrow is taken to be at a depth of 5 cm below the
surface of the body, For accelerator radiation of great penetrating power the
depth-dose curve is usually rather flat except when a monodirectional and mono-
energetic beam occurs, with the Bragg peak present in the body, Such a case
is shown in Fig. 41, which is taken from Turner et al.” In Fig, 2 is the corre-
sponding depth-dose distribution for an isotropic source of monoenergetic pro-
tons, and the Bragg peak is not in evidence because of the averaging over depth
which results from the spread of the angular distribution. It is clear that the
peak will not be in evidence in the depth-dose curve if the source has a continu-
ous energy spectrum or a continuous angular distribution, or if the body moves
substantially during the exposure, The peak might be present if one adjusted a
target by sighting into the beam. In most practical situations the smoothed
depth-dose curve would seem to be the better approxirnation to the actual situa-
tion, The health physicist should consider what cases, if any, warrant an esti-
mate of dose based on the peak. The dosimetric significance of bone as con-
trasted with soft tissue is discussed by Turner et al. in another paper of this
symposium. The sharp drop in the depth-dose curve seen in Fig., 11is also
present in monoenergetic electron beams, where the dose drops practically to
zero at the end of the range, The health physicist must be aware of the nature
of the source and plan his monitoring prograrm accordingly.

In Table 1 the lenses of the eyes occur in the category of '"other organs"
for which 15 rem/yr is recommended as the MPD. This seeming change in the
recommendations is rather a matter of ferminology, and illustrates the flexi-
bility permitted by the present definition of dose equivalent as the product of
dose in rads, the quality factor, and any appropriate modifying factors, In the
lenses of the eyes, cataract is the relevant end point, and the biological data
on which the formerly recommended MPD of 5 rem/year was based relates
primarily to exposure to radiation of high LET, Thus radiation of low LET was
not the primary standard., In order to continue to use QF = 4 for the low-LET
radiation which is relatively ineffective for cataract production, it was only
necessary to raise the MPD to 15 rem/yr and to insert an additional modifying
factor of 3 in the case of radiation for which QF is 10 or more, Other values
of this modifying factor are to be interpolated for intermediate values of QF
(Ref, 1, Pax. 16), Thus, the health physicist needs to estimate QF at a depth
corresponding to the lenses of the eyes if he is to avoid the possibly over-
conservative practice of using the modifying factor of 3 for all radiation for
which QF is greater than 1.
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In estimating dose to skin, it should be noted that the dose is averaged
over the body if the dose is fairly homogeneous, but for exposure of a very small
area the Commission recommends that dose be averaged over a square centi-
meter of surface in the region receiving the highest dose (Ref, 2, Par. 28). In
fact, the existence of beams of radiation in any working area poses ronitoring
problems which the health physicist cannot ignore., It is necessary that he
effectively prevent persons from intercepting a beam unless he can monitor the
exposure and show that exposure is within the recommended limits; either alter-
native poses practical problems of considerable difficulty.

The flexibility permitted for special planned exposures has been men-
tioned and the health physicists should consult ICRP Publication 9 for full detail
on this point. The Commission further recognizes that emergency exposures,
e.g., when a life or an installation of immense value is at risk, will cause in-
dividuals to deliberately — and perhaps properly—exceed the levels recommended
for routine operations, In addition, there are accidental exposures to be con-
sidered. In all these cases where exposure is high the health physicist has the
obligation to make as prompt and accurate an assessment of dose as circum-
stances permit. If the dose is well above permissible levels, the ultimate dis-
position of the case will be in the hands of the medical profession., It was the
fashion some years ago to maintain that dosimetric information is of little use
for medical treatment of severe radiation exposure cases and that doctors will
prefer to be guided by the clinical course as observed. Certainly one would not
want to recommend that the dosimetric information be the sole or preponderant
consideration for the doctor who is responsible for the case., However, two
extremely severe cases of partial body exposure in recent years point up the
importance of knowing with all reasonable precision the actual pattern of dose
within the body, 4,5 In both cases an elaborate dosimetric investigation was
conducted, and it is not too much to say that the results did greatly influence
the treatment of the case. In an accelerator situation the possibility of partial -
body irradiation will often be present, and the health physicist should plan pro-
cedures which might be used in such situations as seem to offer some potential -
ity for severe exposure.

Thus far I have discussed only the formal requirements of a health
physics program in the context of the ICRP recommendations, In some cases
the recommendations or guides or rules of NCRP, FRC, states, or management
may differ in some details, but the ICRP recommendations are rather typical
of the spirit if not of the letter of these other sources of guidance., Actually it
is not feasible to do justice here to the full scope and carefully conceived guid-
ance the ICRP and the NCRP offer, The responsible health physicist will make
himself thoroughly familiar with the relevant publications of these organizations
as well as with the rules of the FRC and the AEC, which have legal force when
applicable to his situation. If he will absorb the spirit of the ICRP and NCRP
recommendations he will have through this alone a well-grounded basis for his
program,

However, the health physicist as a professional man should go beyond
the letter of the rules. As one responsible for the well-being of others he has
the obligation to be aware of new developments and concepts that are relevant
to his activities. He acts in behalf of others and he does not deserve to be con-
sidered professional unless he feels an obligation to be worthy of that trust. I
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will mention here only a few examples of additional information he might con-
sider, and these are chosen only to illustrate this position:

{a) Distribution of Dose Within the Body., This has been discussed some-
what above in the context of the ICRP recommendations. Probably doses to
various body organs will seldom be made a matter of record. In most cases
certain measurements are made, and these insure that the maximum dose is
low enough that none of the MPD are exceeded. Certainly I do not want to rec-
ommend that the health physicist grind out and record a large number of dose
estimates for all the tissues and organs for which MPD are given. I do believe
he should not be content to obtain only the crude "air doses'' or other monitoring
information that assures him the doses are well below the MPD, Important as
this assurance is, I think he should give some attention to the actual doses to
body tissues and organs and be prepared for the cases—which one hopes never
will occur —which might require detailed estimates of dose within the body.
Even if such cases do not occur he will have fulfilled his obligation to the people
for whom he has some responsibility, and he will understand the whole rationale
of his program better for having considered the basis and reasons for his pro-
cedures,

(b) Estimation of Radiation Quality. As indicated above in a particular
case, the health physicist may need to estimate LET for the radiation of con-~
cern, He may need to do this merely to meet the formal requirements of his
program so he can estimate QF and hence the DE. ButI would have him go
further, There are other pertineng indices of radiation quality; for example,
the distributions studied by Rossi, ° or the distribution of & rays, Admittedly
these are not now formal requirements of the book of rules, but as a professional
man the health physicist should be aware of what is significant in assessing the
hazard of radiation exposure, and these and other measures of radiation quality
are certainly relevant whether required or not,

(c) "Stars' and Tracks of Densely Ionizing Particles, The health physicist
should be aware of the questions, as yet unanswered, concerning the biological
significance of very high and local concentrations of ionization and dose, He
will be aware of the work of Curtis, ! which demonstrates that they can produce
observable biological effects, i.e., graying of hair due to the passage of a
single particle having a very densely ionized track. Although none of the formal
rules require this, I think he should try to estimate what fraction of the doses
he typically measures is of this kind, Even if he is never called upon to produce
his estimates he will be the better health physicist for having gone beyond the
minimal requirements of his work,

(d) The Concept of Cell Lethality. I would have our health physicist be
aware of new dosimetric concepts that arise from time to time. For example,
Curtis et al,  have recently discussed the concept of fractional cell lethality.
No doubt this fraction is infinitesimal for doses below the MPD, but the health
physicist does not assume all exposures will be low, and even without this prac-
tical interest, he should have a professional interest in new developments re-
lated to the basic concepts of his profession.

The above-mentioned examples are only a few of many that could be
cited but whose import is simply this: that the health physicist is not merely
concerned with carrying out a routine job of meeting formal criteria in a rou-
tine way. There is a minimal formal set of criteria he must meet to some
degree, but as a professional man he should go somewhat beyond this minimal
program. I am not saying he must do research in these and other areas,
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although he might well consider this as a possibility. A glance through the
technical journals will reveal that many health physicists do find it possible to
do some research along with their primary work in the regular course of a
health physics program.

Finally, the health physicist must ponder deeply the obligations of his
profession. On the one hand he is responsible to his management for carrying
out an efficient and a high-quality program and on the other hand he has an even
greater and primary responsibility for the people he is protecting. Superficially,
there might seem to be a conflict of interest here but this is not really the case.
No management can long afford to have a health physics program of poor quality
if there is a real potential risk of high exposures, as there usually is in work
with accelerators., The health physicist must be prepared to defend his program
and to inform management of the rationale of his program and of its needs, and
a properly informed management cannot afford to ignore the real demands of a
good program. Here again health physics is intrinsically of a professional
nature, requiring judgment beyond the scope of a routine application of formal-
ized procedures, and demanding the highest qualities of character to serve the
best interests of those for whom he acts.

The matter of keeping records of exposure of radiation workers has been
under discussion recently. ” Some have expressed the view that records of
doses received are only indices of the adequacy of the health physics program
and are not worthy of consideration if and when any biological effects are in
question, From what I have said it is evident I take strong issue with this
point of view. As you are doubtless aware, the AEC has under way a study to
determine whether it is feasible to use dosimetric records collected 6n the past
as a basis for eorrelation with whatever effects might be observed, 10" The
position I have tried to outline above is, essentially, that as health physicists
we should try to obtain the information now believed to be relevant, and that the
data we collect should be as reliable as modern techniques permit. In this way
the health physicist can truly fulfill his responsibilities to the radiation workers
he protects and to the management he serves, and fully qualify as a professional
man in the highest and best sense of the term.
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\/ﬁADIATION ENVIRONMENT PARAMETERS AND THE BIOPHYSICIST*

John T. Lyman

Lawrence Radiation Laboratory
University of California
Berkeley, California

April 1967

In this conference it was planned that you, the health physicist, would
hear papers summarizing our current knowledge of the biological effects of
radiation. By now you should know some of our problems; there has been much
talk about dose, dose rate, dose distribution, LET distribution, oxygen effect,
strain differences, and so on. There have been discussions about the physical
aspects of the dose distribution, FLET, slowing-down flux, macro- and micro-
dosimetry, dosimetry at an interface, By now you may be asking yourself the
question, "How does this affect rne, the health physicist?!

I feel that you, who are in charge of the measurement of the radiation
environment, have the responsibility for furnishing the biophysicist with the
dosimetric information he needs to evaluate the effects of various exposures to
accelerator-produced radiatfion,

Today there are probably only three things that a biophysicist will want
to know about the dosimetric features of an exposure:1 (2) the absorbed dose
at all points of interest, (b) the time distribution of the dose, and (c) the varia-
tion on a microscopic scale of the local energy density. Other information is
very useful, regardless of the details with which these fundamental dosimetric
data are given; this would include the type or types of radiation emitted by the
source, the relative intensity of each type, their energy distributions, any fil-
tration or moderation, the effective size of the source, the distance between
the source and the irradiated object, and the angular distribution of the radia-
tions. I don't think a biophysicist would ask for more today, but several years
from now the questions a biophysicist would ask may be different. Then the
questions might be, what was the momentum transfer? or the dose at a bone—
bone -marrow interface, or the FLET distribution, using either a sliding cutoff
or a fixed cutoff energy?

I think that the point Dr. Madey was trying to make is that at this time
we cannot become fixed in our thinking about the cutoff energy for a delta ray.
There are not enough biologic data available to say what should be used. There
probably are different cutoffs for different biologic effects, and there may be
different cutoffs for ions having different velocities, but we may not know until
after much more work.

So what should you measure? My answer is that anything you measure,
if you do it accurately, will probably be of help, But the most useful measure-
ments will be those from which you can derive the other quantities of interest.

% . i
This work was done under auspices of the U, S. Atomic Energy Commission,
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I think you should measure the basic physical parameters. These would
be the type of radiation, the flux of each radiation, the effective source size,
the angular distribution of the radiation, the energy distribution of the radiation,
the distance from the effective source to the object being irradiated, certain
parameters that would specify the object being irradiated, any intervening fil -
tration or moderation, and appropriate time factors. These are the measure-
ments which I think are the most useful, and from these basic physical exposure
parameters the information desired by the biophysicist could be calculated.

The radiotherapist has access to computer programs which enable him
to obtain depth dose distribution from rather complicated limited-field exposure
by cobalt-60 sources.“ These same programs have been modified to calculate
dose distributions from electron accelerators. These programs even account
for macroscopic inhomogeneities in tissue density. There are programs for
calculating range and dE/dx for heavy charged particles, ° and programs for
calculating the dose due to the transport of nucleons through matter,

When you consider the magnitude of the responsibility that has been
entrusted to you it does not seem such a large problem to put these programs
together so that any of the dosimetric features of an exposure that a biophysicist
might want would be available, With this approach it would be easy to include
RBE values for estimate of exposure, or QF values to estimate the hazard of a
particular environment, or to include inactivation or malfunction cross sections
for the appropriate cells in different parts of the body and to also calculate
fractional cell lethality,

Now if a computer program were assembled so that when you supplied
information about the radiation environment the computer could calculate the
dosimetric features of the exposure, then your problem would be supplying
the necessary radiation environment parameters, I think the input to such a
program, if it were to be a general program, would be:

The types of radiations

For each type, the angular distribution and the energy distribution

The effective source size

The distance from the effective source to the object of interest

Any filtration or moderation of the radiations occurring between the effective

source and the object of interest

Parameters that would specify the object of interest

Appropriate time factors,
The final decision as to what measurements are to be made is yours, but
remember to think about the future., The quantities of interest tomorrow may
be different from what they are today, but if you have made the right measure-
ments, you should be able to calculate all the desired quantities,
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*
TheV{:le of Cellular Radiobiology in Radiation Protection

Harald H. Rossi >
Radiological Research Laboratory, Department of Radiology

Columbia University, New York, N.Y. &y

Present-day standards of radiation protection are derived from a great di-
versity of causes. Some of these are historical: it is possible to trace one
or two presently accepted concepts for periods that can approach half a century.
Some are empirical: our steadily lengthening experience of human exposure pro-
vides a measure of confidence at least in the area of long-term somatic radia-
tion effects. Other important considerations are practical, such as formulation
of standards with a view towards both adaptation to various situations and ease
of enforcement, or conserving, such as a desire to minimize alterations of
numbers that are part of legal codes. Considerations pertaining to the balanc-
ing of risk and benefit may even be philoscphical, ethical, or sociological.

It is only natural to assume that the most important considerations should
be scientific, if only because scientists are primarily responsible for the
formulation of radiation protection regulations. However, science is not nec-
essarily indispensable, Thus scientific considerations are virtually absent in
the formulation of those traffic regulations which deal with speed limits, a
subject that is in many ways akin to maximum permissible dose.

The significance of scientific contributions to the subject of radiation
protection has in fact been questioned on the basis of two major arguments.
One of these maintains that although progress in radiobiology may have made ra-
diation one of the better understood hazards, our knowledge of basic radiobio-
logical mechanisms is still insufficient for firm recommendations. On the other
hand it is also argued that accurate radiobiological information is of limited
value since it can only provide the answer to the easier of the two questioms
involved in the balancing of risk versus benefit. Thus the decision as to
whether to raise the permissible dose to the general population by a certain
amount is hardly facilitated by increasingly precise information on the relation
between dose and the frequency of abnormal offspring.

It can also not be denied that in the past the "scientific'" basis for radi-
ation protection criteria was rather poor. Thus early permissible doses were
designed to avoid erythema or changes in the white blood count, This is now
considered naive, and we are concerned with more subtle effects such as carcino-
genesis and genetic mutation. However, one cannot help wondering whether twenty

*

This investigation was supported by Contract AT-(30-1)-2740 for the U.S. Atomic
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years from now present-day concerns will seem also naive.

Despite such reservations radiobiology has had a strong influence on radia-
tion protection and will very likely continue to do so in the future. We simply
have no choice but to adapt our recommendations to the best current knowledge of
radiobiology. On balance it would appear from the experiences gained thus far
that this only rational course has stood us in good stead.

Radiobiological effects may be divided into tissue (or organ) responses and
cellular responses. Near maximum permissible radiation levels. cells are only
sporadically affected and prompt tissue responses are negligible. It is there-
fore generally assumed that one should focus attention on injury to individual
cells and its amplified manifestation in genetic mutation or carcinogenesis.
However, in special cases (e.g. the lens of the eye), damage to a very small frac-
tion of the cells may severely impair the function of an organ., The possibility
must also be,considered that carcinogenesis may require damage to several neigh-
boring cells:.

The quantities of importance to the biological effect of radiation can be
divided into two groups (Table 1). Two of the three biophysical parameters
listed are explicitly taken into account in the formulation of radiation protec-
tion regulations. The third, dose rate, is subject to a long-term (3 month)
basis of accumulation.

0f the biological parameters only one -~ organ sensitivity - is explicitly
considered. Age is regarded only in a lower limit for occupational exposure.
The most important, the volume subject to irradiation, is ignored if it includes
critical tissues. Thus the permissible dose is the same whether one cc of bone
marrow or the entire body is exposed.

The biophysical parameters are subject to a strong mutual interaction. The
principal aspects of lethal action on mammalian cells are shown in Figure 1,
which is taken from the report of the RBE Committee of the ICRP and the ICRU.
This diagram may be summarized as follows:

1. If the charged particles that deliver the dose have a high LET (i.e..
the -dE/dx is of the order of 100 keV per micron of tissue) the logarithm of the
surviving fraction decreases linearly with dose. Hence, the fraction of the
cells inactivated at low doses is simply proportional to dose. Exponential cel-
lular survival to high-LET radiation is one of the most universal rules in
radiobiology. Apparently the only exception holds for microorganisms in which
there is genetic redundancy (several nuclei or at least several sets of chromo-
somes) .

2. The survival of cells irradiated with high-LET particles depends little
if at all on dose rate.

(1.) and(2.) suggest that high-LET particles inactivate the cell in single
rather than multiple events. This conclusion is also strongly supported by phys-
ical evidence which shows that for sufficiently high LET the number of cells
killed is just about the same as that in which one particle has traversed the
nucleus.

3, 1In the case of low-LET radiation the shape of the response curve is more

complex -~ at least when the dose rate is high. In this case the logarithm of the
surviving fraction decreases more rapidly as the dose increases. There is some
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Table 1

Major Variables Controlling

Biological Effect

Biophysical Biological
Parameters Parameters
Dose Fraction of Organ Irradiated
Dose Rate Organ Sensitivity

Radiation Quality Age

Tndividual Variability
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argument as to whether the curve ever attains a constant slope but there seems to
be general agreement that it does so at least approximately. However, an even
more important question concerns the shape of the survival curve at low doses.

It is not entirely established whether it meets the ordinate with a slope that is
zero or finite,

4. At high doses the shape of the dose-effect curve for low-LET radiation
depends strongly on dose rate,with survival increasing as the dose rate is reduced.
As a consequence the curvature of the entire curve must become less,but it is at
present again not definitely known whether it becomes a straight line and if it
did whether its slope would be zero.

It is evident that inactivation of mammalian cells by low-LET radiation oc-
curs usually through the agency of more than one particle. The question arises
whether this is always the case. Curves of the type shown in Fig. 2a would imply
that it is. The types shown in Fig. 2b would obtain if inactivation can occasion-
ally be caused by a single particle - a process that must predominate at low
doses. If Fig. 2a is correct, it is conceivable that steady reduction of the
dose rate could eliminate the appearance of observable effects, since in the even-
tuality of recovery from one "hit" before the next one occurs one would never ob-
serve the effect. On the cther hand if Fig. 2b is correct, there is a finite pos-
sibility of inactivation by single particles, and this is of course dose-rate-~
independent.

Depending on the validity of either curve the RBE (relative biological effec-
tiveness) of high-LET radiation relative to low-LET radiation approaches either
infinity or some high but limited value as the dose and/or dose rate is reduced.

It will be appreciated that the question as to which model is correct has
very important implications to radiation protection. This is particularly true
since most of our experience with human exposure has been with low-LET radiation.
If Fig. 2a is correct the hazards of high-LET injury are of a different nature
and could be much greater than this experience might indicate.

Inactivation in multiple events could occur on the basis of two distinct pro-
cesses which have often been termed multi-hit and multi-target. According to the
multi-hit model, cells contain sensitive sites in which radiation must deposit
some minimal energy before inactivation results. The number of such sites per
cell is probably more than one, but except for purposes of numerical calculations
this is really immaterial as long as excess of the energy threshold in any site
leads to inactivation. Presumably the required energy can usually be delivered
by a single high-LET particle but only by several low-LET particles.

However, low-LET radiation may be expected to occasionally deposit as much
energy in a site as does high-LET radiation. This is illustrated in Fig. 3, which
shows the pattern of energy deposition in l-micron spherical regions within
tissue irradiated by radiations of greatly different average LET (Co-60 y rays
and 1 MeV neutrons). Y, the event size, is defined as the quotient of energy
deposited by sphere diameter in keV/u. Since here uw = 1, Y is simply equal to
the energy deposited. F(Y) is the frequency of such deposition per unit loga-
rithmic interval of Y and per rad of absorbed dose. It will be gseen that the
distributions overlap. There are good reasons to believe that the diameter of
sensitive sites is less than one micron. In this case the degree of overlap must
be expected to be even greater.

According to the multi-target model a certain minimum energy must be depos-
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ited in each of several sites (typically two). It is again of minor importance
to these considerations whether the number of such sets of associated sites is
one or more than one per cell as long as inactivation can be initiated in any one
of the sets. It is assumed that a single high.LET particle going through all the
sites of a set delivers sufficient energy to each but that it is unlikely that
several particles inactivate a set {as already mentioned there is about ome high-
LET particle per nuclgus of inactivated cells). At low LET the reverse situation
is postulated. Neary~ has developed such a model in detail in order to account
for plant chromatid aberrations. There is also evidence that this typg of inac-
tivation mechanism is involved in opacification of the lens of the eye.

According to Fig. 3 energy deposition by low-LET radiation can be equal to
that produced by high~LET radiation but it tends to become quite rare at large Y.
I1f it were to be required in two targets the relative probabilities would need to
be squared, which might make the difference very much larger. In this case one-
step inactivation by low-LET radiation might become so unlikely as to be negli-
gible even in the radiation protection range. Because of this necessary multi-
plication of probabilities the multi-target model generally tends to favor the
situation depicted in Fig. 2a.

Another factor indicating a progressively decreasing inactivation rate at
decreasing doses of low-LET radiation is a steady rise in RBE. There appear to
be no experiments that indicate that the RBE becomes gonstant below some radia-
tion dose. Fig. 4 is based on data by Bateman et al. and indicates that in the
case of opacification of the lens of the mouse eye there are no signs of a lev-
eling off, and RBE values become quite high even in acute irradiations. It would
seem that these studies were carried out at the lowest neutron doses investi-
gated in mammalian systems to date.

Although the choice between the alternatives depicted in Fig. 2 can not be
made with certainty, 2b, which assumes a linear initial portion of the curve, is
more cautious in that it assumes that any dose of radiatiom has some effect that
can not be eliminated by a reduction of dose rate. It has been necessary for
reasons of prudence to design radiation protection on this assumption. This
establishes a philosophy according to which the permissible dose of any radiation
(high or low LET) represents a limited risk rather than a condition of safety, and
its magnitude, however chosen,must be arbitrary. Needless radiation exposure
should be avoided and the risk attending an exposure must be justified in terms
of a corresponding benefit. The postulate that any amount of radiation is harm-
ful is particularly bothersome when considered in connection with the well-known
fact that no amount of shielding can entirely suppress the radiation emitted from
most sources.

On the other hand, linearity of the dose-effect curves and virtual absence of
dose-rate effects in the permissible range make the dose by itself a good index
of hazard. However, one would then expect that the integral dose, defined as the
product of dose and mass of tissue exposed,would be the best index. Thus the
mean dose to an organ should be a better index than the maximum dose in any one
cc - which is the limiting quantity according to present recommendations.

Our present knowledge of somatic cellular effects is not sufficiently speci-
fic to deal with the problems of differential organ sensitivity or the numerical
value of the maximum permissible dose. However, an annual dose of 5 rems to any
cell system would be expected to have any effect on only very few cells if the
rem is interpreted according to its original meaning as the absorbed dose of any
radiation that elicits the same biological response as one rad of X rays.
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The adoption of the model in Fig. 2b minimizes the biophysical effects of
dose rate only to the extent that dose rate is unimportant as long as the dose
is delivered in a period short enough so that the characteristics of the cell do
not change during irradiation. Movement through the cell cycle, division, dif-
ferentiation, etc. will, of course, change sensitivity. Tissues and entire orga-
nisms can clearly repair damage by cell replacement and do so more effectively
when the damage is low. There are also further considerations, such as the length
of latent periods for manifestation of injury and the simple practical require-
ment that in order to continue his exposure to radiation an individual can not
have already received his allotted life-time dose. All of these reasons require
a limited rate of dose accumulation. The formula according to which the total
dose equivalent received at age N must be less than 5(N - 18) rem and the dose
per 3-month period less than 3 rem would also not seem unreasonable in the light
of whatever quantitative data we have on cellular injury.

Perhaps the only aspects of present protection recommendations that may be
disturbing from the viewpoint of cellular radiobiology are the numerical values
assigned to the quality factor (QF), which has a maximum value of 20 although
recent ICRP regulations may be comnstrued to make this 60 for the lens of the eye.
Apart from this possible exception the quality factor applies to all organs and
can not be equated to the RBE for any particular one. However. it should not be
greatly different from the maximum RBE for any of them. The model in Fig. 2b is
more conservative if one is concerned with effects of low-LET radiations. The
model in Fig. 2a is more conservative if one wishes to formulate QF values on the
basis of protection experiences with low-LET radiations, since it suggests the pos-
sibility of very high RBE values which are also indicated in Fig. 4. It should
be emphasized that these data deal with minor injuries and that one can not extra-
polate with any certainty from mouse to man. It is, however, also evident that fur-
ther data on the RBE at low doses are urgently needed.

This presentation has been principally based on our experiences with somatic
cellular effects for the simple reason that I am more familiar with these than
with genetic effects. It would appear, however, that most of the conclusions are
the same for genetic effects. For these the model of Fig. 2b seems firmly estab-
lished.

Effects such as aging and carcinogenesis are much more pertinent to human
radiation injury- and they are doubtlessly much more complex- than lens opacifi-
cation or inability of tissue-culture cells to divide indefinitely., However, they
must derive from the same fundamental cause of cellular impairment, We must con-
tinue to explore this phenomenon in all of its forms. The understanding thus
gained will always be of essential help to our formulation of radiation protection
recommendations.
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\AADIATION EXPOSURE LIMITS AND THEIR BIOLOGICAL BASIS
Hardin B. Jones

Donner Laboratory and Lawrence Radiation Laboratory
University of California, Berkeley, California

INTRODUCTION

The concept of threshold dominated thoughts about radiation exposure hazard
in the first half of this century. And there was ample basis for this view. Even as
late as 1956, the position paper of the National Academy of Sciences held that radia-
tion exposure of less than 100 roentgens is without evident physiological effect.

This concept was the result of years of acquaintance with the relations between dose
and response for various chemical toxins, and comparison of these phenomena with
the immediate effects of ionizing radiation. As exposure to the chemical agents
declines from levels causing great harm, the magnitude of the harm induced
decreases much more rapidly than the dose, so that in all cases there are levels
which do not evoke a perceptible physiological change. These levels are thus below
the threshold of injury. Early radiation exposure limits were based on the observa-
tion that immediate radiation injury similarly failed to appear when the dose was
below some threshold level. Fortunately, those who had set the guide for caution

in radiation exposure had placed the maximum for safe daily exposure to be 0.1
R/day, approximately 1/1000 of the apparent threshold level for response to a single
exposure. The working conditions of many installations involving occupational
radiation exposure in the 1950's permitted individuals to be exposed to levels of

the order of 0.1 R/day and many persons were in fact exposed to these amounts
daily,

Exposure-effect information on the induction of genetic mutations in the
fruit fly, first noted by H. J. Muller and later developed by Curt Stern, established
a direct proportional relationship for the risk of mutation per roentgen over a wide
range of exposure. Muller's work was necessarily based on high exposure doses;
but Stern had particularly established that the mutation frequencies associated with
25 and 50 roentgens were proportionally reduced from the mutation rates observed
at levels orders of magnitude higher. Indeed, by 1954 there was reason to believe
that there was no threshold associated with mutagenic effects of radiation, Sub-
sequently, Bentley Glass was able to extend the observation of proportionality to
exposures lower by another order of magnitude.

While the hypothesis of proportionality for radiation effects was becoming

well established with regard to the genetic response, the long-standing belief in
the threshold hypothesis for injurious effects in general remained ingrained, and
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thresholds were reported as observed in a number of experiments in which the data
might have been fitted as well or better by the concept of proportionality. By
analyzing the data of many investigators, I was able to show that, for cell killing,
induction of cancer, and aging effects, proportionality held throughout the regions
studied and no inference of a threshold seemed warranted., In the middle 1950's,
the risk of leukemia associated with radiation exposure of the populations of
Hiroshima and Nagasaki was linked to a threshold interpretation in the first follow-
up report on these populations. Immediately, E. B. Lewis and I separately under-
took reanalysis of the data and justified a proportional-risk interpretation of the
same information.

With this cue to suggest the possibility that other long-accepted threshold
relationships might not be valid, I began to look at the dose-effect relationships
for various carcinogens. Selected examples of the fit of induced cancer frequencies to
the quantitative exposure to carcinogen are shown in Figs. 1 through 4. In Fig. 1,
the chemical carcinogen dibenzanthracene, which produces cancerous nodules in
the lung, is seen to have no apparent threshold, as nearly as the data can demon-
strate.

In Fig. 2, the logarithm of effect is related linearly to dose for the bone-
seeking radionuclides strontium-90 and calcium-45, without any evident threshold.
Figure 3 similarly shows no threshold for the chemical carcinogen methylchol-
anthrene. An exception seems to occur in the case of lymphoma induction in the
mouse by radiation. In Fig. 4, Kaplan and Brown's data on dose versus logarithm
of effect suggest that a threshold does exist. In general, however, both chemical
carcinogens and ionizing radiation cause an increase in cancer that is either
linearly or logarithmically proportional to exposure. Many other examples of
proportionality could have been shown, and the weight of evidence is now on this
side.

In observations on the effect of radiation in decreasing life span, I have
continually held that it is reasonable to show the effect as a simple proportional
reduction, while at the same time pointing out that the experimental observations
have been limited to exposures over 100 R and that radiation exposure effects have
not been tested directly in the range of the order of 1 R. Nevertheless, we are
justified in assuming that these are the best estimates of the risk of radiation effect
to be made at this time.

Some comparison to other environmental hazards is helpful in placing the
radiation hazard in perspective and appreciating its relative risk to populations.
I have found it useful to translate the hazards of disease, toxic agents, and other
adverse factors into equivalent years of effective aging, using the age-specific
death rates as an index of the effective age of any group or population we select
for study. Similarly, favorable factors for longevity may be translated into
"negative aging' and can be shown as equivalent years of life prolongation. In
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Fig. 5, the risk of death from tuberculosis is shown to decline fairly uniformly
decade by decade during recent calendar time, and with proportional decline at all
ages in the population. With respect to this one disease, for example, the figure
shows the same death rate in 1960 for persons aged 80 as prevailed in 1950 for
persons aged 47, so that an effective improvement of 33 years (minus 33 years of
aging) measures the gain at that age level in our battle against tuberculosis. It is
not too different at other ages; age 50 in 1960 has the same mortality rate as age
19 in 1950--minus 31 years. The effect of imprisonment in some concentration
camps of World War II is shown in Fig. 6; again there is a proportional increase
in the risk of death in all ages and to the same relative extent. By sliding any
one line horizontally to coincide with another and noting the number of years it
must be moved, we can interpret conditions in the one camp as a relative aging
with respect to those in another. In Fig. 7, chronic radiation exposure of mice
(the relation is similar for other mammals) is shown to increase the rate of aging,
as indicated by the change in slope of the lines corresponding to accelerated
increase in death risk with age as exposure rate increases. An assortment of
selected environmental and constitutional variables andtheir effects on life span is
shown in Table 1. For those factors which can assume a range of values, the
effects on life span are generally proportional to the magnitude of the variable
factor.

The acceptance of the hypothesis of proportionality with respect to the risk
associated with radiation has caused some social and political problems when the
risk has been considered out of context and exaggerated. Conceivably a very small
exposure to ionizing radiation could be the cause of a cancer, even though the
statistical risk of generation of disease is extremely small. It is impossible to
prove that radiation is the cause in any particular case because exactly the same
kind of cancer can occur for many other reasons as well. The person affected is
just as ill whether his illness arose spontaneously or followed a massive exposure
to radiation that might have been its cause. The importance of the principle of
proportionality as a guide to controlling radiation exposure is that, on the average,
the risks will be least if the exposure is kept low, and that such exposure as is
incurred should be in exchange for significant benefit.

In the evaluation of exposure to agents which are hazardous to life and
health, it is helpful to gain perspective by comparisons with familiar circum-
stances. For example, it helps to know what levels of risk most people accept
calmly in their daily lives. The life span of the chronic smoker is reduced about
7 years at a pack-per-day smoking rate; and, throughout all of the years he spends
as a smoker, he lives his life at a lower level of resistance to disease and hence
probably at a lower level of vigor. We may use this as a basis of comparison with
those who survived the effects of atomic bombing in Japan and who were severely
exposed to ionizing radiation. The survivors probably did not receive much more
than 300 R. Both directly, through the medical follow-up of that population, and
indirectly through general comparisons with experimental radiation of animal
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populations and corresponding life-shortening observations, we can estimate this
particular effect of atom-bombing to be approximately the same as that of smoking
a package of cigarettes per day. Both agents of harm are appreciable at this
level; yet, as the degree of exposure is reduced, the effect may be regarded as
proportionally reduced. At some degree of reduction, for all reasonable purposes
the average person may cease to regard the small effect as a real harm, just as
the person who smokes undoubtedly does with respect to a single cigarette. The
biological basis for setting exposure limits then depends largely on the value
placed on health by society and the extent to which harm can be estimated and
evaluated within the experience of the people concerned.
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AvﬁgDEL FOR THE ACTION OF RADIATION g
ON SIMPLE BICLOGICAL SYSTEMS* .
W. C. Roesch i

Pacific Northwest Laboratory
Battelle Memorial Institute
Richland, Washington

The hit hypothesis in radiobiology 1s that deposition of energy concentrated
along the tracks of charged particles in the irradiated material, rather than
spread uniformly throughout the medium, is responsible for the potency of the
radiation and for the shape of the observed dose-effect curves. Most investi-
gators accept the hypothesis, but past mathematical elaborations of it have been
only partially successful in explaining observed phenomenal). In particular,
dose-rate and fractionation effects are difficult to explain. Also, the fairly
general tendency of survival curves to be asymptotically exponential has been
explained as due to the presence in each individual of more than one site that
must be destroyed by the radiation. Current biclogical evidence is against the
presence of such multiple sites?). This paper is concerned with explaining these
phenomena by developing a different mathematical elaborstion of the hypothesis.

Past elaborations of the hypothesis have assumed that the passage of a deter-
minable number of charged particles (hits) through a critical region of a cell,
bacterium, virus, etc. will "kill" it. Classical one-hit theory assumes that only
a single hit is necessary; two~hit theory, that two are necessary; etc. The
present theory assumes instead that a single hit is sufficient to cause death
but that it may not alwsys do so, i.e., there is a conditional probability that
the entity will survive a hit. Similarly, it is assumed that a reaction leading
to death may occur between the products of two hits, but again there is a condi-
tional probability for survival. This probability will depend on the time interval
between the hits. Since neither type of death is certain to occur, the analysis
must include allowance for either type occurring. Also, death may not result from
the first hit or first pair of hits; it may result from any hit or. any pair of
hits among a possibly large number of hits.

Similar modifications of classical hit theory have been taking shape in the
work of several authors. Recent papers include: Neary3 showed that chromosome
aberration phenomena could be explained as the result of single hits or the inter-
actions between the results of single hits rather than as the result of the
accumulation of a lar§§ number of hits. He suggested a similar explanation for
cell killing. Fowler”’/ showed that experimental survival curves could be explained
by distributions in the number of hits required to produce death. He felt that
the distributions resulted from differences in the number of hits required to
produce a necessary inactivation energy. They could equally well be explained
as single-hit deaths with a conditional probability of survival. Kellerer and

*Work performed under Contract AT(45-1)-1830 between the Atomic Energy Commission
and Battelle Memorial Insuitute.

297



VI.10

HugS) have produced a generalized model of radiation effects with probabilities
of radiastion-induced changes of state and of recovery.

Hit Theory with Conditional Probabilities

The equation from the present theory that gives the fraction, 5, surviving
a single irradiation is

_ -m n (v-1.n  n-1 n-2
s = E e m (n!) 8, sg S, eee S - (1)

It arises in the following way: m is the average number of hits in an individual
(it is proportional to the absorbed dose); e™™ mP (n!)-l is the Poisson probabil-
ity of there being n hits when the average number is m. 53 is the probability of
surviving the effects of a single hit, and Sln is the probablllty of surviving
such individual effects of n hits; s, is the probability of surviving the effects
of interactions between the products of two hits whose occurrence is separated in
time by the occurrence of jJ others. These are obtained from a more fundamental
quantity, s{t), the probabIlity of surviving interactions between two hits that
occur a time t apart. Figure 1 illustrates a particularly simple case of what
this function might be like. In general, the hits have their best chance of
interacting (lowest value of s) when they occur nearly simultaneously, and the
least (s=1) when there is a very long time between them. The s; are determined
from s by i

T

j oIt d oct s(t) dt
=-v0

2
5y =20 . (2)

5 It I oot gt
0

-ctt-!'T cj+l tj e-ct

+
Here cJ 1 tJ e dt is the probability of a time between t and

t + dt between two hgts separated by J others when T is the length of the irradia-
tion. The number of each 83 required for n hits is readily determined; for
example, Figure 2 shows the possible interactions in the case of 5 hits. Finally,
the probabilities for survival for all values of n must be summed.

The probabilities of a single hit or a pair of hits causing death depend
on just where the tracks cross the system. These probabilities can be averaged
over the spatial coordinates, just as Equation (2) is an average over the time
coordinate. S;, s, and the sy are such averages.

Survival Curve Shapes and Dose-Rate Effects

Figure 3 illustrates the survival curves that result for a given S; and s
but for different dose rates [1 e., different ¢, where ¢ = (dm/dt)]. For this
example it was assumed that s = 1 -~ a e‘bt, where a and b are constants. It is
necessary to make a specific assumptlon about s in order to obtain data for the
curve; however, the conclusions in Equations (3) through (9) follow for any form
of s(t) that has the general shape shown in Figure 1.
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At very low dose rates it taskes a long time, T, to accumulate hits. Then,
Equation (2) indicates that all the 83 equal 1, and

S1ow = e—m(l—Sl). (3)

This equation results whenever interactions between hits are not possible. In
other words, when the time between hits is large enough, they have little chance
of interacting and death results only from the individual effects of each hit.

At very high dose rates, T is very small, Equation (2) gives all 83 = (1-a),
and

Shigh = Z e Bn® (n!)~t sln (1-a)%/2 n(n-1) (%)
n=0

This surviving fraction decreases faster than exponentially with m; when the log-
arithm of Shigh is plotted versus m, it gives a continually steepening curve.

At intermediate dose rates the survival curves are asymptotically exponen—
tial. This is apparent in Figure 3 and can be deduced from Equation (1).
Equation (1) can be written

= - - (s. 8,000 5 )"
s = e™ o (n)"ts® 20 1" “n-2 (5)
l .
(s, s 2 . s n-l)
n=0 0"1 " "n-2

In the asymptotic region m is large. For large m almost any postulated form for
s will give s.'g from Equation (2) that are independent of m and that tend to 1
as J increaseS. Also, for large m the numerically important terms in Equation (5)
are~those for large n. But, for large n and for the 83 Just described, the pro-
ducts involving the s, can be replaced by the corresponding infinite products.

Then J
S = E e u (n!)™' 5™ A B" (6)
n=0
a e m(1-BS,)

The extrapolation number, A, is
2 3 -1
I . (1)

The number 1-BS; is proportional to what is often called the sensitivity; (1-BS )_l
is proportional to what is denoted by D, or D37 and called the mean lethal dose.

- B 1s given by
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D tee v

(8)

These survival curve shapes and their general behavior with dose rate closely

resemble those often found experimentally.

Fractionation

The effect of dividing the dose into
analyzed by the present theory also.

fractions delivered separately can be

It is necessary to allow both for inter-

actions between hits within a fraction and for interactions between hits in

different fractions.

It is possible to show that for two fractions giving
average numbers of hits m; and m,, where my and mp are both large enough for

/

the survival to be in the asymptotically exponential region,

(ml+m2) (l—BSl).

S = (A2/a) e

(9)

Here o is an extrapolation number obtained in the same way A is obtained, from
s(t), except that the time origin is displaced to the right (in Figure 1) a time

equal to the time d, between the two fractions,
times that surviving a single dose to mj+mp.
0 and (A/a} =

clear that (A/a) = 1 for 4 =

This surviving fraction is A/a
From the description of a, it is
A for large enough 4, i.e., the sur-

vival increases by a factor equal to the extrapolation number as the time between

fractions increases.
s=1-a8 e-bt

Figure 4 shows a curve of A/o versus d calculated for

, as above; it is of interest that it does not change exponentially,
The present theory does not predict the Elkind-Sutton effect; however
is thought to be due to changes of sensitivity during the cell cycle

this effect
5 and would

be deduced if a mixture of S;'g and s's were used in the theory.

RBE

In the present theory the difference
explained as due to differences in S; and
LET radiations would be more effective in
therefore have lower values of 5, and s.
curves (Equations 3 and 4) for two values
define the region within which the curves
S1, 0.9, the region is very broad.

in effect of different radiations is
s. A priori one would guess that high-

iilling than low-LET ones and would

Figure 5 shows the two limiting survival
of 8 and for s(0) = 0. The two limits
for all dose rates must lie. For high

For low 83, 0.3, the band is so narrow that

experimental detection of dose-rate effects is unlikely even though they are there,

in principle.

Also, the two latter limits are so nearly exponential that it is

not surprising that low-S; high-LET radiations are usually reported as giving

exponential survival curves,

To make more precise predictions about the effects of different radiations

requires making more assumptions.
limit, Equation (3), for this purpose.
interactions. Although all the s; are 1,
because if intersasctions are p0531g1

It is convenient to use the low-dose-rate
Doing so does not exclude the effects of

S includes an effect of intersasctions,

e between the products formed along different

tracks they are also possible between products from different parts of the same

track. As a first, elementary attempt at

analysis it can be assumed that the

average number of death-producing events of the kind requiring interactions is
proportional to the square (since two parts of the track are involved) of the
stopping power, L, and those not requiring interactions are proportional to the
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first power. Then, if the events are Poisson distributed,

2
= o~ (fL#gl®) (10)

where f and g are constanis. The absorbed dose is proportional to both m and L;
hence, where Equation (3) applies, the RBE is proportionsal to (1-8;)/L, or

2
e"( fl+gL ) ).

RBE « (1/L) (1 - (11)

Figure 6 shows RBE curves calculated from this equation for different values of
f and g. The curves were adjusted to give RBE = 1 at L = 1 keV/um and to have
their maxima at L = 100 keV/uym. The curves are of qualitatively correct shape
and range of values.

Chemical Effects

Suitable chemical agents can alter the probabilities we have been discussing.
As a simple example of how this might happen, the average number of the non-
interaction events might change according to a first-order kinetic law. Then
fL of Equations (10) and (11) would be multiplied by a factor, [M/(M+k)], where
M is the concentration of the agent and k is a constant, Then the ratio of the
"sensitivities", (1-S;) at concentration M and (1- -81)p at M = 0, would be

(1-51) = [(£I+gi?)/gl?] M + k
(1-31)0 M+ k

(12)

for small L. This is the same form as the law found by Alper and Howard-Flanders7)

and others for oxygen enhancement. It is obtained by keeping two terms in the
expansion of the exponential in Equation (10). For larger values of L, the ratio
of sensitivities approaches 1, because the exponential would become negligible.
Also, in this theory, the extrapoclation number would not be changed by changes

in the agent, because the quantities in Equation (7) would not be affected by
changes in the probabilities of the non-interaction events.
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2. The possible interactions between five hits.
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/)OSE FROM HIGH-ENERGY RADIATIONS AT AN INTERFACE BETWEEN TWO MEDIA*

J- E. Turner, V. E. Anderson, H. A. Wright, W. S. Snyder, and J. Neufeld
Health Physics Division, Oak Ridge National Laboratory :
Oak Ridge, Tennessee 37830

ABSTRACT

Build-up at an interface between two media is important for the interpretation of
radiation dose. This paper reports the results of studies of dose from high energy
protons and neutrons at an interface between soft tissue and bone. Because of their
different atomic compositions, the contribution to dose from nuclear interactions in
the two media is different. By using the Monte Carlo technique, calculations were
made of the dose from nucleons with energies of 100 and 400 Mev in two phantoms com-
posed of bone and soft tissue parts. One phantom was a cylinder, having a diameter of
2.5 cm and a length of 8 cm, made in three concentric annular rings, the middle ring
containing bone. The other phantom was a 20 x 31 x 60 cm soft tissue parallelepiped
with a solid bone center. With 400 Mev nucleons incident laterally on the cylinder the
build-up of dose equivalent in going from the outside to the inside of the cylinder appears

to be increased some when the middle annular ring is made of bone rather than soft
tissue. A decrease in the quality factor of 400 Mev neutrons from ~8. 6 to~ 6.5 was
found . in the middle ring when soft tissue was replaced by bone. In the

parallelepiped, the presence of the bone center, rather than soft tissue, apparently
makes little difference.

I. INTRODUCTION

In this paper we report numerical results of calculations of dose and dose equivalent
in non-homogeneous phantoms of finite extent from incident protons and neutrons with
energies of 100 and 400 Mev. The Monte Carlo calculations were done with computer
codes for nuclear interactions and nucleon transport developed by the Neutron Physics
Division at Oak Ridge National Laboratory and described elsewhere. (s 2) Because these
codes neglect the production of pions, they are not applied to nucleon energies above
400 Mev.

The work to be reported here supplements in two ways previous publications (3,4)
which dealt primarily with dose in homogeneous, soft~tissue slabs of infinite lateral
extent. First, large and small phantoms consisting of both soft tissue and embedded
bone structures are treated here. Second, particular attention is given to the behavior
of radiation dose across an interface separating soft tissue and bone.

Re‘search sponsored by the U. S. Atomic Energy Commission under contract with
Union Carbide Corporation.
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The investigation was motivated initially to see whether dose b " 1-up occurs
when high-energy nucleons penetrate through soft tissue into bone. (5} \ "hereas the
amounts of energy deposited per unit mass by interactions with atomic « lectrons in
the two media are comparable, the denser bone, containing heavier eler «nts, might
receive a higher dose or dose equivalent due to nuclear interactions. In _ articular,
we wanted to compare the calculated radiation dose i@ a4$y1indrica1 cavity of marrow
surrounded by bone with dose values found previously'™ */ in targets consisting entirely
of soft tissue.

II. DESCRIPTION OF TARGETS AND INCIDENT RADIATION

Figures 1 and 2 show the phantoms used in these studies. The cylinder in Fig. 1
is 8 cm in length and 2.5 cm in diameter and consists of a cylindrical soft tissue center
enclosed in concentric bone and soft tissue rings. This target was used to simulate
the geometry of a bone with marrow cavity in the arm or leg of a small primate. The
larger soft~tissue parallelepiped slab in Fig. 2 has outside dimensions 20 cm x 31 cm x
60 cm, approximately the size of a human torso. This slab was used with a 10 cm x
15 cm x 30 cm bone center to try to assess the effects of target size on the relative
dose to bone and soft tissue. Monoenergetic nucleons were incident laterally on the
cylinder in such a way as to simulate rotation of the cylinder in a uniform broad beam
perpendicular to its axis. Isotropically incident monoenergetic nucleons were used with
the parallelepiped slab. Protons and neutrons with energies of 400 Mev and 100 Mev
were studied with both targets shown in Figs. 1 and 2. Unless otherwise stated, the

“calculation of dose in a given target from nucleons of a given energy were made from
the energy deposited as a result of 5, 000 incident protons or 10, 000 incident neutrons.

For analysis, the cylinder was divided into three concentric annular cylindrical
regions containing the inside soft tissue, the bone, and the outside soft tissue, as
shown in Fig. 1. The absorbed dose was calculated in each region from the total energy
absorbed there and the dose equivalent in each was determined by weighting the absorbed
energy according to its LET distribution, as explained below. The diameters of the
cylindrical regions are 0.5 cm, 1.5 cm, and 2.5 cm. We shall refer to the outside,
middle (bone), and center cylinders as regions 1, 2, and 3.

The slab was divided for dose analysis into smaller parallelepipeds by intersecting
planes parallel to the slab surfaces. The planes passed through the points X = 0, 8, 23, 31
cm; Y =20,5, 10, 15, 20cm; and Z = 0, 15, 30, 45, 60 cm. This method of subdivision
is shown in Fig. 3, which is drawn with a portion of the slab removed. Every smaller
parallelepiped consisted entirely of either bone or soft tissue, region 8 being bone.

When the incident radiation is isotropic, the dose need be calculated in only one octant
of the slab. Because of symraetry, therefore, the dose in regions bearing the same
number is,apart from statistical fluctuations, the same.

The compositions and mean excitation energies used for soft tissue and for bone
are shown in Tables 1 and 2. 'The atomic composition of soft tissue is the one used in
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previous calculations, (3) and the composition of bone is that of the wet tissue. (6) The
mean excitation energies used in the Bethe stopping-power formula(?) are taken from the
NAS-NRC Report No. 1133.(8)

III. NUMERICAL RESULTS

Detailed descriptions of the calculational methods used here are given in (3) and
(4). Briefly, nuclear cascade and evaporation processes are handled by computer codes
that utilize Monte Carlo techniques. Cascades produce secondary nucleons {pion pro-
duction is neglected) and evaporation can produce particles with mass numbers up to
four. The histories of all primary and secondary particles are traced until a particle
either interacts with a nucleus, escapes from the target, or loses all of its energy in
the target. Charged-particle slowing down is calculated by means of the stopping-
power formula. (7) In the present calculation particle histories were analyzed and the
absorbed dose (rad) and dose equivalent (rem) were computed in each of the regions
shown in Figs. 1 and 3. The assignment of quality factors used in obtaining dose equiv-
alent was made according to the recommendations of the National Committee on
Radiation Protection and Measurements for long-term occupational exposure to
radiation, as described in (3). These values, which are also recommended by the
International Commission on Radiological Protection, (9) axe based on the values of the
linear energy transfer (LET) of radiation.

Figure 4 shows the calculated values of absorbed dose (rad) and dose equivalent
(rem) per unit fluence in the three regions of the cylinder from 400 Mev incident
neutrons. A total of 20,000 incident neutrons was used in the calculation. The exror
bars on the rem curves show the spread in values obtained in two runs of 10, 000
particles each. The relative volumes of the three regions are 16:8:1, and the smaller
number of nuclear collisions in region 3 is reflected in the relatively large difference
in dose equivalent obtained in the two runs. With 10, 000 incident 400 Mev neutrons,
some 810 secondary nucleons having energies greater than 50 Mev were produced by
cascades together with nucleons of lower energies. In addition, some 3500 nucleons
and approximately 100 heavier particles are generated in evaporation processes. As
was done in previous work, (3) a quality factor of 20 was assigned both to these heavier
particles and to the recoil nuclei after a cascade.

Division of the dose equivalent by the absorbed dose gives the effective quality
factor (QF) in each region. The most striking feature of the results shown in Fig. 4
is the smaller QF in the bone compared with the adjacent soft tissue. To study this
finding, an additional 10,000 neutrons were run with a homogeneous soft-tissue cylinder —
in effect, replacing the bone ring by one of soft tissue. The results thus obtained are
compared with those for which bone is present in Fig. 5.% It is found that, in the
homogeneous soft-tissue cylinder, the QF is essentially constant throughout. The

*The error bars on the left show the extremes obtained in two calculations with 5, 000
incident neutrons each, Whereas the values on the left were calculated with 10, 000
neutrons, those on the right were obtained with 20, 006.
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difference in QF in the middle ring when the soft tissue is replaced by bone occurs as a
result of the different nuclear compositions of those two media,since the number of
electrons per gram is approximately the same. Using the atomic densities in Tables 1
and 2, we find that the ratio of the linear cross sections for nuclear interaction in bone
and soft tissue (1. 93) is approximately the same as the ratio of the densities (2. 04).

As a result, the number of nuclear collisions per gram per unit fluence in the two media
is about the same. This being the case, the higher quality factor in soft tissue implies
that a large fraction of the energy deposited there occurs with a high LET as compared
with bone. A study is now underway to determine the extent to which this depends on
the different distributions of recoil nuclei energies and heavy particle energies from
evaporation in the two media.

Figure 6 shows the results of bombardment of the cylinder with 5, 000 protons with
an energy of 400 Mev. An increase in the quality factor with depth was found. Since a
large fraction (=80%) of the dose is due to ionization caused by the primary protons, the
QF of this radiation is smaller than that of neutrons of the same energy. As contrasted
with Fig. 4, no decrease in QF in the bone is found. Figure 7, which is analogous to
Fig. 5, shows that, with incident protons, the presence of bone apparently increases
somewhat the dose equivalent in the center region.

Figures 8 and 9 show the results of bombarding the cylinder with 100 Mev neutrons
and protons. To within the statistical accuracy of the calculations, the absorbed dose
and dose equivalent are uniform in the target, the magnitudes of these quantities having
the values shown,

When 400 Mev neutrons bombard the parallelepiped slab isotropically the values of
dose and dose equivalent found in the eight regions of Fig. 3 are shown in Fig. 10. A
measure of the statistical precision of the results is given by a comparison of the values
of QF in regions having the same number. When statistical fluctuations are negligible,
both the rad and rem doses are the same. As with the smaller target in Fig. 4, the
dose equivalent appears to be smaller in bone than in soft tissue. The corresponding
data for 400 Mev isotropically incident protons, like those in Fig. 6, show no significant
difference between the radiation doses in the two media. Calculations with 400 Mev
protons incident isotropically on a homogeneous soft-tissue slab of almost identical
dimensions(3) give the same values of dose and dose equivalent as when the bone center
is present.

Calculations with 100 Meav isotropically incident neutrons and protons on the slab
showed a decrease in dose in going into the interior of the slab due to the absorption
and stopping of nucleons. (The range of a 100 Mev proton is ®7.9 grm/cm?. } No
pecularities were noted due to the presence of the bone center.
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IV. SUMMARY

The foregoing calculations indicate that there is no significant build-up in dose
in soft tissue from nucleons with energies up to 400 Mev directly attributable to the
presence of bone near the soft tissue. With the quality factor QF = 20 used for heavy
particles in earlier calculations, the dose equivalent in bone inside a small target is
apparently reduced by approximately one-fourth compared with its value in a homo-
geneous soft tissue target.
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ble 1. Description of Soft Tissue [Ref. (3)] (Dénsity = 0.90l gm/cm’)

VI.id

]

Element Atomic Atoms per | Mean Excitation
1 Number cm Energy (ev)

N. I.

1 i
22

Hydrogen 1 5.98 x 10 18
22

Oxygen 8 2.45x 10 98
21

Carbon 6 9. 03 x 10 78
: 21

Nitrogen 7 1.29x 10 85

. . . 3
Table 2. Description of Wet Bone [Ref. (6)] (Density = 1. 96 gm/cm’)
Element Atomic | Atoms _per | Mean Excitation
i Number e’ Energy (ev)
Z. N. I.
1 1 i

22

Hydrogen 1 9.64x 10 18

Carbon 6 3.39x 1022 78

Oxygen 8 3.00 x 102'Z 98
. 21

Nitrogen 7 3.15x 10 85
. 21

Calcium 20 3.07x 10 228
. 20

Sodium 11 1.92x 10 142
19

Sulfur 16 8.34 x 10 191
. 19

Magnesium 12 6.21 x 10 152
. - 19

Potassium 19 5.35x 10 219
. 19

Chlorine 17 3.93x 10 170
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TECHNIQUES INVé;SIMETRY AND PRIMATEQ//
IRRADIATIONS WITH 2.3-BeV PROTONS*

¥

G. H. Williams, C. V. Parker, J. B. Nelson and I. L. Morgan =
Texas Nuclear Corporation, Austin, Texas -

J. C. Mitchell and K. A. Hardy
School of Aerospace Medicine, San Antonio, Texas

Introduction

This paper will describe the physical experimentation
and dosimetry involved in the whole-body irradiation of the
primate Macaca mulatta with 2.3 BeV protons obtained from the
Cosmotron facility at the Brookhaven National Laboratory. The
work is part of a study involving whole-body exposures of the
primate to protons of various energies in the range 32 MeV to
2.3 BeV. By extension:the effects of ionizing radiation on man
and possible hazards experienced by extended travel in space can
be estimated. The physical aspects,; dosimetry.,and resultant
biological effects have already been reported™ for exposures to
protons of 32 MeV, 55 MeV, 138 MeV, 250 MeV, and 400 MeV.

A total of 117 primates were irradiated with doses
ranging from 28 to 3400 rads. The basic dosimetry measurement
was the integrated proton flux incident on the animals. The
flux was then related to average body dose in rads by making
exposures of glass and lithium fluoride microdosimeters embedded
in primate phantoms. Measurements indicated that the rad dose
received by the animals was 43% higher than that based on the
stopping power of the incident protons alone. The primates
were exposed while in a horizontal position parallel to the
beam axis, half the total proton flux being incident on the
head, and half incident on the feet. Biological results of
the exposures are briefly reported.

Experimental Method

Quadrupole defocussing was used to enlarge the beam
size to obtain a uniform proton flux over the primates. It
was not possible to spread the 2.3 BeV beam out greater than
about 10 cm. This prevented the animals' being irradiated in
a sitting position as had been the practice in our previous
proton exposures? Instead, the animals were exposed while
in a horizontal position, being placed in cylinders rotating
parallel but off axis to the proton beam at the rate of 2 rpm.
Figure 1 indicates the arrangement used during the exposures.
Protons from the Cosmotron passed through a total flux monitoring,
parallel-plate ionization chamber, then through a quadrupole
magnet used for defocussing the beam at the position of the
irradiation subiject.

During irradiation the primates were contained in
a rotating Lucite cylinder, 5-1/2" in diameter and 30" long.
The cylinder walls were 1/8" thick and the end plates 1" thick.
The quadrupole optics system spread the beam into an irregular-
shaped profile. Several trial positions of the cylinder axis
relative to the beam axis were examined before a satisfactorily
uniform proton flux was obtained across the face of the rotating
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cylinder. Figure 2 shows the approximate shape of the beam
and its position relative to the end face of the rotating
cylinder to give a * 5% flux uniformity. The profile of the
proton flux over the cylinder end was measured by polystyrene
foil activation using the reaction

12 11 " 20.4 min 11 -+
e en)CT ey TIEe Bt B -
A row of 3/8"-diameter by 1/8"-thick discs was placed diametri-
cally across the front face position of the primate container

and irradiated for ten minutes while rotating. Subsequent
counting of the gamma rays from induced activity in the foils

and correction for decay time yielded a measure of the flux
profile. Figure 3 shows the proton profile deemed suitable for
the animal irradiations. The uniformity was checked periodicalily
during the 50-hour period of the irradiations. Slight changes in
the pattern as indicated in Figure 3 occurred, but the uniformity
remained at * 5% across the face of the primate container.

All irradiations were made relative to the total flux
monitoring ionization chamber. This chamber was calibrated in
terms of the proton flux at the front face of %he rotating
cylinder. The polystyrene activation method?/3 was used to
determine the flux. Four 1"-diameter 1/8%"-thick polystyrene
discs were placed across a diameter at the front face position
of the animal container cylinder. With the outer support
cylinder rotating these foils were exposed to the proton beam
for a given time interval. _The positron activity of these
foils due to the Cl2(p,pn)Cll reaction was then measured. Using
the standard radioisotope production formula? and a cross section
for the reaction at 2.3 MeV of 27.2 millibarns, the integrated
proton flux for the foil exposure was calculated. This was then
related to the reading obtained from the total flux monitoring
ionization chamber.

The basic measurement involved in the exposures was
the proton flux given to each subject. As in the case of the
beam uniformity, the flux calibration was checked throughout
the experiment period. The proton flux was then related to the
rad dose received by the animals by exposing microdosimeters under
similar circumstances while embedded in primate phantoms.

Dosimetry

To determine the extent of dose buildup due to
secondary dose production, a series of dosimetry studies yas
carried out. A phantom constructed by encasing a primate
skeleton in a unit density plastic (Epibond-Furane) had to be
used due to the irregular shape of the animals. This phantom
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is described elsewhere? The phantom was traversely sectioned
into eight segments, allowing microdosimeters to be embedded
throughout the volume. Glass rods and lithium fluoride dosimeters
were used. The glass rods were Bausch and Lomb Hi-Z silver
phosphate microdosimeters, read on a Bausch-Lomb Model 33-66-02
reader. Conrad Type 7 lithium fluoride was used as the thermo-
luminescence dosimeter; the 55 mg samples were read out on a
Conrad Model 412A reader.

Figure 4 shows the results of one experiment in which
the phantom was exposed in an identical manner to that of the
animals. The dose response of the microdosimeter is measured
relative to the response to Cob0 gamma rays. Basing dose on
the stopping power of the protons only, the illustration is for
the case where 1000 rads were given to the phantom in the
rotating cylinder, 500 rads to each face. For 2.3 BeV protons
the mass stopping power in tissue is 2.00 MeV cm2/g and the
dose due to ionization by the primary beam only is given by

Dose = 3,204 x 10_8 rads/proton/cm2.

Figure 4 shows that a substantial buildup of dose
takes place due to nuclear reactions giving rise to secondary
radiation. On the assumption that the response of the micro-
dosimeters is directly correlated against the response due to
a similar dose of Co® gamma rays, the body dose relation is
given by

Average Body Dose = 4.58 x 10-8 rads/proton/cm2>

The above relation was used to determine the dose received by
the animals and is 43% higher than that based on stopping power
alone.

To evaluate the dose buildup,depth dose measurements
were also carried out using right circular cylindrical phantoms
of Lucite and Masonite. These phantoms were 10 cm 1n diameter,
traversely cut into segments containing holes for holding the
microdosimeters. Figure 5 shows the results for the case where
the unit density Masonite cylinder was exposed to a flux of
3.12 x 1010 protons/cm2 incident to one face of the rotating
container. This flux is equivalent to 1000 rads due to stopping
power only.

The response of the dosimeters indicated an immediate
buildup at the front surface of the Lucite end cap of 24%. This
is in agreement with the results published by Phillips and his co-
workersd Using a tissue-equivalent ionization chamber, they
found a surface dose on a large paraffin phantom due to 3 BeV
protons to be 26% higher than the air dose. This immediate
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buildup is due to local secondary dose produced by cascade and
evaporation protons and neutrons and heavy ions. The dose
increases to a maximum at a depth of 8 cm inside the Masonite
cylinder before an almost linear decrease due to scattering out
of the phantom and to a smaller extent the slight divergence
of the primary beam. The shape of this depth~dose curve
resembles the relative depth-dose curve obtained by Gross and
Bell’7 with 2.2 BeV protons at the same facility. In their
experiment a 5-inch-diameter phantom was used together with

a tissue-eguivalent jonization chamber; no proton flux or
absolute dose measurements were specified in this work.

In-air exposures of the microdosimeters were also made.
Table 1 gives the results for doses from 500 rads to 3000 rads.
These doses are based on stopping power only. Close agreement
is obtained between the calculated dose and the response
calibrated against ccb0 gamma-ray doses. The lithium fluoride
results are on the whole about 5% higher. This may be due to
the size, resulting in a secondary dose effect taking place.

It had been planned to compare the response of the
microdosimeters against that of a tissue-equivalent ionization
chamber. Instrumentation difficulties prevented this being
carried out. A program is presently underway in which comparison
of ionization chamber response with that of microdosimeters
will be made over a wide range of proton energies. For phantom
dose measurements the size and convenience in use of the micro-
dosimeters can offer a distinct advantage over ionization chambers.

Animal Exposures

Eleven groups of the primate Macaca mulatta were
exposed to 2.3 BeV protons, receiving doses ranging from 28 rads
to 1130 rads at a dose rate of 25 rads/minute, and 1700 rads
and 3400 rads at 110 rads/minute. The animals were irradiated
while in a horizontal position. In each case half of the dose
was given head on and the other half was given with the feet
incident to the beam. Through the course of the irradiation,
the animals were retated on the long axis at approximately two
revolutions per minute. Table 2 lists the exposures. The mean
weight of the animals was 3.2 kg + .4 (S.D.). The average body
trunk diameter was about 10 cm, and in a horizontal position the
length from head to foot averaged 56 cm. The animal care
practices were similar to those described elsewhered8

The fifteen animals receiving the high doses of 1700
rads and 3400 rads were given to various institutions for study.
The animals exposed to the doses from 1130 rads to 28 rads have
been under examination by J. C. Traynor and his group at the
School of Aerospace Medicine. Traynor? indicates that the
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general pattern of the clinical course of_ these animals

paralleled those reported for_ 2 MeV x—ray8 and other

penetrating proton exposures.l Animals receiving 730 rads or

more developed signs of severe gastrointestinal injury

characterized by mucous and bloody diarrhea. The animals sur-
viving beyond 9 to 10 days developed hemorrhagic diathesis as
evidenced by petechiae and epistaxis. An LD-50/30 of 475 t 21 (S.D.)
rads was calculated by probit analysis from mortality data.
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TABLE 1

In-~air response of the microdosimeters to 2.3 BeV

protons. Calculated dose based on dE/dX only.60Micro—

dosimeter response calibrated to equivalent Co dose.
Calculated Dose Glass Rods LiF Response
Rads Response, Rads Rads
500 529 598
1000 1019 1088
1570 1519 1588
2000 1980 2150
3000 2940 3087
8070 Total 7987 Total 8511 Total
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TABLE 2

The 2.3 BeV proton exposure program carried out
on the prirate, Macaca mulatta.

No. of Flux Dose Rate,
Animals Protons/cm Dose, Rads Rads/Min.
7 7.37 x 1050 3400 110
8 3.68 1700 110
11 2.46 1130 25
15 1.96 900 25
14 1.60 730 25
14 1.23 560 25
14 8.60 x 10° 395 25
14 4.91 225 25
11 2.46 113 25
7 1.23 56 25
2 6.14 x 10° 28 25
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VIIL.2
RECENT RESULTS IN MACRO AND MICROéSIMETRY OF
HIGH-ENERGY PARTICULATE RADIATION/

Norman A. Baily

Department of Radiology, University of California at Los Angeles
Loos Angeles, California

Introduction

Dosimetry for health physics purposes at or around high-energy acceler-
ators is complex, since invariably we must measure both absorbed dose and
quality for an unknown radiation field. The field can be and usually is composed
not only of the degraded primary radiation, but also of secondary radiations
produced by interactions of the primary beam with accelerator components,
target, and shielding materials. In health physics work associated with
high-energy accelerators, a typical problem invelves protons, neutrons,
mesons, y rays, and even electrons.

In considering new developments centered about these types of problems,
the health physicist, in addition to providing reliable data on absorbed dose,
must concentrate on perfecting reliable methods for evaluating the quality factor
associated with these. Underestimates can be dangerous, overestimates can be
costly. Methods of measuring these quantities must be made in the light of the
biological application that is going to be made. The interpretation or conversion
of spectral data, particle analysis, and flux measurements for biological or
health physics. purposes has not yet reached the point where a high degree of
confidence can be placed in the biological interpretation of such data. To date
the most reliable and most easily interpretable data are those derived through
use of tissue -equivalent dosimetric techniques.

A third quantity of growing importance, primarily due to an increasing
knowledge of radiobiology, is the fraction of the total absorbed dose that is due
to highly ionizing particles. This is‘treated sepamgc_ze for health physics
purposeswe shall see that the trend has been to measure an average quality
factor. This QF approach has been used because of the great simplification which
can be made in the required instrumentation. However, from the viewpoint of
long -term, low-dose-caused effects, the additional information (on highly
ionizing particles) would be very desirable.
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Methodology

During the past 20 years there have been many developments in
instrumentation, and indeed in new methods, for recording the total absorbed
dose delivered by neutrons, x and y rays, and electrons. Simplifications and
improvements in circuitry, development of solid-state electrometers, the
perfection of thermoluminescent materials-~-all have made the more routine
measurements required by the health physicist simpler and more accurate, and
pushed the minimum dose level recordable to significantly lower levels. How-
ever, an extension of these techhiques to high-energy charged particles is not
a simple one. Due attention must be paid to the differences in their interactions
with the atomic components of tissue. Much of the energy transferred is in the
form of nuclear interactions. Such interactions produce secondaries of short
range, thereby resulting in large local energy depositions, and in some instances
high-energy (long range) highly ionizing particles. The problem is of course
complicated by the great variety and energy range of such secondaries. To
deal with these properly and attain meaningful measurements requires that
strict attention be paid to both geometric and atomic simulations.

From an instrumental point of view we must take due accord of the wide
range of particle stopping powers which will exist within the detector used. In
a tissue-equivalent device this gquantity will vary from about 0.2 keV/u to
greater than 100 keV/p with reference to unit density. However, because many
of the interactions may lead to spallation, the products of such reactions, and
indeed even heavy recoils, can produce very dense clusters of ionization whose
local value is greatly in excess of the upper value of the linear stopping power.
The cross section for such reactions is of the order of the geometric cross
section of the atoms in the stopping material. For protons such interactions
have a threshold in the range of 150 to 200 MeV. At depth in the body, about
50% of the total dose delivered by 700-MeV protons is due to cascade protons
produced as a consequence of nuclear interactions. Behind thick shielding
inevitably the major portion of the dose delivered to workers around such
installations is due to secondary radiations generated in the shield.

For protection purposes it is necessary that we make measurements
which completely define the radiation dose equivalent, This means absorbed
dose, quality factor, and dose distribution with respect to vital organs. Although
the importance of microdosimetry will be demonstrated in another section of this
paper, for health physics purposes quality factor means a quantity dependent
only on an average LET, . This makes the task of incorporating such a factor
into an instrument response a good deal easier than a concept based on local
energy deposition. The values of the quality factor recommended by the
NCRP! are given in Table 1.

The general situation is one therefore that calls for the development of
methods whereby we can make correct measurements of the absorbed dose and
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dose distribtition, and an evaluation of the quality factor independent of the
incident radiation type and energy. These must beraccomplished in a manner
which correctly evaluates the contributions of the nuclear interactions and

the biological damage to be expected from these. A deeper and fuller under-
standing of the:problems involved will almost certainly be achieved by experi-
ments --both physical and biological--carried out in well-defined particle
beams ('"'well-defined' in this instance meaning monoenergetic and
mono-type). These are important, since the dose-to-flux relationships of the
various secondary components have been shown to vary considerably among
themselves, and may differ markedly from those for the primaries. However,
the dose equivalents (DE) have been shown to have remarkably close equiwva-
lences at some tissue depths while differing markedly at others. This has
been well demonstrated by Baarli.2 Some typical results are given in Table 2.
The data in this table are measured values, and will be further discussed in
later sections of this paper. The data refer to pure beams and are different
from those for attenuated high-energy radiations.

The data given in Table 2 indicate, first, that the flux-to-dose ratio
may vary considerably for the different kinds of strongly interacting particles
and for different degrees of degradation.

Second, it is apparent that a quantity similar to an energy event
distribution in volumes whose size and shape are similar to those of biological
importance should be examined as a function of the amount of tissue penetrated.
The statistics of the energy deposition in small volumes may differ significantly
at the different tissue depths, since large changes in distribution have been
found when energy losses go from very small to moderate. Similarly nuclear
reaction products or track endings can produce very high local energy deposition
contributing to those effects exhibiting poor or no recovery.

In the above discussion the use of "LET'" has been deliberately avoided.
Instead, the concept of a distribution of energy deposition in single events has
been adopted. There are at least two basic difficulties in the LET concept.
First, we must always remember that the loss of energy of a charged particle
as it passes through matter is a series of discrete energy transfers and
consequently subject to the usual statistical fluctuations. However, for small
increments (as compared with the particle energy), such as we expect in
cellular or chromosomal volumes, Landau~ has shown these to be even greater
than one would predict from ordinary statistical treatments. Recent results
{(which will be presented) show that for the volumes and energy losses being
discussed in this paper the statistical spread is much greater than Landau's
calculations predict. This is due to the neglect, in his treatment, of the
second moment of the distribution, which then tends to minimize the high-
energy end of the distribution. In more familiar terms, when one irradiates
a thin biological sample of thickness AX with a homogeneous beam of charged
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particles having a LET or dE/dX value of L, the energy, AE, expended by
individual particles deviates from the mean value LAX to an extent that depends
on the magnitude of AX, as well as on the energy which the particles can
transfer in a single collision, The smaller AX is, or the larger the balue of
AE that is possible the greater will be the spread (on the high AE side) of the
energy loss (AE) spectrum.

The second major difficulty with the LET concept is that only a guantity
sometimes designated as (LET), is equal to dE/dX. This can mean a large
volume in those cases in which high-energy secondaries having long ranges in
tissue are generated. If we try to modify this concept by defining LET in
terms of energy locally absorbed, it becomes extremely difficult to meaning-
fully define the &-ray energies to be considered. Further, even high-energy
& rays deposit some energy in the volume of interest. The same dose delivered
in the same LET interval can conceivably be delivered along a few long track
sections or along many short ones, depending on the character and energy of
the primary particles. When such track sections become as long as, or approach
the dimensions of, the sensitive biological volumes the effects produced may be
drastically different. It is because of such considerations that I regard the
coneepts of microdose or energy event distributions as basic to the high-energy
health physics problem.

Absorbed Dose

The measurement of absorbed dose combined with depth-dose distribution
from high-energy particulate radiation requires extreme care in selecting
instrumentation and in reproducing geometry. This is due to the rapid buildup
characteristics at the surfaces and both the rapid buildup and fall-off at the
Bragg peaks. A particularly good instrument for carrying out such measure-
ments is the extrapolation chamber. 4 An adaptation of this concept specifically
designed for use with high-energy particles is shown in Fig. 1. 5 This chamber
has a top electrode made of 0, 00025-in. aluminized Mylar, which acts as the
entrance window. The other electrode is fabsicated from Shonka® plastic or
can be fabricated from any other conducting material. We have used a muscle-
equivalent conducting plastic, and are planning to work with bone -equivalent
plastics to investigate absorbed dose delivered by high-energy protons to
transition regions. Air-equivalent materials are also available. The air gap
or collecting volume may be made as small as a few tenths of a millimeter.

The data obtainable? by using this technique are illustrated in Figs. 2
and 3. TFigure 2 shows the depth-dose distributions produced by monoenergetic,
parallel proton beams incident on an infinite phantom. Curves A, B, C, and D
are for 730, 630, 590, and 300 MeV, respectively. Of importance to note is
the degree of buildup, which was not predicted by theory and not shown by

332



VIL.2

measurements made with other techniques. The rapidity with which this
buildup takes place is well illustrated by the data shown in Fig. 3. Here
curves A and B represent the initial portions of curves A and B shown in

Fig. 2. Nuclear absorption processes combined with some straggling account
for the exponential decrease of the dose for depths greater than that at which
the peak appears. The peaking represents an equilibrium between these
processes and the production rate of the cascade protons.

A pertinent example of geometrical or ionization chamber induced
artifacts and some data on 70-MeV negative pions are shown in Fig. 4. 2
The dotted curve shows the dose rate in air along the beam axis and indicates
a 22% change in 15 cm due to divergence of the beam. The two peaks in the
range curve correspond to a pion energy of 70 MeV (14.8 cm) and a meson
energy of 82 MeV (23 cmi). The depth-dose measurements were made with
both air- and tissue-equivalent ionization chambers. Baarli attributes the
difference in the two sets of depth-dose data to a geometrical difficulty, stating
that the cross section of the tissue-equivalent ionization chamber was greater
than the lateral half value of the pion beam. Howeyver, since this chamber had
a l-liter volume, it is obvious that the peak value would also be low due to an
averaging of the rate of ionization across the dimensions of the particle path
within the chamber. The radiation quality or QF measurements shown are
discussed in the following section. However, it is worth noting at this point
the change in QF values with depth of penetration.

The secondarea or region that it is important to investigate and for
which the extrapolation chamber technique is particularly well suited is that
around the Bragg peak. An example of this type of investigation is illustrated
by the data in Fig., 5. > These data illustrate the absorbed dose distribution
in this region for protons of 138 MeV (curve A), 45.8 MeV (B), and 21.4 MeV
(C). Because of the rapid change in the energy absorption pattern the extra-
polation chamber technique is about the only way to obtain such curves
accurately. The patterns found dramatically illustrate the effects of straggling
on both the height and half-width of the Bragg peak. It is obvious that these
characteristics are very much a function of the past history of the particle.
The mean energy of the particles arriving at the depth at which the peak occurs
is a function of the initial particle energy. Similarly the spread in number and
spread in energy of the particles arriving at this point are both functions of
the amount of material traversed and the number of collisions undergone by
the incident beam.

Making accurate calculations from theory is extremely difficult in this
region. This is clearly illustrated by Baarli's workZ with negative pions.
Figure 6 shows a comparison of his experimental and theoretical results. It is
significant that a value of 20 MeV per stopped pion due to nuclear absorption
processes occurring at the end of its range gives good agreement with the experi-
mental data.
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Many experiments have been misconceived and many health physics
situations overcalculated because of a common assumption that particles
reaching depths at which the Bragg peak occurs had high LET values. It has
recently been shown experimentally by Raju'7 that the mean energy of the
particles arriving at a depth corresponding to that at which the peak occurs
is approximately 10% of the initial energy of the incident particles. This had
been previously pointed out by Bichsel. 8 However, very little attention had
been paid to this fact by either the radiological or health physics community.

It is important to recognize that aftér passage through large amounts
of material the depth-dose distributions are considerably different from those
produced by pure beams. Figure 7 is illustrative of the changes caused by
such degradation. Curve A represents the depth-dose distribution along the
central axis of the beam in an infinite scattering media (tissue) of a 730-MeV
parallel proton beam after passage through 44-in. of carbon. The resultant
proton energy incident on the phantom was 220 MeV and the residual range
31 cm of tissue. Curve B was observed under similar conditions except that
10, 76-in. of copper was substituted for the carbonabsorber. The energy of
the protons in this case was 260 MeV and they had a residual range of 41 cm
(tissue). Comparison with Fig. 2 points out the very significant changes which
have occurred in the depth-dose distribution. These curves are characteristic
of the high-energy secondaries (neutrons and vy rays) produced by the primary
protons in their passage through the absorbers.

Microdosimetry

Before discussing the instruments or results associated with the
average quality factor it is instructive to look at the more fundamental aspects
of this quantity. The determination of energy ®vent distributions, in volumes
of interest to radiobiclogy, due to charged particles is at a very early stage.
Only very preliminary results are available. However, these have been
dramatic, since they emphasize the inadequacy of available theoretical treat-
ments for dealing with this problem. These treatments are unable to handle
energy losses that are small compared with the mean atomic ionization
potentials. For high-energy particles this is always the case, The resultant
distributions are very much broader, with the broadening occurring on the
high-energy side of the distribution. An example of the type of distribution
obtained is shown in Fig. 8. The data shown here represent the distribution
in the energy losses suffered by 46-MeV protons in passing through 1.3 p of
tissue. The number of high-energy events is greatly in excess of what would
be expected if the &dstribution were similar to that found for greater mean
energy losses. Such data are extremely important when considering radijation
damage on a cellular level. Such considerations could conceivably lead to a
revision of our current concepts of quality factor and its interpretdtion.
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To date there has been only one experimental method developed for the
determination of an average quality factor in a beam of unknown composition
that is readily adaptable for health physics or survey use. Sullivan and
Baarli? have devised and built an ionization chamber capable of evaluating
the QF of an unknown bearn based on its proportional response to the average
LET of the particles traversing it. This is a tissue-equivalent parallel-plate
high- pressure ionization chamber. The chamber operates at a field strength
below which complete collection of the ion pairs is achieved. Since the type
of recombination which takes place is a columnar phenomenon, surrouhding
the particle track, the recombination is therefore a function of the ionization
density along the track. In turn, therefore, it becomes by definition a function
of QF. 1t has been found that the current in such a chamber obeys the relation-
ship

I=kVE,

- The exponent (n) is independent of dose rate, directionality of the
incident particle, etc. However, it is directly proportional to QF. In fact, in
addition to being proportional to the QF, it has the additional effect of averaging
it over any mixture of incident radiations. The response of Baarli's chamber?
is shown in Fig. 9.

Using the same principle, Zel'chinskii et al. developed an instrument
having dual ionization chambers, one operating at saturation for measuring
dose and the other below voltage saturation for measuring the average QF. The
operating conditions are such that the average QF is a unique function of the
current ratio of the charmbers. This current ratio is read directly by a divider
circuit.

For the first time condideration has been recently given to a passive
device which will allow evaluation of QF. It has been found that heavy charged
particles produce tracks in certain materials and that different materials have
different thresholds of ionization density for the production of such tracks. 11
By using dosimetry packets containing some pertinent combination of such
materials, it should then be possible to obtain information on the relative number
of particles having LET or QF values greater than some given threshold value.
To date results have been obtained only for a particles, heavy ions, and fission
fragments. Materials and methods applicable for use with less highly ionizing
particles are being actively investigated.
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Conclusions

1. Tissue-equivalent dosimetry correctly used is the most accurate method
for assessing the biological effects of high-energy radiations.

2. The extrapolation chamber method is the only completely reliable method
for measuring absorbed dose in regions of rapidly changing energy deposition,
and is pertinent to the dosimetry of high-energy beams to be used for radio-
biological experiments.

3. Microdosimetric techniques are important for the interpretation of the
radiobiologital consequences of high-energy particulate radiations.

4, Assessment of the average QF is required for health physics surveys of
high-energy accelerator facilities.

5. A passive dosimetry system to supplement the film badge at high-energy

facilities is required, and work towards achieving a reliable system should be
actively pursued.
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Table 1. Recommended values of the quality factor for
radiations of different specific ionizations.

Average linear energy

transfer (LET) to water Ion pairs/p Quality factor
(KeV/p)
3.5 or less 100 or less 1
3.5 -17.0 100 - 200 1-2
7.0 - 23 200 - 650 2 -5
23 - 53 650 - 1500 5-10
53 - 175 1500 - 5000 10 - 20
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Table 2. Physical factors measured for some high-energy
particles in pure beams.

Beam QF Buildup QF at Particles /cmZ-sec
at 1 factor max, per mrem /hr
g /crn? buildup
70 MeV - =~ 1.0 2,2 3.5 1.1
400 MeV - n 3.5 2.5 2.0 16.0
600 MeV - p 12. 0 1.2 1.2 6.3
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\/'rr" MESONS, RADIOBIOLOGY, AND CANCER THERAPY
Chaim Richman

Southwest Center for Advanced Studies L
Dallas, Texas T

Nature of the 7~ Beam

Mudundi Raju and José Feola have presented the experimental results of
the work on pion beams, and these are the important things that needed to be
said. There are some things that can be added, here and there, to fill in the
picture of the nature of the n~ beam, the radiobiological work, and the outlook of
the v~ beam for the treatment of cancer.

Peter Fowler, who in collaboration with Don Perkins did the first calcu-
lations of the dose to be expected from negative pions, has emphasized an inter-
esting point: Of all the radiations that have been discovered in the past 10 years
or so in high energy physics, the n~ meson is the only one that has the properties
that might be able to improve cancer therapy. This is certainly true, and it is
therefore of great importance to do the experiments that will show what can be
done therapeutically.,

The 7~ meson is what would certainly be called a penetrating particle.
For a given energy it goes a long way in tissue, in other words it is a lightly
ionizing particle in flight. At the 184-inch cyclotron the 90-million-volt pion
traverses about 25 cm of tissue before stopping; an « particle requires 900 MeV
to go through about 30 cm of tissue. Also, the pion delivers in the region of
stopping a dose of which a large fraction is of high LET. It is therefore clear
that here is a particle that in a manner of speaking changes its character in the
tumor region, and it must be appreciated that this is a most unusual phenomenon.

The pion beam is a secondary beam which is made by letting the 732-MeV
protons strike a beryllium target. The pions come off at all angles from the
target, and a portion is taken off to make the beam. The beam is large in cross-
sectional area. It is quite different, therefore, from proton and a-particle beams,
which are usually small in cross section. Now it must be said that this is the
kind of beam that is needed for therapy; a therapeutic beam must cover a large
field.

This fact also means that detailed isodose measurements must be made
in the experiments in which four mice in a single compartmented holder are ex-
posed to the beam.

To be quite frank, it must be said that when the first measurements of the
augmented Bragg peak were made with ionization chambers and later with lithium-
drifted silicon detectors, the peak-to-plateau ratios were disappointingly small,
and some remarks should be made about this fact: Many people know that in
using a Bragg peak in therapy, that for large tumors these peaks have to be over-
lapped, so to speak, and in doing this the plateau dose is raised, which often
means that in treating a large tumor, the peak-to-plateau ratio may fall to
figures between 1 and 2. The early calculations by Fowler and Perkins were
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made for small tumors, about 2 cm in diameter. In therapy, the tumor that
presents the anoxic problem is the large tumor, more like 5 cm in diameter.

The peaks used in our experiments are almost always broad, between 4 and 5 ¢m,
as appeared in the previous slides, Dr. Stanley Curtis has made calculations of
the dose distribution for wide peaks and he finds that they agree farily well with
the experimental results. However, more work is certainly needed here;
especially on the peak-to-plateau ratios for beams of given momentum spread.

I would like to say something about the electron background. This back-
ground originates with the neutral pion, which is also produced in the target, and
at present it constitutes 25% of our beam. The electron weighs about 1/300 the
weight of the pion. Now it is possible with a technique that is commonly used on
the Bevatron to eliminate such a particle from a beam by means of an electro-
static separator. It would be well if at some time in the future an electrostatic
separator were to be installed in the beam-handling system and the electrons
were eliminated. Mr. John Sperendi has calculated that the electrons can be
removed entirely. This is not true for the muons, however, which constitute
in any case only 10% of the beam. For radiobiology this separation is at this
time prohibitive because the loss in intensity is too large.

It would seem that the best way to do the dosimetry is with the lithium-
drifted silicon detectors and the linear amplifiers in use at present, but then go
over to a small computing machine like the PDP-5 and store all the information.
Any kind of integral or partial integral can then be called for from this system.
This is not the most convenient approach, but may well turn out to be the best
approach to the problem.

Radiobiology of v~ Mesons

It is impressive and gratifying to find that much can be learned and ac-
complished here, even with the low-intensity beam that is now available on the
cyclotron., I feel that much more can be learned about the RBE of pions and the
oxygen effect with pions with the appropriate biological systems. The oxygen
effect especially merits a great deal of attention and effort.

The work of Steve Richman and Henry Aceto with Vicia faba, the work of
William Loughman on the induction of polyploidy in ascites tumor cells, and
especially the studies of Jos€ Feola on the inhibition of the proliferative capacity
of the ascites tumor cells, all agree on the strong effects produced by the dose at
the peak. When the accuracy of the dosimetric measurements is improved, and
when more runs have been made with the mice with these tumor cells, there is no
reason why good values for RBE should not be forthcoming.

This conference has brought forth some surprising and interesting results
on the oxygen-enhancement ratio of different radiations. It appears from the
work presented by Dr. Barendson and the work of Dr. Fowler with neutrons that
we can expect an appreciable effect on the OER with the LET spectrum that exists
in the pion peak. It appears that the LET spectrum in the peak is not too low nor
certainly too high,
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On Cancer Therapy with v~ Mesons

As far as radiotherapy is concerned, there is one point that hardly needs
making at this time: In treatment with this beam there is very little dose after
the Bragg peak compared with neutrons, and in any case the dose after the peak
and before the peak has always very low LET and is therefore much less dam-
aging to the healthy tissue than a neutron beam which has an exit dose. This is
not a minor point, since there are cells in the human body which are norma11§
anoxic, and it is unfortunate when these cells are oxygenated (as in the hyperbaric
chamber) so that they are damaged by cobalt-60 o rays, or would be damaged
more with neutrons. In other words, with pions, we preserve the normal pro-
tection that these cells have.

The other point--a very intriguing one--is that there is quite a new pos-
sibility here for fractionation. Since the LET in the healthy tissue is low, which
means that recovery processes can take place, and since the LET distribution in
the tumor is much higher and recovery processes are minimized, fractionation
in this case would mean that the healthy tissue would recover and at the same
time the tumor would not recover. The possibility for saving healthy tissue
would therefore seem to be increased in a manner that takes advantage of the
radiobiological knowledge that has been accumulating for such a long time.

The dosimetric techniques and results can of course be taken over right
away to more intense beams. The biological experiments are certainly low-dose-
rate experiments, with all the questions that are left unanswered; nevertheless,
they give a framework and a beginning on the questions and problems that lie
ahead.
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Graduate Research Center of the Southwest
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Introduction

Localization of radiation dose in a region of interest, for example, in
tumor tissue, while sparing the normal tissue is one of the essential require-
ments for radiotherapy. It has been known for a long time that the blood supply
has a great effect on the sensitivity of tissue to radiation, and clinical studies
have shown that tumors with good blood supply are more sensitive to radiation.
In most types of neoplasma there are likely to be cells deficient in oxygen, As
such cells are relatively insensitive to radiation, they survive the usual forms
of radiotherapy and cause recurrence of the tumor growth, However, this oxy-
gen effect diminishes considerably for high-LLET radiations. Hence the radiation
to be used for cancer therapy preferably should have the properties of delivering
a highly localized radiation dose of high LET. Conventional x rays have limited
penetrating qualities and are of low LET; hence they cause darna%e preferentially
to the oxygenated tissue. High-energy radiation such as 0Co, and high -
energy x rays and electrons have better penetrating qualities, but again the LET
is low.

The fast neutrons of modal energy 6 MeV have penetration similar to that
of 250 kVP x rays, but in interacting with tissue produce recoil protons with LET
high enough to overcome the oxygen effect considerably.

A few years after the discovery of the neutron, fast neutrons obtained
from small cyclotrons then developed at Berkeley were tried! for tumor therapy
but without success because of the lack of knowledge in radiobiology and the then
erratic operation of the cyclotrons.® More work with fast neutrons is now being
done at Haommersmith Hospital, London, and this technique may prove to be
beneficial for tumor therapy. Unfortunately, there is always a necessary com-
promise between getting a higher LET by using low-energy neutrons and getting
better depth dose by using high-energy neutrons.

>kWork done under the auspices of the U, 5, Atomic Energy Commission, the
American Cancer Society, and the Office of Naval Research.
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The highly accelerated heavy charged particles such as protons, deuter-
ons, and « particles are of special interest because of their physical proper-
ties. Since the mass of singly charged heavy particles is many times that of
the electron, the angle of Coulomb scattering for a given velocity is reduced
approximately by the ratio of the masses of the incident particle and the electron;
thus undesirable side scattering can be reduced to a minimum, The radiation
fields of heavy charged particles can also be shaped with greater precision than
those of x rays and gamma rays. The heavy-charged-particle beam has a defi-
nite range of penetration that depends on its energy, It proceeds through a
medium in very nearly a straight line; the increase in dose delivered by it as
the particles slow down gives rise to a sharp maximum known as the Bragg peak
near the end of the range. Hence intense irradiation of a strictly localized
region within the body is possible with relatively small dose at the skin.

However, the Bragg peak is too narrow to permit uniform irradiation of
most tumors, and the LET at the Bragg peak position is also much lower than
one would normally~ expect (for example at the Bragg peak of 910 MeV o beam
the LET corresponding to the modal energy is ~ 10 keV/p), It is possible to
irradiate the entire tumor region by transforming the Bragg peak into flat max-
ima using variable absorbers, but when this is done the LET will be lowered
further, Hence heavy charged particles such as protons, deuterons, and «
particles may not provide much oxygen advantage for cancer therapy; however,
they are very useful for hypophysectomy in which anoxic cells are not involved.
Heavier ions such as neon may prove to be useful for tumor therapy.

The negative pi mesons (pions) are also heavy particles, and have a
mass 276 times the electron mass, When a negative pion is brought to rest in
a medium, say tissue, it is captured by a constituent nucleus, which explodes
into a ''star' consisting of short-range and heavily ionizing fragments capable
of delivering a large localized radiation dose resulting in an augmented Bragg
peak, The heavily ionizing fragments should be capable of overcoming the oxy-~
gen effect considerably. The pion capture can be made to take place in the
tumor by proper selection of the pion energy. Negative pions pass through
healthy tissue as minimum ionizing particles of very low LET (< 1 keV/p) and
stop in the tumor region, delivering a large localized dose at much higher LET,
Hence the use of negative pions in principle should be very promising for thera-
peutic applications, A few people, including Richman appreciated this possi-
bility as early as 1952, Fowler and Perkins calculated the dgsage to be expected
from negative pions in tumors and in the surrounding tissue.” Their results
clearly demonstrate that for negative -pion beams, the dose delivered in the
tumor should be many times that in adjoining regions. The presently available
negative-pion beams are low in intensity compared with that required for thera-
peutic applications, At present there are four groups in the world working on
this problem: Lawrence Radiation Laboratory, Berkeley; Brookhaven National
Laboratory; Wills Physics Laboratory, England; and CERN, Switzerland, The
pion beam at LRL at present is the most intense (= 106/sec) with reasonably
low background. The work at the above-mentioned places will be reviewed
briefly and a detailed up-to~date account of the work that has been done at this 6-9
Laboratory is presented here. Some of our results have already been published,
and a short account of these published results is also included here.

Interaction of Charged Pions With Tissue

Charged pions travel through tissue similarly to any heavy charge par-
ticle, and stop after traveling a given range that depends on energy; e.g., a
5G-MeV pion travels through about 10 cm of tissue, Unlike, other charged par-
ticles like electrons or protons, the charged pion is unstablg; it decays in free
space into a muon and a neutrino with a lifetime of * 2X10”° sec, Hence there
will always be a contamination of muons in a pion beam, The characteristic
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difference in behavior between a positive and a negative pion occurs at the end
of the range, When the positive pion comes to rest, the coulomb repulsion
between its positive charge and that of the nucleus keeps it from interacting
with the nucleus, It goes through two decay processes:

TI'+—>|.L++V
et vt

The v and v are neutrinos and do not contribute to the dosage. The p+ is a
short-range 4.12-MeV muon which contributes a small dose. The positron has
a distribution in energy with a peak around 30 MeV. Examples of this type of
decay are shown in Fig., 1,

Tissue is composed mainly of hydrogen, carbon, nitrogen, and oxygen;
when a negative pion is brought to rest in such a medium, it may be captured
by any one of these atoms. When captured by hydrogen, however, the resulting
neutral mesic atom diffuses through the medium and when it gets close tp a
heavier nucleus, the pion is transferred to it because the resulting energy is
lower, As a result, the pion is captured by the main tissue elements and cas-
cades down thé atomic levels to the ground state of the atom in a time that is
short compared with its lifetime, From the ground state it is captured by the
constituent nucleus, which explodes into a star consisting of short-range heavily
ionizing fragments, In such interactions, about 20% of the total rest-mass
energy (140 MeV) appears in the form of o particles, protons, and heavier
fragments with ranges less than 1 mm in tissue. A further 40 MeV is expended
in breaking up the nucleus, and the remaining 70 MeV is carried off by neutrons,
A few examples of negative-pion capture in carbon, nitrogen, or oxygen as
observed in photographic emulsions are shown in Fig, 2.

10

The type of disintegration of a nucleus such as that of carbon and nitrogen
has been studied with a diffusion cloud chamber, 11 2nd considerable energy was
found to be in the ionizing fragments of the light elements,

The dominant reaction for carbon (accounting for = 25% of the captures)
is

T +1ZC—>2a/+1p+3n.

The dominant reaction in nitrogen (19% of the captures) is

T+ 14N—> 3¢ + 2n.,

The other reactions yield from zero to five charged particles, which at times
include a heavy ion,

The relative frequency with which different elements capture pions is
closely proportional to their relative abundancé by mass, In bone-free parts
of the body we expect 73% of the captures to be in O, 20% in C, and 3% in N,
which leaves only 4% in heavier atoms. It is important, therefore, to know the
characteristics of capture in oxygen nuclei, Mayes and Fowler made measure-
ments on tracks of particles stopping in wet and dry emulsions in order to get
the data on pions captured in oxygen alone, 10 They found that interactions with
oxygen produce tracks of multiply-charged particles, The common form of
disintegration of oxygen is into three « particles ari%a. proton. The energy
partition for v capture in water as given by Fowler*" is shown in Table 1.
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Mayes and Fowler also measured the differential energy spectra of the
various particles emitted in the nuclear interaction of the negative pion with the
oxygen nucleus, From these data it is possible to cglculate the energy-loss
distribution for a point in the stopping-pion region, 12 1f some reasonable
assumptions are made about the momentum spread of the incident beam and the
amount of contamination by muons and electrons, the contribution from these
sources can be included., The results of such a calculation are shown in Fig. 3,
Conditions here were chosen to parallel those existing in the meson cave of the
Berkeley cyclotron. The incident particle beam momentum was chosen as 190
MeV/c with a Gaussianly distributed momentum spread of standard deviation
5 MeV/c. The incident beam was chosen to have a 25% electron and a 10%
muon contamination. The point of computation was the center of the star region
at 25.5 cm of water, The contributions from the various components in the
beam are shown in the figure,

The integral under the curve is proportional to the dose deposited at the
computation point, If these integrals are computed for various depths and nor-
malized to the entrance dose, a central-axis depth-dose curve (Bragg curve)
can be constructed, The result of such integrations is shown for the contaminated
beam in Fig, 4. The contributions of the Vafious components are indicated., Our
beam has such a large cross section (50 cm”) that multiple~-scattering corrections
are negligible on the central axis, Because of the broad distribution in incident
momenta, straggling corrections are negligible compared with the range spread
due to the momentum distribution, It is seen from the figure that the peak-to-
plateau dose ratio rises to almost 3:1 and that the width of the peak is about 4 cm,

For comparison, the depth-dose distribution for pure pions is shown in
Fig. 5. Here the width of the peak is about the same as for the contaminated
beam, but the peak-to-plateau dose ratio has risen to almost 3,5:1,

Production of Pion Beams

Pions can be produced in a nuclear interaction by any strongly interacting
particle if its energy is great enough. They are generally produced by a primary
beam of protons. Our experiments at Berkeley are carried out at the 4184 -inch
synchrocyclotron, This machine provides an accelerated beam of 732-MeV pro-
tons that in their outer orbit strike a 5-cm thick beryllium target and produce
neutral, positive, and negative pions, The experimental arrangement is shown
in Fig, 6. The negative pions are deflected out of the cyclotron by the cyclotron
fringe field, and after leaving the cyclotron tank through a window, enter a small
guadrupole focusing magnet (meson quad), then along a channel (dashed line in
Fig. 6) through the main cyclotron shielding (hatched area), The pions then
enter the meson cave, where various arrangements of magnets are used for
energy selection and focusing of the pion beam. A bending magnet is used for
momentum selection. The cyclotron produces pions in a range of energies from
0 to-about 450 MeV (the upper limit being determined by the energy of the primary
proton beam). In all our experiments, we used pions of energy around 90 MeV,
because at this energy the yield of pions is good with reasonably low background,
In the change from a negative to a positive pion beam, all the magnetic fields,
including that of the cyclotron, are reversed. The magnetic-lens system remains
unchanged for pions of the same energy, regardless of charge.

The negative pions are produced in the reaction of the proton beam with
the neutrons in the beryllium nucleus:

p+n—>p+p+ﬂ'_.
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The positive pions are produced in two ways:
P +n—>n+n+wJr
+
ptp=-ptntmw
6Neu’cra.l pions are also produced. They have a very short lifetime,
= 10716 gec, and decay into two y rays in the target, The gamma rays get
converted into electron-positron pairs that go mainly in the forward direction,

The electrons from this conversion constitute the electron background in the
negative -pion beam, .

Physical Measurements

Some of the early measurements of isodose curves of a 70-MeV pion beam
obtained from the 600-MeV proton beam at the CERN cyclotron have been re-
ported by Baarli, 13 The beam had a 30% contamination of muons and electrons.
The dose at the Bragg peak as measured by a small tissue-equivalent ionization
chamber was found to be 2.2 times the dose at the beam entrance. Measure-
ments of quality factor were 2,7 at the Bragg peak and 3.4 in the middle of the
downward slope of the Bragg curve. Their experimental Bragg curve was in
good agreement with the calculated curve if the local energy deposition was
assumed to be 20 MeV per nuclear star, Further measurements have been
made recently by using an LET chamber to measure the contribution of dose
due to stars formed by negative-pion capture. 1% Their results at the Bragg-
peak position of negative pions indicate that a substantial part of the dose is
delivered at LET values appropriate to « particles with energies between 5
and 15 MeV, the peak value of the spectrum being at an LET value appropriate
to an o particle of energy”* 6 MeV, It is quite probable, however, that satu-
ration of their system at high LET prohibited the higher LET portion of the
distribution to be accurately measured. A comparison of their spectrum with
that in Fig. 3 shows a rather sharp drop to zero in the region where the lower
energy o« particles should be making a significant contribution,

Dosimetric studies of negative pions have also been carried out at
Brookhaven National Laboratory with the negative-pion beam produced at the
Cosmotron. The beam had a momentum of 156 MeV/c and a range of about
15 c¢cm in water. The electron and muon contamination of this beam is much
higher than the contamination of the CERN and Berkeley beams because very
high-energy protons (® 2 BeV) from the Cosmotron were used to produce the
pion beam, and because the distance between the target and the experimental
area was large. Because of the considerable beam contamination, a telescope
consisting of particle cqgunters was used for discriminating against the back-
ground electronically. 15 A Cerenkov counter was also used for eliminating the
dose contribution from the beam contamination, and Nal (Tl) or Csl (T1) crystals
were used as an ionization detector. The ionization spectra were measured as
a function of absorber depth, The ionization curve was computed from the
pulse -height spectra produced in Nal (T1) or CsI (Tl) crystals, The data are
not yet completely analyzed.,

The group from England headed by Peter Fowler has made some calcula-
tions of negative -pion dose distributions and the oxygen-enhancement ratio, 5,10
In addition, they made measurements at the CERN facility of nsgative -pion cap-
ture in oxygen, using wet emulsions as described previously. 1 They do not
have a negative-pion beam facility at present for this investigation; however,
they are now planning to use Nimrod.

The intensity of the negative pion beam at the 184-inch synchrocyclotron
at Berkeley is 5 rads/hr for a beam size of * 7cm by 7 cm. The beam has a
contamination of 25% electrons and 10% muons. This beam intensity is two
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orders of magnitude lower than that needed for therapeutic application; never-
theless, dosimetric experiments can be done quite well, and with care, limited
biological experiments can also. The physical and biological experiments have
been done since 1963, A detailed account of the biological experiments will be
covered in a separate paper. Most of the physical measurements have already
been published, 6-9 and a detailed summary of the results to date will now be
given here,

Integral Range Curve

As it passes through the medium, the pion beam is attenuated because of
elastic and inelastic interactions with nuclei in the medium,., Hence the number
of pions passing through an absorber decreases as the thickness of the absorber
is increased, This particle loss is important, since the dose at the Bragg-peak
position depends on the intensity of the particles there. A plot of the number of
particles that reach a given absorber thickness as a function of thickness is
called an integral range curve or a number-distance curve. The integral-range
measuring apparatus used consists of two plastic scintillators connected in
double coincidence to monitor the beam intensity. A third plastic scintillator
measures the beam intensity after the particles pass through the variable
absorber. The intensity of the transmitted beam through the absorber is given
by a triple coincidence between all three scintillators. The integral range
curve is the plot of the ratio of the triple coincidences over the double coinci-
dences (incident beam intensity) as a function of the absorber thickness, Such
a plot for a pion beam of energy 100 MeV (or momentum 195 MeV/c) with its
muon and electron contamination taken in Lucite is shown in Fig. 7. The atten-
uation of the pion beam before the pions stop is represented by the curve between
zero absorber and the point A shown in the figure., Forty percent of the particles
from the beam are lost before they reach the pion-stopping region (AB in the
figure); the muon and electron contamination is represented from point B onwards,
The energy spread and the average energy of the pion beam can be calculated from
the integral range curve by taking the energies corresponding to the ranges at
points A and B (94.5 and 108 MeV, respectively) from range-energy tables of
pions in Lucite, Because of the mass difference between pions, muons, and
electrons, for a contaminated pion beam of the same momentum, the muons will
have a range 30% greater than pions and the electrons will have a much higher
range than muons. Hence, knowing the ranges of pions and muons, we can esti-
mate the contamination of muons and electrons in the pion beam.

Time -of-Flight Measurements

The time -of -flight measurements reveal more vivid information on con-
tamination, In a contaminated pion beam of a given momentum, muons and elec-
trons will travel faster than pions. In these experiments, one measures the
time taken by each particle in the beam to travel an extended path (23 feet). A
plastic scintillation counter is placed at each end of the flight path, The geom-
etry of this experiment is therefore different from that of the other experiments.
The velocity spectrum of the particles, as expressed by the time delay between
the two scintillation counters, is fed first to a time -to-pulse -height converter
and then to a pulse-height analyzer, Figure 8 shows four Polaroid pictures of
the PHA display for a negative-pion beam after it passes through 2-1/8, 6-1/8,
8-5/8, and 13-1/8 inches of Lucite absorber. For absorber thicknesses of
2-1/8 and 6-1/8 inches, the beam is clearly differentiated into three distinct
peaks representing the pions, muons, and electrons. Summation of a single
peak gives the tofal number of particles represented by that peak. This proce-
dure was repeated at several different depths in Lucite. The percentage of
electrons in the 180 MeV/c beam increases linearly from 23% at the entrance
to 40% at the Bragg-peak position in Lucite.
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Semiconductor Detector Measurements

Semiconductor detectors are also used for investigating pion beams be -
cause of their many advantageous properties, which include their linear response
with the deposited energy. A lithium-drifted silicon detector of thickness 0.61

2 L _ . R
g/cm® was employed to analyze both the positive- and negative -pion beams
with their contaminants when the particle passed through different de}éths of
Lucite, The experimental details are discussed in an earlier paper.

Figure 9 shows the results obtained with a 95 -MeV m' beam (189 MeV/c
whose muon and electron contamination is very small) after it passed through
various thicknesses of Lucite. A number of features of this data are interesting.
The resolution is in reasonable agreement with the Landau effect. The peaks are
shifted to higher energies by 7-1/2 inches of Lucite, i.e,, roughly 1 in, less
than the ran_ge of pions, a small peak at 1.15 MeV occurs in addition to the
1.98-MeV n" peak (Fig. 9b). This small peak is due to j  particles formed by
the decay of 7' mesons, When the beam is degraded by 8-41/2 inches of Lucite,
which corresponds to the Bragg-peak position (Fig. 9c¢), the muon and pion
peaks are shifted to higher energies. At 9-1/2 inches of Lucite plus 3/8 inches
of copper (copper is used to substitute for a thicker sheet of Lucite because of
the lack of space), which is beyond the range of pions and muons, only the posi-
tron peak at 0.92 MeV shows (Fig. 9d).

Unlike the 1-rJr beam, the v beam is contaminated with approximately 25%
electrons and 10% muons. Figure 10 shows the results obtained with a 95-MeV
m~ beam (189 MeV/c) with its muon and electron contamination passing through
various thicknesses of Lucite, Two peaks at 0.87 and 1.05 MeV can clearly be
seen in Fig, 10(a), and they are due to electrons and pions, respectively. The
muon contamination, being relatively small, is hidden in the broad distribution
of electrons and pions. Notice that as the absorber thickness increases, the
relative height of the pion peak decreases in comparison with the electron peak,
This result is due partly to the large loss of pions due to nuclear collisions, and
partly to electron build-up due to shower formation. The results of the time-of-
flight measurements also confirm this behavior., As the thickness of Lucite in-
creases, the peak due to electrons remains at the position corresponding to
about 0.87 MeV, but the peak due to pions shifts to higher energies. This is
because the electrons of initial momentum 189 MeV/c are still in the minimum
jonizing region, but the pion energy losses increase considerably as the thickness
of the Lucite absorber increases, Beyond the range of pions (i.e.,, for thickness
greater than 8-5/8 in. of Lucite), the pion peak is absent and the electron peak
persists (Fig. 10d).

The experimental values of the most probable energy losses of pions
(both positive and negative) agreed well with the values predicted by theory,

The energy distribution of the negative-pion stars in silicon was also
measured, Using ionizaticn chambers, we obtained the Bragg peak at 8-5/8
in, of Lucite., Most of the pions stop in this region and create stars. Hence,
a lithium-drifted silicon detector placed at this position will stop many negative
pions, and stars will be formed in silicon. Most of the star's energy will be
absorbed in the detector itself, In order for the detector to ''see! the energy
distribution of the pion stars alone, the energy deposited by the pions, muons,
and electrons while passing through the detector has to be eliminated, This
elimination is done with another semiconductor detector in anticoincidence with
the analyzing detector. The results of such measurements are shown in Fig, 11.
It can be seen from the figure that the number of stars is constantly decreasing
with increasing energy, and this star energy extends beyond 60 MeV. The com-
puted average energy of the star stopped in detector (0.61 g/cm?2) is 21 MeV.
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Depth-dose Distribution of Pion Beams

Our early measurements were made by using two 7-in. diameter ioniza-
tion chambers filled with a mixture of 96% argon and 4% carbon dioxide, at a
pressure of 3 psi over atmospheric pressure, The depth-dose distribution of
pion beams was measured by using one chamber as monitor, followed by differ -
ent thicknesses of Lucite absorber, and then using the second chamber as a
detector. Measurements were made for beams of both positive and negative
pions. The Bragg peak due to the negative -pion beam should be enhanced due
to the pion stars when compared with that from a positive-pion beam of the
same energy. However, the Bragg ratio for both positive and negative pion
beams was found’ to be 2:1. This is partly due to the differences in the con-
tamination for positive- and negative -pion beams. Also, because the positive-
pion beam decayed into muons and positrons near the Bragg-peak position, the
ionization chamber, being larger than the beam, will ""'see' more ionization
from these long-range products than from the short-range star products from
the negative ~pion beam,

In addition to the depth-dose distribution of pion beams, it is important
to measure also the ionization density at the points of interest., Lithium-drifted
silicon detectors are also being used for such measurements by operating them
as pulse-radiation dosimeters.

The charge liberated in the lithium-drifted silicon detector is directly
proportional to the energy deposited in it, A charge-sensitive preamplifier
yields a voltage pulse proportional to the energy deposited in the detector. At
room temperature, the leakage current of the lithium-drifted silicon detector
is ® 2 pA, depending on the thickness of the detector, and this current is com-
parable to the current generated in the detector due to pions passing through it,
(The total pion intensity seen by the detector is 10%/sec). The detector leakage
current has been blocked by ac amplification used in the system, as shown in
the block diagram in Fig. 12, Simple capacitive coupling is not adequate because
of cancellation of the positive signal by the negative overshoot. This cancella-
tion necessitates a polarity-clipping circuit to eliminate the overshoot contribu-
tion to the subsequent integration. The integration consists of a standard opera-
tional amplifier with feedback capacitor, It is electronically reset by a diode
pump that furnishes an accurate amount of charge to the capacitor, To measure
the dose due to pulses corresponding to the energy deposition in the detector
greater than a particular value or over a particular range of energies, we used
a single -channel pulse -height analyzer (or discriminator), gated linear ampli-
fier, and a delayed amplifier. Such threshold measurements yield information
on the distribution of ionization density at the measured position.

This system was used to measure the depth-dose distribution of a 190
MeV/c pion beam in water. The most probable energy losses in the 3-mm
detector used in this investigation are 1 MeV by the electrons and 1.2 MeV by
the pions, and the energy lost by the muons is intermediate between these values.
At the end of the range the negative pions stop and produce stars, thereby de-
positing in the detector energies at times exceeding 60 MeV, Hence the systems
should be linear at least from 0.6 MeV to 60 MeV, When checked out with a
calibrated pulser, the system was found to be linear within 5% over the energy
region from 0.6 to 60 MeV.

Two plastic scintillators connected in coincidence were used to monitor
the fluctuating pion beam, The lithium-drifted silicon detector was housed in
a small waterproof Lucite-box and could be moved remotely in a water phantom,
The integrated charge from the lithium-drifted silicon detector was measured
during the time the monitor scintillator system accumulated a fixed number of
counts., This procedure was repeated for each position of the detector in the
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water phantom., For comparison, measurements were also made for a positive-
pion beam, with the results shown in Fig. 13, As can be seen from the figure,
the negative -pion beam gave rise to a much higher dose than that of the positive-
pion beam near the end of the range,

The depth-dose distribution of a negative-pion beam in water as meas-
ured with a silicon detector agreed reasonably well with the calculated dose in
water shown in Fig, 4, The similarity between the two results indicates that
the nuclear interactions occurring when pions are captured in silicon do not
produce significantly different particle types and spectra from those occurring
in water, Thus, silicon detectors appear to be useful dosimeters for thesci2
investigations, although the dose measured is not strictly the tissue dose.

The integrated output of the lithium-drifted silicon detector was meas-
ured as a function of the discriminator setting (energy threshold) for positions
designated 1, 2, 3, and 4 in Fig. 13. For comparison, the integrated output
of the detector at zero threshold setting of the discriminator at the above-
mentioned positions was normalized to unity, The resulting curves are shown
in Fig. 14,

The two curves for the negative-pion beam at positions 4 and 2 corre-
sponding to the peak and halfway down the falling portion of the depth-dose dis-
tribution curve are similar, thereby suggesting that the ionization density dis-
tributions at and beyond the peak of the negative-pion depth-dose curve may be
similar, On the other hand, the curve corresponding to the position 3 halfway
up the rising slope of the depth-dose curve falls below curves 1 and 2 with in-
creasing threshold setting, thereby suggesting that the contribution from high
ionization densities at that point is considerably less than at the other two points,
As expected, the fractional dose for threshold settings greater than 10 MeV at
position 4 of the positive-pion peak falls to zero quickly, as there are no stars
contributing to the dose here., For the detector thickness used (3 mm), pulses
greater than about 9 MeV cannot be due to the passage of pions through the de-
tector. For negative pions, pulses greater than 9 MeV are definitely due to
star formation and, as can be seen from Fig. 14, the stars contribute about
60% of the dose at the Bragg peak position,

It will be better to use thin detectors for measuring the depth-dose dis-
tribution because of the narrow width of the region where negative pions produce
stars (® 4 cm of water). Improvements in the linearity of the system are being
made so as to permit use of thinner detectors, The depth-dose curve for a pure
pion beam can be obtained by using a threshold Cerenkov counter in anticoinci-
dence with the semiconductor detector so that the particles with velocities
greater than pions {i.e., muons and electrons) will not be counted., Work in
this direction is also in progress.

The electron contamination in the pion beam can be reduced considerably
by using electrostatic separators; however, the existing muon contamination is
relatively difficult to eliminate because its mass is nearly that of pion. Muons
will deliver some radiation dose beyond the region of interest, The best way
to minimize the muon contamination of the pion beams is to keep the experi-
mental area a close to the target as possible, This will decrease the flight
path of the pions, and hence fewer pions will decay into muons,

The results of the physical measurements and calculations indicate that
the negative-pion beams may find a good place in radiation therapy. As men-
tioned before, the intensity of the presently available pion beams is two orders
of magnitude lower than that needed for therapeutic application, Construction
of machines that produce the necessary intensities is being planned, and one
such machine is being considered for ILLos Alamos Scientific Laboratory with a
special biomedical facility,
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Table 1. Energy partition for n  capture in water,

MeV
Rest mass of 7 139.6
Average binding energy 40.0
Kinetic energy
Z>2 4.,5+0.5
Z =2 8.0+0.4
Z =1 16.5+0.6
Neutrons 70.0
139.0
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Fig, 1. Examples of TT+ decay as observed in nuclear emulsions. From C. F.
Powell, P. H. Fowler, and D. H. Perkins, The Study of Elementary Par-

ticles by the Photographic Method, p. 669, Pergamon Press, N. Y., 1959,




Fig. 2. Disintegration of light elements carbon, nitrogen, or oxygen by nuclear
capture of 71 mesons as observed in nuclear emulsions. The pion tracks are
labelled w ; the stars produced following their capture have various numbers
of prongs. From C. F, Powell, P. H. Fowler, and D. H, Perkins, The
Study of Elementary Particles by the Photographic Method, p. 669, Pergamon
Press, N. Y., 1959.
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AION RADIOBIOLOGY
J. M. Feola, W. D. Loughman, and S. P. Richman

Donner Laboratory and Lawrence Radiation Laboratory
University of California, Berkeley, California

Fowler, 1 Fowler and Perkins, 2 Aceto, 3 and Richman4’ 5 have suggested
that negative pions (7~ mesons) might have applications in radiotherapy, pro-
vided that a beam of sufficient intensity could be made available. According to
these authors, m~ beams should have a low ratio of surface dose to depth dose,
a diminished oxygen enhancement ratio, and probably a high relative biological
effectiveness.

Negative pions have the unusual property of being captured by an atomic
nucleus when they come to rest in matter. In tissue, pion capture by the light
elements (carbon, nitrogen, and oxygen) results in nuclear disintegration and a
yield of short-range charged particles, mostly « particles and protons. This
additional energy causes an enhancement of the ionization at the end of a charged
particle's range over that given by the usual Bragg peak in'a graph of ionization
versus range. Furthermore, by choosing the pion energy properly, pions can
be made to stop at a preselected distance within the volume to be treated. In
the following discussion, the initial portion of the ionization curve will be called
the ""plateau' region and the portion of increased ionization near the end of the
pion's range will be called the ''peak'’ region.

Artificially produced m~ beams have been available since 1948, but
biological investigations using m~ mesons were not performed until 1963. At
that time, Micke et al. 6,7 yused the *to 9-GeV m~-meson beam from the Brook-
haven alternating-gradient synchrotron to irradiate seeds of Zea mays. Despite
the low dose rate of tenths of rads per minute, these workers obtained an RBE of
3.23 for non-Bragg-peak 7~ mesons.

In 1964 K. Sillesen and Y. Schmidlin, working in this Laboratory,
attempted to measure pion RBE and the oxygen effect by irradiating mouse ascites
tumors (lymphoma) in vivo. Initial difficulties with pion dosimetry and cell
transplantation precluded definitive statements.

The physical characteristics of the m~ beam used by us in this and pre-
vious work are described elsewhere in these Proceedings, so that no details are
given here. Figure 1 shows the setup for mice irradiations under temperature -
controlled conditions, but a similar arrangement was used for the radiobiologi-
cal experiments to be described below. Loughman et al. 8 also used LAF ) mice
carrying the L#2 lymphoma as an ascites tumor to study some cytological effects
of the negative pions at plateau and at peak. Mice exposed in the plateau region
received 65 to 80 rads, with the beam estimated to contain about 64% pions. Mice
exposed in the peak region received 80 to 95 rads, with the beam estimated to

contain less than 50% pions.
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Lymphoma cells aspirated from mice at various times following pion
irradiation were examined cytologically. Four characteristics were scored:
mitotic index, frequency of polyploid metaphase cells, frequency of anaphase
cells displaying ''bridges, " and chromosome counts of metaphase cells. Deter-
minations of mitotic index indicate that it decreases with increasing age of
tumor. An immediate drop in mitotic index is seen after irradiation, followed
by an increase, reaching control values on about the second day after irradiation.
Polyploid cells, usually approximately tetraploid, increased in frequency shortly
after irradiation, and subsequently decreased to near control values. For at
least 6 days following irradiation the frequency of polyploid metaphase cells in
tumors exposed in the ''star' region of the beam exceeded that in tumors exposed
in the plateau region (see Fig. 2).

Anaphase 'bridges, ' irrespective of type, increased in frequency follow -
ing irradiation and then decreased to control values 5 to 6 days later. The fre-
quency of bridges in lymphoma cells exposed in the star region exceeded that
seen in cells exposed in the plateau region (see Fig. 3). Aneuploidy is increased
following irradiation, with a larger spread of chromosome numbers per cell in
tumors exposed in the star region than in the plateau region of the beam. Chroma-
tid breaks and metacentric chromosomes, which were sometimes seen in the
irradiated cells, were never seen in the controls. 7The irradiated cells showed
an increased percentage of cells with multiple nuclei, micronuclei, and giant
and bizarre nuclei. At 6 days following irradiation, the irradiated cells showed
more karyorrhexis than did controls, and cells with multiple micronuclei were
common.

The incidence of polyploidy and anaphase bridges was about five times as
high in cells exposed in the star region of the beam as in cells exposed to the
plateau region. It is difficult to interpret these findings in terms of RBE. How-
ever, since the radiation doses from plateau and star regions were similar, it
would seem that star-region negative pions have a greater RBE than those in the
plateau region.

In order to gain more information about the w~ beam, S. Richman
et al. ? used the Vicia faba root meristem because of its simplicity and sensi-
tivity to relatively Jow doses (100 to 400 rads) of radiation. The roots were ir-
radiated in water-filled Lucite boxes in the plateau region and at peak. Com-
pressed air was bubbled through the boxes during the irradiation, which took about
20 hours. A dose of 100 rads was measured at plateau with LiF dosimeters cali-
brated with ©9Co Y rays. A peak-to-plateau ionization ratio of 1.5 was measured,
so that the dose at peak was approximately 150 rads. Results of these experi-
ments are summarized in Figs.4, 5, and 6. The primary cytological test was
the scoring of abnormal anaphases. The word "anaphase' in Fig. 4 is in quotes
because cells that were well in telophase were included in the scoring. This was
simply a count of the number of anaphases containing bridges and fragments
expressed as a percentage of the total anaphases seen. The fragments appearing
at anaphase form micronuclei at telophase. These micronuclei remain in the
cell for some time, and Fig. 5 shows the number of meristem cells containing
one or more micronuclei as a function of fixation time after irradiation.

Figure 6 shows the results of two growth-rate experiments. Six days
after irradiation the rate from peak irradiation dropped to about 0.45 and that

from the plateau to about 0.75 of the control rate.
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Although the dose at peak is greater than that at plateau, the significant
differences found in the bean root tests seemed to indicate a higher RBE for the
negative pions at peak than for the w~ at plateau. These results encouraged new
experiments with the murine lymphoma cells.

The techniques used in preliminary studies on the effect of heavg [iarti—
cles on the proliferative capacity of ascites tumor cells grown in vivol0,11 were
improved until a good degree of reproducibility and accuracy was attained. 12 An
experiment was performed to gain information relative to the oxygen effect. 13 1t
was done without environmental control, attempting to detect the effect of anoxia
on the surviving fractions of cells irradiated in vivo in the plateau region and at
peak as described above. In this experiment four mice were exposed in each
region, two of which had 3-day-old tumors (supposedly well oxygenated), and the
other two had 7-day-old tumors (supposedly more anoxic). The irradiated cells
were injected into 510 LAF 4 female mice at various dilutions.

The doses were measured with LiF dosimeters (60Co calibration) dis-
tributed in front and back of the mice holders at peak and plateau. Since the
LET of the pions in the plateau region is ® 1 keV/u, LiF dosimetry is applicable.
The situation in the peak region is more complicated, 14 and consists of a dis-
tribution of high~-LET radiation. The ratio of ionization measurements at peak
and plateau were taken as approximate dose ratios. This question is still open
and is being investigated further. Proliferative capacity was evaluated at the
end of 8 weeks by the percentage of animals developing tumors. LD ,'s (the
number of cells necessary to produce tumors or death in 50% of the animals) and
95% confidence intervals were calculated by the method of Litchfield and
Wilcoxon, 15 and surviving fractions were calculated by comparison with control
groups. No difference was found due to anoxia, and the results were pooled and
are as follows:

The surviving fraction (SF) in the plateau (PL) and the peak (PK) for a
dose in the plateau of 15030 rads and a peak-to-plateau ratio of 1.3 were

(SF)p, = 0.44x0°2% 450430 rads,
(SF)py = 0.03%0°0¢ 195245 rads.

This gives a plateau-to-peak ratio of 4.7. Although this ratio suggested the
greater effectiveness of the peak in impairing the tumor-forming ability of the
lymphoma cells, the large standard errors shown above, and the fact that no
estimation of the RBE was possible, encouraged further research aimed at ob-
taining survival curves.

Using the same animals and cells, Loughman et al, 16 confirmed the
higher frequency of polyploid cells and anaphase bridges produced at the pion-
stopping region than at plateau, as previously reported.

Improved dosimetry, 17 35 well as a better knowledge of the situation in

the peak region, showed the possibility of using eight animals instead of four in
this important position. Control of the environment was desirable. Accordingly,
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two wooden boxes with Lucite ends for holding mice in place were used, one for
the mice to be irradiated in the beam, and the other for control mice. The tem-
perature of the air circulating through both boxes was continuously recorded and
maintained at 24.5%0.5°C by a thermostat with heater and blowers.

Lucite holders were built to hold eight mice each. Three of these holders
were used for groups at peak and plateau regions of the v~ beam, and for the
control group.

Twenty-four LAFi mice, 15 weeks old (Jackson Laboratory, Bar Harbor,
Maine), were used in this experiment. The mice were maintained with wet food
during the irradiation, which took 40 hours, and had four equally spaced 1-hour
rest periods for eating and drinking at will.

Figure 7 shows the arrangement inside the temperature-controlled irradia-
tion box. The w7~ beam entered from the right and passed through 3 in. of Lucite
absorber and through the holder with the ''plateau'’ mice. After 4 in. more of
Lucite the m~ beam entered the ''peak’’ holder. The Jordan dosimeter is placed
behind 1/2 in. of Lucite adjacent to the last holder and serves as a second moni-
tor. The holder with the control mice is also shown. In the actual experiment
this holder was in a separate temperature-controlled box away from the beam.

All the mice were injected with 1()6 L#2lymphoma cells 3 and 5 days
prior to the beginning of irradiation. The animals bearing 3-day-old tumors at
the beginning of the experiment were used by Loughman et al. for their cytologi-
cal studies, and the mice starting with 5-day-o0ld tumors were used by Feola et
al. to test the tumor-forming ability of the lymphoma cells after irradiation.
The procedures followed have been summarized above, and complete results
will be published elsewhere. 18:19 The total doses at plateau ranged from 145
to 250 rads, and the doses at peak ranged from 220 to 380 rads.

A parallel experiment using 60Co Yy rays was done using two dose-rates:
5 R/hr and 12.5 R/hr. The mice were kept in the holders for the same length
of time as in the pion experiment to keep the stress the same. The doses ranged
from 50 to 500 rads. A special irradiation was done at 20 R/hr to test the lin-
earity of polyploidy induction up to the 1000-rad level.

Results of the cytological studies are summarized in Fig. 8. The RBE for
the negative pigns at peak was obtained by the ratio of the slopes of the lines
shown, taking ©0Co y rays as baseline. The RBE for the pions at peak (star-
forming and high-LET pions), as well as the RBE for the star-forming %ions,
are calculated assuming an RBE =1 for muons and electrons relative to 60co vy
rays. The estimation of RBE's based on polyploidy induction gives

Bearn RBE
Star+ v tp - te” 2.15
Star +m” 2.37
Star only 3.64
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If muon and electron dose contributions were underestimated, the RBE
values for pions only and for stars only would be overestimated.

Survival curves for 60Co y rays and for peak negative pions, based on
the tumor-forming ability of lymphoma cells, are given in Fig. 9.

The ratio of Dy from the 60Co data and Dy from the pion peak region
data gives an RBE of 5.4+ 1.8 in the peak region relative to y rays.

If an RBE of 0.8 is assumed for y rays relative to x rays, 20,21 the RBE
of the pions at peak becomes 4.3+ 1.8 relative to x rays.

The biological experiments described in the foregoing paragraphs, al-
though somewhat lacking in sophistication and precision, definitely indicate a
higher RBE for peak-region %~ than for plateau-region w~. The estimated
RBE values, obtained in both plant and animal cell systems by observation of
both cell-lethal and nonlethal effects, range from about 2 (Loughman 1966) to
about 5 (Feola, 1966).These values were obtained with a low-intensity beam heav-
ily contaminated with low-RBE particle fluxes, i.e., muons from pion decay and
electrons present in the original beam fgs well as those originating from pion de-
cay. The RBE estimates of Loughman®® for a pure pion beam suggest that re-
moval of contaminating particles by special devices (e.g., electrostatic separa-
tors) may increase peak-region pion RBE by approximately 10%. Additionally,
narrowing the beam's momentum spectrum should result in a "sharper' Bragg
peak region, further increasing peak-region pion RBE to an estimated maximum
of 60% or so. This would result from an increase in the concentration of star
events per unit volume in the Bragg peak.

If these increases can be attained in therapeutically practical 7~ beams
of higher intensity, then RBE figures for peak-region pions might range from
about 3.5 for some non-cell-lethal effects (with considerable cell death present)
to about 8.5 for cell-lethal effects. The energy deposition in tissue may be 50
to 100% more in the peak region than in the plateau region (Raju17). This fact,
coupled with the high-peak-region RBE, may result in cell-lethal effects in the
peak region which could be 17 or more times as high as in the plateau region,
in "clean' negative pion beams.

The peak region's high LET (Curtis, these Proceedings) implies that the
presence or absence of oxygen in tissues should have little effect on cell lethality.
That is, w~ radiation in the peak region should be relatively free of the ''oxygen
effect’ which protects hypoxic cells. The combination of advantages possible in
7~ beams-~high depth-to-surface dose ratio, high depth-to-surface RBE ratio,
and oxygen-effect independence--suggest that w~ beams may have very high
utility in tumor radiotherapy.
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Use of Chromosome Aberrations for Dosimetry

Amos Norman
Department of Radiology, UCLA School of Medicine, Los Angeles, California 90024

A considerable body of work published in recent years (1-7) indicates that
the frequency of chromosome aberrations in the lymphocytes taken from the
peripheral blood may provide a useful measure of the absorbed dose. In this
paper 1 shall review some of the problems involved in estimating the dose from
the aberration frequency.

Figure 1 shows a photomicrograph of a normal lymphocyte obtained in a blood
sample from a normal male. The karyotype, shown on the right, was prepared by
cutting the chromosomes out of the photomicrograph and arranging them in con-
ventional order. It can be seen that the forty-six chromosomes consist of
twenty-two pairs of autosomes and an XY pair of sex chromosomes. Each
chromosome consists of two identical chromatids joined by a centromere. Figure
2 shows a lymphocyte obtained from a man who had received three hundred rads of
whole body X radiation. Structural alterations in the chromosomes can be easily
seen. Perhaps most obvious are the dicentric (two centromeres) and the acentric
(no centromere) fragments. The interest in chromosome aberrations arises primarily
from the possibility that they are directly involved in the development of
leukemia and other late effects of radiation.

Figure 3 provides a striking example of the possible involvement of chromo-
some aberrations in leukemia and also of the persistence over many years of
radiation-induced chromosome aberrations. At the top, right, is shown a
leukemic cell taken from a patient. The aberrant chromosomes from three such
cells are shown at the bottom. At the top left is shown a lymphocyte obtained
from the same patient. There are two dicentric chromosomes together with two
associated acentric fragments; such aberrations are typical after high radiation
doses, After the analysis had been made it was learned that the patient had
been exposed accidentally to radiation some ten years prior to the development
of his disease. Whether a cell damaged by radiation gave rise to the abnormal
leukemic cells cannot be proved, but this may have been the mechanism for the
development of the disease.

We cannot yet predict the risk of leukemia or other possible late effects
of radiation from the frequency of chromosome aberrations--this is, of course,
what we should like to do. But we can make a reasonable estimate of the dose
received, particularly if it is an acute dose. The procedure essentially is to
compare the frequency of aberrations observed with those produced in human
lymphocytes in vitro by known radiation doses. Figure 4 shows the results of
such in vitro experiments., The frequency of cells with dicentrics, rings, and
tricentrics is show?sgs a function of acute doses of 2 Mev photons from a 6 Mev
linear accelerator. There are also shown data obtained in a single experi-
ment with 40 Mev protons-- the aberration yields are not significantly different
from those obtained with the photons. For both radiations the yield of dicentrics
plus rings per cell is given rather well by 5.7 x 10'6D2,where D is the dose in
rads, The yield of terminal deletions (acentric fragments not associated with
dicentrics) is given by 1.0 x 10-3D. Thus it can be seen that one class of
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aberrations, the deletions, increases linearly with dose whereas the dicentrics
and rings increase as the square of the dose. This is not true for all radiations.
Uranium-fission neutrons, for example, produce rings and dicentrics with a fre-
quency that varies linearly with the dose.(l) Nevertheless, it appears that
radiations with LET comparable or less than that for 40-Mev protons will produce
chromosome aberrations in human lymphocytes in vivo and in vitro with frequencies
very similar to those reported here.

As the radiation dose increases the number of cells free of aberrations
decreases. Figure 5 shows the frequency of chromosomally normal cells as a
function of dose. The curve is quite similar to survival curves obtained with
mammalian cells. However, there is not a simple relationship between chromosome
aberrations and reproductive death. Moreover, only cells that are not reproductively
dead can give rise to cancer. Thus the increased medical risks following radiation
are very likely due to those cells that are genetically abnormal but not repro-
ductively dead. (2,7)

Figures 4 and 5 also demonstrate another problem: at doses below 100 rad
the frequency of cells with chromosome aberrations is very small. For example,
after 50 rads only one cell in one hundred shows a dicentric, This frequency is
significantly higher than that found in controls -- no dicentrics in 2,295 cells--
however, it is extremely tedious to analyze hundreds of cells by present techniques.
For that reason many groups, including ours at UCLA, are working to automate the
scoring of chromosome aberrations. Nevertheless, if we are willing to work hard,
it is possible to make at least a rough estimate of dose even for doses of the
order of ten rad. Examples of such estimates are shown in Table 1, but the un-
certainties and the labor are both very great.

The frequency of aberrations in the lymphocytes is due only to the dose
absorbed by the lymphocytes. Fortunately, the lymphocytes circulate so that a
day or two after the radiation has been received the lymphocytes in the peripheral
circulation probably give a measure of the average whole-body dose. (2) Moreover,
when the dose is large, the distribution of aberrations can give an estimate of
the uniformity of the dose over the lymphocyte population‘(2 Finally, since
the frequency of aberrant chromosomes decreases with time at a rate that is
dependent on the type of aberration,(z) it is sometimes possible to estimate
when the radiation was received. However, we are not usually concerned with
large doses in the case of accidental exposures, When the dose is less than
50 rad it is feasible now only to make the sort of estimates shown in Table 1.

Much work remains to be done on yield of chromosome aberrations as a
function of the distribution of dose in space and time and of the quality of
radiation. Nevertheless, useful estimates can already be made of the dose absorbed
by the circulating lymphocytes in people accidentally exposed to acute doses of
radiation. The relationship of aberration frequency and medical risk for leukemia
and other late effects of radiation remains for the future. A major drag on
progress in this area will be removed when the scoring of chromosome aberrations
is automated. At that time we shall be in a better position to guard the health
of the chromosomes, and the chromosomes, after all, are our only biological
legacy to the future generations of man.
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able 1

Estimation of dose received by four radiation workers

No. of deletions | No. of cells Deletions | Estimated
per cell dose(rads)

Control 3 2,295 .0013 1.4 + 0.8

1 5 300 .017 27 + 12

2 3 100 .012 16 +

3 2 100 .02 33 +23

4 4 300 .013 18 +9

The control group consists of three adult males, Film badge

data indicate that subject 1 and 2 received 10 rem and 2 rem
No adequate data available for subjects 3 and 4,

respectively,

The standard

deviation given for each dose is based entirely on
sampling error in the measurement of the frequency of deletions.
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